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THE MOLECULAR CHALLENGE

Sir Ethylene, to scientists fair prey,
(Who dig and delve and peek and push and pry,
And prove their findings with equations sly)
Smoothed out his ruffled orbitals, to say:
“I stand in symmetry. Mine is a way
Of mystery and magic. Ancient, I
Am also deemed immortal. Should I die,
Pi would be in the sky, and Judgement Day
Would be upon us. For all things must fail,
That hold our universe together, when
Bonds such as bind me fail, and fall asunder.
Hence, stand I firm against the endless hail
Of scientific blows. I yield not.” Men
And their computers stand and stare and wonder.

W.G. LOWE
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Preface to the Third Edition

We have attempted to improve and update this text while retaining the features that
make it unique, namely, an emphasis on physical understanding, and the ability to
estimate, evaluate, and predict results without blind reliance on computers, while still
maintaining rigorous connection to the mathematical basis for quantum chemistry. We
have inserted into most chapters examples that allow important points to be emphasized,
clarified, or extended. This has enabled us to keep intact most of the conceptual
development familiar to past users. In addition, many of the chapters now include
multiple choice questions that students are invited to solve in their heads. This is not
because we think that instructors will be using such questions. Rather it is because we
find that such questions permit us to highlight some of the definitions or conclusions
that students often find most confusing far more quickly and effectively than we can
by using traditional problems. Of course, we have also sought to update material
on computational methods, since these are changing rapidly as the field of quantum
chemistry matures.

This book is written for courses taught at the first-year graduate/senior undergraduate
levels, which accounts for its implicit assumption that many readers will be relatively
unfamiliar with much of the mathematics and physics underlying the subject. Our
experience over the years has supported this assumption; many chemistry majors are
exposed to the requisite mathematics and physics, yet arrive at our courses with poor
understanding or recall of those subjects. That makes this course an opportunity for
such students to experience the satisfaction of finally seeing how mathematics, physics,
and chemistry are intertwined in quantum chemistry. It is for this reason that treatments
of the simple and extended Hückel methods continue to appear, even though these are no
longer the methods of choice for serious computations. These topics nevertheless form
the basis for the way most non-theoretical chemists understand chemical processes,
just as we tend to think about gas behavior as “ideal, with corrections.”
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Preface to the Second Edition

The success of the first edition has warranted a second. The changes I have made reflect
my perception that the book has mostly been used as a teaching text in introductory
courses. Accordingly, I have removed some of the material in appendixes on mathemat-
ical details of solving matrix equations on a computer. Also I have removed computer
listings for programs, since these are now commonly available through commercial
channels. I have added a new chapter on MO theory of periodic systems—a subject
of rapidly growing importance in theoretical chemistry and materials science and one
for which chemists still have difficulty finding appropriate textbook treatments. I have
augmented discussion in various chapters to give improved coverage of time-dependent
phenomena and atomic term symbols and have provided better connection to scatter-
ing as well as to spectroscopy of molecular rotation and vibration. The discussion
on degenerate-level perturbation theory is clearer, reflecting my own improved under-
standing since writing the first edition. There is also a new section on operator methods
for treating angular momentum. Some teachers are strong adherents of this approach,
while others prefer an approach that avoids the formalism of operator techniques. To
permit both teaching methods, I have placed this material in an appendix. Because this
edition is more overtly a text than a monograph, I have not attempted to replace older
literature references with newer ones, except in cases where there was pedagogical
benefit.

A strength of this book has been its emphasis on physical argument and analogy (as
opposed to pure mathematical development). I continue to be a strong proponent of
the view that true understanding comes with being able to “see” a situation so clearly
that one can solve problems in one’s head. There are significantly more end-of-chapter
problems, a number of them of the “by inspection” type. There are also more questions
inviting students to explain their answers. I believe that thinking about such questions,
and then reading explanations from the answer section, significantly enhances learning.

It is the fashion today to focus on state-of-the-art methods for just about everything.
The impact of this on education has, I feel, been disastrous. Simpler examples are often
needed to develop the insight that enables understanding the complexities of the latest
techniques, but too often these are abandoned in the rush to get to the “cutting edge.”
For this reason I continue to include a substantial treatment of simple H¨uckel theory.
It permits students to recognize the connections between MOs and their energies and
bonding properties, and it allows me to present examples and problems that have max-
imum transparency in later chapters on perturbation theory, group theory, qualitative
MO theory, and periodic systems. I find simple H¨uckel theory to be educationally
indispensable.
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xx Preface to the Second Edition

Much of the new material in this edition results from new insights I have developed
in connection with research projects with graduate students. The work of all four of
my students since the appearance of the first edition is represented, and I am delighted
to thank Sherif Kafafi, John LaFemina, Maribel Soto, and Deb Camper for all I have
learned from them. Special thanks are due to Professor Terry Carlton, of Oberlin
College, who made many suggestions and corrections that have been adopted in the
new edition.

Doubtless, there are new errors. I would be grateful to learn of them so that future
printings of this edition can be made error-free. Students or teachers with comments,
questions, or corrections are more than welcome to contact me, either by mail at the
Department of Chemistry, 152 Davey Lab, The Pennsylvania State University, Univer-
sity Park, PA 16802, or by e-mail directed to JL3 at PSUVM.PSU.EDU.



Preface to the First Edition

My aim in this book is to present a reasonably rigorous treatment of molecular orbital
theory, embracing subjects that are of practical interest to organic and inorganic as well
as physical chemists. My approach here has been to rely on physical intuition as much
as possible, first solving a number of specific problems in order to develop sufficient
insight and familiarity to make the formal treatment of Chapter 6 more palatable. My
own experience suggests that most chemists find this route the most natural.

I have assumed that the reader has at some time learned calculus and elementary
physics, but I have not assumed that this material is fresh in his or her mind. Other
mathematics is developed as it is needed. The book could be used as a text for under-
graduate or graduate students in a half or full year course. The level of rigor of the book
is somewhat adjustable. For example, Chapters 3 and 4, on the harmonic oscillator and
hydrogen atom, can be truncated if one wishes to know the nature of the solutions, but
not the mathematical details of how they are produced.

I have made use of appendixes for certain of the more complicated derivations or
proofs. This is done in order to avoid having the development of major ideas in the
text interrupted or obscured. Certain of the appendixes will interest only the more
theoretically inclined student. Also, because I anticipate that some readers may wish
to skip certain chapters or parts of chapters, I have occasionally repeated information
so that a given chapter will be less dependent on its predecessors. This may seem
inelegant at times, but most students will more readily forgive repetition of something
they already know than an overly terse presentation.

I have avoided early usage of bra-ket notation. I believe that simultaneous intro-
duction of new concepts and unfamiliar notation is poor pedagogy. Bra-ket notation is
used only after the ideas have had a change to jell.

Problem solving is extremely important in acquiring an understanding of quantum
chemistry. I have included a fair number of problems with hints for a few of them in
Appendix 14 and answers for almost all of them in Appendix 15.1

It is inevitable that one be selective in choosing topics for a book such as this. This
book emphasizes ground state MO theory of molecules more than do most introductory
texts, with rather less emphasis on spectroscopy than is usual. Angular momentum
is treated at a fairly elementary level at various appropriate places in the text, but
it is never given a full-blown formal development using operator commutation rela-
tions. Time-dependent phenomena are not included. Thus, scattering theory is absent,

1In this Second Edition, these Appendices are numbered Appendix 12 and 13.

xxi
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although selection rules and the transition dipole are discussed in the chapter on time-
independent perturbation theory. Valence-bond theory is completely absent. If I have
succeeded in my effort to provide a clear and meaningful treatment of topics relevant to
modern molecular orbital theory, it should not be difficult for an instructor to provide
for excursions into related topics not covered in the text.

Over the years, many colleagues have been kind enough to read sections of the
evolving manuscript and provide corrections and advice. I especially thank L. P. Gold
and O. H. Crawford, who cheerfully bore the brunt of this task.

Finally, I would like to thank my father, Wesley G. Lowe, for allowing me to include
his sonnet, “The Molecular Challenge.”



Chapter 1

Classical Waves
and the Time-Independent
Schr ödinger Wave Equation

1-1 Introduction

The application of quantum-mechanical principles to chemical problems has revolu-
tionized the field of chemistry. Today our understanding of chemical bonding, spectral
phenomena, molecular reactivities, and various other fundamental chemical problems
rests heavily on our knowledge of the detailed behavior of electrons in atoms and
molecules. In this book we shall describe in detail some of the basic principles,
methods, and results of quantum chemistry that lead to our understanding of electron
behavior.

In the first few chapters we shall discuss some simple, but important, particle systems.
This will allow us to introduce many basic concepts and definitions in a fairly physical
way. Thus, some background will be prepared for the more formal general development
of Chapter 6. In this first chapter, we review briefly some of the concepts of classical
physics as well as some early indications that classical physics is not sufficient to explain
all phenomena. (Those readers who are already familiar with the physics of classical
waves and with early atomic physics may prefer to jump ahead to Section 1-7.)

1-2 Waves

1-2.A Traveling Waves

A very simple example of a traveling wave is provided by cracking a whip. A pulse of
energy is imparted to the whipcord by a single oscillation of the handle. This results
in a wave which travels down the cord, transferring the energy to the popper at the end
of the whip. In Fig. 1-1, an idealization of the process is sketched. The shape of the
disturbance in the whip is called thewave profileand is usually symbolizedψ(x). The
wave profile for the traveling wave in Fig. 1-1 shows where the energy is located at a
given instant. It also contains the information needed to tell how much energy is being
transmitted, because the height and shape of the wave reflect the vigor with which the
handle was oscillated.

1



2 Chapter 1 Classical Waves and the Time-Independent Schr ¨ odinger Wave Equation

Figure 1-1 � Cracking the whip. As time passes, the disturbance moves from left to right along
the extended whip cord. Each segment of the cord oscillates up and down as the disturbance passes
by, ultimately returning to its equilibrium position.

The feature common to all traveling waves in classical physics is that energy is trans-
mitted through a medium. The medium itself undergoes no permanent displacement;
it merely undergoes local oscillations as the disturbance passes through.

One of the most important kinds of wave in physics is theharmonicwave, for which
the wave profile is a sinusoidal function. A harmonic wave, at a particular instant in time,
is sketched in Fig. 1-2. The maximum displacement of the wave from the rest position
is theamplitudeof the wave, and thewavelengthλ is the distance required to enclose
one complete oscillation. Such a wave would result from a harmonic1 oscillation at
one end of a taut string. Analogous waves would be produced on the surface of a quiet
pool by a vibrating bob, or in air by a vibrating tuning fork.

At the instant depicted in Fig. 1-2, the profile is described by the function

ψ(x) = Asin(2πx/λ) (1-1)

(ψ = 0 whenx = 0, and the argument of the sine function goes from 0 to 2π , encom-
passing one complete oscillation asx goes from 0 toλ.) Let us suppose that the situation
in Fig. 1-2 pertains at the timet = 0, and let the velocity of the disturbance through the
medium bec. Then, after timet , the distance traveled isct , the profile is shifted to the
right by ct and is now given by

�(x, t) = Asin[(2π/λ)(x − ct)] (1-2)

Figure 1-2 � A harmonic wave at a particular instant in time. A is the amplitude andλ is the
wavelength.

1A harmonic oscillation is one whose equation of motion has a sine or cosine dependence on time.
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A capital � is used to distinguish the time-dependent function (1-2) from the time-
independent function (1-1).

Thefrequencyν of a wave is the number of individual repeating wave units passing
a point per unit time. For our harmonic wave, this is the distance traveled in unit time
c divided by the length of a wave unitλ. Hence,

ν = c/λ (1-3)

Note that the wave described by the formula

� ′(x, t) = Asin[(2π/λ)(x − ct) + ε] (1-4)

is similar to� of Eq. (1-2) except for being displaced. If we compare the two waves
at the same instant in time, we find� ′ to be shifted to the left of� by ελ/2π . If
ε =π,3π, . . . , then� ′ is shifted byλ/2,3λ/2, . . . and the two functions are said to be
exactly out of phase. Ifε = 2π,4π, . . . , the shift is byλ,2λ, . . . , and the two waves
are exactly in phase.ε is thephase factorfor � ′ relative to�. Alternatively, we can
compare the two waves at the same point inx, in which case the phase factor causes
the two waves to be displaced from each other in time.

1-2.B Standing Waves

In problems of physical interest, the medium is usually subject to constraints. For
example, a string will have ends, and these may be clamped, as in a violin, so that
they cannot oscillate when the disturbance reaches them. Under such circumstances,
the energy pulse is unable to progress further. It cannot be absorbed by the clamping
mechanism if it is perfectly rigid, and it has no choice but to travel back along the string
in the opposite direction. The reflected wave is now moving into the face of the primary
wave, and the motion of the string is in response to the demands placed on it by the two
simultaneous waves:

�(x, t) = �primary(x, t) + �reflected(x, t) (1-5)

When the primary and reflected waves have the same amplitude and speed, we can
write

�(x, t) = Asin[(2π/λ)(x − ct)] + Asin[(2π/λ)(x + ct)]

= 2Asin(2πx/λ)cos(2πct/λ) (1-6)

This formula describes astanding wave—a wave that does not appear to travel through
the medium, but appears to vibrate “in place.” The first part of the function depends
only on thex variable. Wherever the sine function vanishes,� will vanish, regardless
of the value oft . This means that there are places where the medium does not ever
vibrate. Such places are callednodes. Between the nodes, sin(2πx/λ) is finite. As
time passes, the cosine function oscillates between plus and minus unity. This means
that� oscillates between plus and minus the value of sin(2πx/λ). We say that thex-
dependent part of the function gives the maximum displacement of the standing wave,
and thet-dependent part governs the motion of the medium back and forth between
these extremes of maximum displacement. A standing wave with a central node is
shown in Fig. 1-3.
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Figure 1-3 � A standing wave in a string clamped atx = 0 andx = L. The wavelengthλ is equal
to L.

Equation (1-6) is often written as

�(x, t) = ψ(x)cos(ωt) (1-7)

where

ω = 2πc/λ (1-8)

The profileψ(x) is often called theamplitude functionandω is thefrequency factor.
Let us consider how the energy is stored in the vibrating string depicted in Fig. 1-3.

The string segments at the central node and at the clamped endpoints of the string
do not move. Hence, their kinetic energies are zero at all times. Furthermore, since
they are never displaced from their equilibrium positions, their potential energies are
likewise always zero. Therefore, the total energy stored at these segments is always
zero as long as the string continues to vibrate in the mode shown. The maximum kinetic
and potential energies are associated with those segments located at the wave peaks
and valleys (called theantinodes) because these segments have the greatest average
velocity and displacement from the equilibrium position. A more detailed mathematical
treatment would show that the total energy of any string segment is proportional to
ψ(x)2 (Problem 1-7).

1-3 The Classical Wave Equation

It is one thing to draw a picture of a wave and describe its properties, and quite another
to predict what sort of wave will result from disturbing a particular system. To make
such predictions, we must consider the physical laws that the medium must obey. One
condition is that the medium must obey Newton’s laws of motion. For example, any
segment of string of massm subjected to a forceF must undergo an acceleration ofF/m

in accord with Newton’s second law. In this regard, wave motion is perfectly consistent
with ordinary particle motion. Another condition, however, peculiar to waves, is that
each segment of the medium is “attached” to the neighboring segments so that, as
it is displaced, it drags alongits neighbor, which in turn drags along its neighbor,
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Figure 1-4 � A segment of string under tensionT . The forces at each end of the segment are
decomposed into forces perpendicular and parallel tox.

etc. This provides the mechanism whereby the disturbance is propagated along the
medium.2

Let us consider a string under a tensile forceT . When the string is displaced from
its equilibrium position, this tension is responsible for exerting a restoring force. For
example, observe the string segment associated with the regionx to x + dx in Fig. 1-4.
Note that the tension exerted at either end of this segment can be decomposed into
components parallel and perpendicular to thex axis. The parallel component tends to
stretch the string (which, however, we assume to be unstretchable), the perpendicular
component acts to accelerate the segment toward or away from the rest position. At
the right end of the segment, the perpendicular componentF divided by the horizontal
component gives the slope ofT . However, for small deviations of the string from
equilibrium (that is, for small angleα) the horizontal component is nearly equal in
length to the vectorT . This means that it is a good approximation to write

slope of vectorT = F/T at x + dx (1-9)

But the slope is also given by the derivative of�, and so we can write

Fx+dx = T (∂�/∂x)x+dx (1-10)

At the other end of the segment the tensile force acts in the opposite direction, and we
have

Fx = −T (∂�/∂x)x (1-11)

The net perpendicular force on our string segment is the resultant of these two:

F = T
[
(∂�/∂x)x+dx − (∂�/∂x)x

]
(1-12)

The difference in slope at two infinitesimally separated points, divided bydx, is by
definition the second derivative of a function. Therefore,

F = T ∂2�/∂x2 dx (1-13)

2Fluids are of relatively low viscosity, so the tendency of one segment to drag along its neighbor is weak. For
this reason fluids are poor transmitters oftransversewaves (waves in which the medium oscillates in a direction
perpendicular to the direction of propagation). Incompressionwaves, one segment displaces the next by pushing
it. Here the requirement is that the medium possess elasticity for compression. Solids and fluids often meet this
requirement well enough to transmit compression waves. The ability of rigid solids to transmit both wave types
while fluids transmit only one type is the basis for using earthquake-induced waves to determine how deep the
solid part of the earth’s mantle extends.
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Equation (1-13) gives the force on our string segment. If the string has massm per
unit length, then the segment has massmdx, and Newton’s equationF = ma may be
written

T ∂2�/∂x2 = m∂2�/∂t2 (1-14)

where we recall that acceleration is the second derivative of position with respect to time.
Equation (1-14) is the wave equation for motion in a string of uniform density

under tensionT . It should be evident that its derivation involves nothing fundamental
beyond Newton’s second law and the fact that the two ends of the segment are linked
to each other and to a common tensile force. Generalizing this equation to waves in
three-dimensional media gives

(
∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2

)
� (x,y, z, t) = β

∂2� (x,y, z, t)

∂t2 (1-15)

whereβ is a composite of physical quantities (analogous tom/T ) for the particular
system.

Returning to our string example, we have in Eq. (1-14) atime-dependentdifferential
equation. Suppose we wish to limit our consideration to standing waves that can be
separated into a space-dependent amplitude function and a harmonic time-dependent
function. Then

�(x, t) = ψ(x)cos(ωt) (1-16)

and the differential equation becomes

cos(ωt)
d2ψ (x)

dx2 = m

T
ψ(x)

d2 cos(ωt)

dt2 = −m

T
ψ(x)ω2 cos(ωt) (1-17)

or, dividing by cos(ωt),

d2ψ(x)/dx2 = −(ω2m/T )ψ(x) (1-18)

This is the classicaltime-independentwave equation for a string.
We can see by inspection what kind of functionψ(x) must be to satisfy Eq. (1-18).

ψ is a function that, when twice differentiated, is reproduced with a coefficient of
−ω2m/T . One solution is

ψ = Asin
(
ω

√
m/T x

)
(1-19)

This illustrates that Eq. (1-18) has sinusoidally varying solutions such as those discussed
in Section 1-2. Comparing Eq. (1-19) with (1-1) indicates that 2π/λ = ω

√
m/T .

Substituting this relation into Eq. (1-18) gives

d2ψ(x)/dx2 = −(2π/λ)2ψ(x) (1-20)

which is a more useful form for our purposes.
For three-dimensional systems, the classical time-independent wave equation for an

isotropic and uniform medium is

(∂2/∂x2 + ∂2/∂y2 + ∂2/∂z2)ψ(x, y, z) = −(2π/λ)2ψ(x, y, z) (1-21)
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whereλ depends on the elasticity of the medium. The combination of partial derivatives
on the left-hand side of Eq. (1-21) is called theLaplacian, and is often given the short-
hand symbol∇2 (del squared). This would give for Eq. (1-21)

∇2ψ(x, y, z) = −(2π/λ)2ψ(x, y, z) (1-22)

1-4 Standing Waves in a Clamped String

We now demonstrate how Eq. (1-20) can be used to predict the nature of standing waves
in a string. Suppose that the string is clamped atx = 0 andL. This means that the
string cannot oscillate at these points. Mathematically this means that

ψ(0) = ψ(L) = 0 (1-23)

Conditions such as these are calledboundary conditions. Our question is, “What
functionsψ satisfy Eq. (1-20) and also Eq. (1-23)?” We begin by trying to find the most
general equation that can satisfy Eq. (1-20). We have already seen thatAsin(2πx/λ)

is a solution, but it is easy to show thatAcos(2πx/λ) is also a solution. More general
than either of these is the linear combination3

ψ(x) = Asin(2πx/λ) + B cos(2πx/λ) (1-24)

By varyingA andB, we can get different functionsψ .
There are two remarks to be made at this point. First, some readers will have

noticed that other functions exist that satisfy Eq. (1-20). These areAexp(2πix/λ)

and Aexp(−2πix/λ), wherei = √−1. The reason we have not included these in
the general function (1-24) is that these two exponential functions are mathematically
equivalent to the trigonometric functions. The relationship is

exp(±ikx) = cos(kx) ± i sin(kx). (1-25)

This means that any trigonometric function may be expressed in terms of such exponen-
tials and vice versa. Hence, the set of trigonometric functions and the set of exponentials
is redundant, and no additional flexibility would result by including exponentials in
Eq. (1-24) (see Problem 1-1). The two sets of functions arelinearly dependent.4

The second remark is that for a givenA andB the function described by Eq. (1-24)
is a single sinusoidal wave with wavelengthλ. By altering the ratio ofA to B, we cause
the wave to shift to the left or right with respect to the origin. IfA = 1 andB = 0, the
wave has a node atx = 0. If A = 0 andB = 1, the wave has an antinode atx = 0.

We now proceed by letting the boundary conditions determine the constantsA andB.
The condition atx = 0 gives

ψ(0) = Asin(0) + B cos(0) = 0 (1-26)

3Given functionsf1, f2, f3 . . . . A linear combinationof these functions isc1f1 + c2f2 + c3f3 + · · · , where
c1, c2, c3, . . . are numbers (which need not be real).

4If one member of a set of functions (f1, f2, f3, . . . ) can be expressed as a linear combination of the remaining
functions (i.e., iff1 = c2f2 + c3f3 + · · · ), the set of functions is said to be linearly dependent. Otherwise, they
are linearly independent.
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However, since sin(0) = 0 and cos(0) = 1, this gives

B = 0 (1-27)

Therefore, our first boundary condition forcesB to be zero and leaves us with

ψ(x) = Asin(2πx/λ) (1-28)

Our second boundary condition, atx = L, gives

ψ(L) = Asin(2πL/λ) = 0 (1-29)

One solution is provided by settingA equal to zero. This givesψ =0, which corresponds
to no wave at all in the string. This is possible, but not very interesting. The other
possibility is for 2πL/λ to be equal to 0,±π,±2π, . . . ,±nπ, . . . since the sine function
vanishes then. This gives the relation

2πL/λ = nπ, n = 0,±1,±2, . . . (1-30)

or

λ = 2L/n, n = 0,±1,±2, . . . (1-31)

Substituting this expression forλ into Eq. (1-28) gives

ψ(x) = Asin(nπx/L), n = 0,±1,±2, . . . (1-32)

Some of these solutions are sketched in Fig. 1-5. The solution forn = 0 is again the
uninterestingψ = 0 case. Furthermore, since sin(−x) equals−sin(x), it is clear that
the set of functions produced by positive integers n is not physically different from the
set produced by negativen, so we may arbitrarily restrict our attention to solutions with
positiven. (The two sets are linearly dependent.) The constantA is still undetermined.
It affects the amplitude of the wave. To determineA would require knowing how much
energy is stored in the wave, that is, how hard the string was plucked.

It is evident that there are an infinite number of acceptable solutions, each one
corresponding to a different number of half-waves fitting between 0 andL. But an even
larger infinity of waves has been excluded by the boundary conditions—namely, all
waves having wavelengths not divisible into 2L an integral number of times. The result

Figure 1-5 � Solutions for the time-independent wave equation in one dimension with boundary
conditionsψ(0) = ψ(L) = 0.
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of applying boundary conditions has been to restrict the allowed wavelengths to certain
discrete values. As we shall see, this behavior is closely related to the quantization of
energies in quantum mechanics.

The example worked out above is an extremely simple one. Nevertheless, it demon-
strates how a differential equation and boundary conditions are used to define the
allowed states for a system. One could have arrived at solutions for this case by simple
physical argument, but this is usually not possible in more complicated cases. The dif-
ferential equation provides a systematic approach for finding solutions when physical
intuition is not enough.

1-5 Light as an Electromagnetic Wave

Suppose a charged particle is caused to oscillate harmonically on thez axis. If there
is another charged particle some distance away and initially at rest in thexy plane,
this second particle will commence oscillating harmonically too. Thus, energy is being
transferred from the first particle to the second, which indicates that there is an oscil-
lating electric field emanating from the first particle. We can plot the magnitude of
this electric field at a given instant as it would be felt by a series of imaginary test
charges stationed along a line emanating from the source and perpendicular to the axis
of vibration (Fig. 1-6).

If there are some magnetic compasses in the neighborhood of the oscillating charge,
these will be found to swing back and forth in response to the disturbance. This means
that an oscillatingmagneticfield is produced by the charge too. Varying the placement
of the compasses will show that this field oscillates in a plane perpendicular to the
axis of vibration of the charged particle. The combined electric and magnetic fields
traveling along one ray in thexy plane appear in Fig. 1-7.

The changes in electric and magnetic fields propagate outward with a characteristic
velocity c, and are describable as a traveling wave, called an electromagnetic wave.
Its frequencyν is the same as the oscillation frequency of the vibrating charge. Its
wavelength isλ = c/ν. Visible light, infrared radiation, radio waves, microwaves,
ultraviolet radiation, X rays, andγ rays are all forms of electromagnetic radiation,
their only difference being their frequenciesν. We shall continue the discussion in the
context of light, understanding that it applies to all forms of electromagnetic radiation.

Figure 1-6 � A harmonic electric-field wave emanating from a vibrating electric charge. The wave
magnitude is proportional to the force felt by the test charges. The charges are only imaginary; if
they actually existed, they would possess mass and under acceleration would absorb energy from the
wave, causing it to attenuate.
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Figure 1-7 � A harmonic electromagnetic field produced by an oscillating electric charge. The
arrows without attached charges show the direction in which the north pole of a magnet would be
attracted. The magnetic field is oriented perpendicular to the electric field.

If a beam of light is produced so that the orientation of the electric field wave is
always in the same plane, the light is said to be plane (or linearly) polarized. The plane-
polarized light shown in Fig. 1-7 is said to bez polarized. If the plane of orientation
of the electric field wave rotates clockwise or counterclockwise about the axis of travel
(i.e., if the electric field wave “corkscrews” through space), the light is said to be right
or left circularly polarized. If the light is a composite of waves having random field
orientations so that there is no resultant orientation, the light is unpolarized.

Experiments with light in the nineteenth century and earlier were consistent with
the view that light is a wave phenomenon. One of the more obvious experimental
verifications of this is provided by the interference pattern produced when light from a
point source is allowed to pass through a pair of slits and then to fall on a screen. The
resulting interference patterns are understandable only in terms of the constructive and
destructive interference of waves. The differential equations of Maxwell, which pro-
vided the connection between electromagnetic radiation and the basic laws of physics,
also indicated that light is a wave.

But there remained several problems that prevented physicists from closing the book
on this subject. One was the inability of classical physical theory to explain the intensity
and wavelength characteristics of light emitted by a glowing “blackbody.” This problem
was studied by Planck, who was forced to conclude that the vibrating charged particles
producing the light can exist only in certain discrete (separated) energy states. We
shall not discuss this problem. Another problem had to do with the interpretation of a
phenomenon discovered in the late 1800s, called thephotoelectric effect.

1-6 The Photoelectric Effect

This phenomenon occurs when the exposure of some material to light causes it to eject
electrons. Many metals do this quite readily. A simple apparatus that could be used to
study this behavior is drawn schematically in Fig. 1-8. Incident light strikes the metal
dish in the evacuated chamber. If electrons are ejected, some of them will strike the
collecting wire, giving rise to a deflection of the galvanometer. In this apparatus, one
can vary the potential difference between the metal dish and the collecting wire, and
also the intensity and frequency of the incident light.

Suppose that the potential difference is set at zero and a current is detected when
light of a certain intensity and frequency strikes the dish. This means that electrons
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Figure 1-8 � A phototube.

are being emitted from the dish with finite kinetic energy, enabling them to travel to
the wire. If a retarding potential is now applied, electrons that are emitted with only a
small kinetic energy will have insufficient energy to overcome the retarding potential
and will not travel to the wire. Hence, the current being detected will decrease. The
retarding potential can be increased gradually until finally even the most energetic
photoelectrons cannot make it to the collecting wire. This enables one to calculate the
maximum kinetic energy for photoelectrons produced by the incident light on the metal
in question.

The observations from experiments of this sort can be summarized as follows:

1. Below a certain cutoff frequency of incident light, no photoelectrons are ejected, no
matter how intense the light.

2. Above the cutoff frequency, the number of photoelectrons is directly proportional
to the intensity of the light.

3. As the frequency of the incident light is increased, the maximum kinetic energy of
the photoelectrons increases.

4. In cases where the radiation intensity is extremely low (but frequency is above the
cutoff value) photoelectrons are emitted from the metal without any time lag.

Some of these results are summarized graphically in Fig. 1-9. Apparently, the kinetic
energy of the photoelectron is given by

kinetic energy= h(ν − ν0) (1-33)

whereh is a constant. The cutoff frequencyν0 depends on the metal being studied (and
also its temperature), but the slopeh is the same for all substances.
We can also write the kinetic energy as

kinetic energy= energy of light− energy needed to escape surface (1-34)
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Figure 1-9 � Maximum kinetic energy of photoelectrons as a function of incident light frequency,
whereν0 is the minimum frequency for which photoelectrons are ejected from the metal in the absence
of any retarding or accelerating potential.

The last quantity in Eq. (1-34) is often referred to as thework functionW of the metal.
Equating Eq. (1-33) with (1-34) gives

energy of light− W = hν − hν0 (1-35)

The material-dependent termW is identified with the material-dependent termhν0,
yielding

energy of light≡ E = hν (1-36)

where the value ofh has been determined to be 6.626176×10−34 J sec. (SeeAppendix
10 for units and conversion factors.)

Physicists found it difficult to reconcile these observations with the classical electro-
magnetic field theory of light. For example, if light of a certain frequency and intensity
causes emission of electrons having a certain maximum kinetic energy, one would
expect increased lightintensity(corresponding classically to a greater electromagnetic
field amplitude and hence greater energy density) to produce photoelectrons of higher
kinetic energy. However, it only produces more photoelectrons and does not affect their
energies. Again, if light is a wave, the energy is distributed over the entire wavefront
and this means that a low light intensity would impart energy at a very low rate to an
area of surface occupied by one atom. One can calculate that it would take years for an
individual atom to collect sufficient energy to eject an electron under such conditions.
No such induction period is observed.

An explanation for these results was suggested in 1905 by Einstein, who proposed
that the incident light be viewed as being comprised of discrete units of energy. Each
such unit, orphoton, would have an associated energy ofhν,whereν is the frequency
of the oscillating emitter. Increasing the intensity of the light would correspond to
increasing the number of photons, whereas increasing the frequency of the light would
increase the energy of the photons. If we envision each emitted photoelectron as
resulting from a photon striking the surface of the metal, it is quite easy to see that
Einstein’s proposal accords with observation. But it creates a new problem: If we are
to visualize light as a stream of photons, how can we explain the wave properties of
light, such as the double-slit diffraction pattern? What is the physical meaning of the
electromagnetic wave?
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Essentially, the problem is that, in the classical view, the square of the electromag-
netic wave at any point in space is a measure of the energy density at that point. Now
the square of the electromagnetic wave is a continuous and smoothly varying function,
and if energy is continuous and infinitely divisible, there is no problem with this the-
ory. But if the energy cannot be divided into amounts smaller than a photon—if it has
a particulate rather than a continuous nature—then the classical interpretation cannot
apply, for it is not possible to produce a smoothly varying energy distribution from
energyparticlesany more than it is possible to produce, at the microscopic level, a
smooth density distribution in gas made from atoms of matter. Einstein suggested that
the square of the electromagnetic wave at some point (that is, the sum of the squares
of the electric and magnetic field magnitudes) be taken as theprobability densityfor
finding a photon in the volume element around that point. The greater the square of
the wave in some region, the greater is the probability for finding the photon in that
region. Thus, the classical notion of energy having a definite and smoothly varying
distribution is replaced by the idea of a smoothly varying probability density for finding
an atomistic packet of energy.

Let us explore this probabilistic interpretation within the context of the two-slit
interference experiment. We know that the pattern of light and darkness observed on
the screen agrees with the classical picture of interference of waves. Suppose we carry
out the experiment in the usual way, except we use a light source (of frequencyν) so
weak that onlyhν units of energy per second pass through the apparatus and strike
the screen. According to the classical picture, this tiny amount of energy should strike
the screen in a delocalized manner, producing an extremely faint image of the entire
diffraction pattern. Over a period of many seconds, this pattern could be accumulated
(on a photographic plate, say) and would become more intense. According to Einstein’s
view, our experiment corresponds to transmission of one photon per second and each
photon strikes the screen at a localized point. Each photon strikes a new spot (not to
imply the same spot cannot be struck more than once) and, over a long period of time,
they build up the observed diffraction pattern. If we wish to state in advance where the
next photon will appear, we are unable to do so. The best we can do is to say that the
next photon is more likely to strike in one area than in another, the relative probabilities
being quantitatively described by the square of the electromagnetic wave.

The interpretation of electromagnetic waves as probability waves often leaves one
with some feelings of unreality. If the wave only tells us relative probabilities for
finding a photon at one point or another, one is entitled to ask whether the wave has
“physical reality,” or if it is merely a mathematical device which allows us to analyze
photon distribution, the photons being the “physical reality.” We will defer discussion
of this question until a later section on electron diffraction.

EXAMPLE 1-1 A retarding potential of 2.38 volts just suffices to stop photoelectrons
emitted from potassium by light of frequency 1.13× 1015s−1. What is the work
function,W , of potassium?

SOLUTION � Elight = hν = W + KEelectron,W = hν − KEelectron = (4.136× 10−15eV s)

(1.13× 1015s−1) − 2.38 eV= 4.67 eV− 2.38 eV= 2.29 eV [Note convenience of usingh in units
of eV s for this problem. See Appendix 10 for data.] �
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EXAMPLE 1-2 Spectroscopists often express�E for a transition between states in
wavenumbers , e.g., m−1, or cm−1, rather than in energy units like J or eV. (Usually
cm−1 is favored, so we will proceed with that choice.)
a) What is the physical meaning of the term wavenumber?
b) What is the connection between wavenumber and energy?
c) What wavenumber applies to an energy of 1.000 J? of 1.000 eV?

SOLUTION � a) Wavenumber is the number of waves that fit into a unit of distance (usually of
one centimeter). It is sometimes symbolizedν̃. ν̃ =1/λ, whereλ is the wavelength in centimeters.
b) Wavenumber characterizes the light that has photons of the designated energy.E =hν =hc/λ=
hcν̃. (wherec is given in cm/s).
c) E = 1.000 J= hcν̃; ν̃ = 1.000 J/hc = 1.000 J/[(6.626× 10−34 J s)(2.998× 1010 cm/s)] =
5.034× 1022 cm−1. Clearly, this is light of an extremely short wavelength since more than 1022

wavelengths fit into 1 cm. For 1.000 eV, the above equation is repeated usingh in eV s. This gives
ν̃ = 8065cm−1. �

1-7 The Wave Nature of Matter

Evidently light has wave and particle aspects, and we can describe it in terms of photons,
which are associated with waves of frequencyν =E/h. Now photons are rather peculiar
particles in that they have zero rest mass. In fact, they can exist only when traveling
at the speed of light. The more normal particles in our experience have nonzero rest
masses and can exist at any velocity up to the speed-of-light limit. Are there also waves
associated with such normal particles?

Imagine a particle having a finite rest mass that somehow can be made lighter and
lighter, approaching zero in a continuous way. It seems reasonable that the existence
of a wave associated with the motion of the particle should become more and more
apparent, rather than the wave coming into existence abruptly whenm=0. De Broglie
proposed that all material particles are associated with waves, which he called “matter
waves,” but that the existence of these waves is likely to be observable only in the
behaviors of extremely light particles.

De Broglie’s relation can be reached as follows. Einstein’s relation for photons is

E = hν (1-37)

But a photon carrying energyE has a relativistic mass given by

E = mc2 (1-38)

Equating these two equations gives

E = mc2 = hν = hc/λ (1-39)

or

mc = h/λ (1-40)
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A normal particle, with nonzero rest mass, travels at a velocityv. If we regard Eq. (1-40)
as merely the high-velocity limit of a more general expression, we arrive at an equation
relating particle momentump and associated wavelengthλ:

mv = p = h/λ (1-41)

or

λ = h/p (1-42)

Here,m refers to the rest mass of the particle plus the relativistic correction, but the
latter is usually negligible in comparison to the former.

This relation, proposed by de Broglie in 1922, was demonstrated to be correct shortly
thereafter when Davisson and Germer showed that a beam of electrons impinging on a
nickel target produced the scattering patterns one expects from interfering waves. These
“electron waves” were observed to have wavelengths related to electron momentum in
just the manner proposed by de Broglie.

Equation (1-42) relates the de Broglie wavelengthλ of a matter wave to the momen-
tump of the particle. A higher momentum corresponds to a shorter wavelength. Since

kinetic energyT = mv2 = (1/2m)(m2v2) = p2/2m (1-43)

it follows that

p = √
2mT (1-44)

Furthermore, SinceE = T + V , whereE is the total energy andV is the potential
energy, we can rewrite the de Broglie wavelength as

λ = h√
2m(E − V )

(1-45)

Equation (1-45) is useful for understanding the way in whichλ will change for a
particle moving with constant total energy in a varying potential. For example, if the
particle enters a region where its potential energy increases (e.g., an electron approaches
a negatively charged plate),E − V decreases andλ increases (i.e., the particle slows
down, so its momentum decreases and its associated wavelength increases). We shall
see examples of this behavior in future chapters.

Observe that ifE ≥ V,λ as given by Eq. (1-45) is real. However, ifE < V,λ

becomes imaginary. Classically, we never encounter such a situation, but we will find
it is necessary to consider this possibility in quantum mechanics.

EXAMPLE 1-3 A He2+ ion is accelerated from rest through a voltage drop of 1.000
kilovolts. What is its final deBroglie wavelength? Would the wavelike properties
be very apparent?

SOLUTION � Since a charge of two electronic units has passed through a voltage drop
of 1.000× 103 volts, the final kinetic energy of the ion is 2.000× 103 eV. To calculateλ, we first
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convert from eV to joules:KE ≡ p2/2m = (2.000× 103 eV)(1.60219× 10−19 J/eV) = 3.204
× 10−16 J. mHe = (4.003 g/mol)(10−3 kg/g)(1 mol/6.022× 1023atoms) = 6.65× 10−27kg;
p =√

2mHe · KE =[2(6.65×10−27kg)(3.204×10−16 J)]1/2 =2.1×10−21kg m/s. λ=h/p =
(6.626× 10−34 Js)/(2.1× 10−21kg m/s) = 3.2× 10−13 m= 0.32 pm. This wavelength is on the
order of 1% of the radius of a hydrogen atom–too short to produce observable interference results
when interacting with atom-size scatterers. For most purposes, we can treat this ion as simply a
high-speed particle. �

1-8 A Diffraction Experiment with Electrons

In order to gain a better understanding of the meaning of matter waves, we now consider
a set of simple experiments. Suppose that we have a source of a beam of monoener-
getic electrons and a pair of slits, as indicated schematically in Fig. 1-10. Any electron
arriving at the phosphorescent screen produces a flash of light, just as in a television
set. For the moment we ignore the light source near the slits (assume that it is turned
off) and inquire as to the nature of the image on the phosphorescent screen when the
electron beam is directed at the slits. The observation, consistent with the observations
of Davisson and Germer already mentioned, is that there are alternating bands of light
and dark, indicating that the electron beam is being diffracted by the slits. Further-
more, the distance separating the bands is consistent with the de Broglie wavelength
corresponding to the energy of the electrons. The variation in light intensity observed
on the screen is depicted in Fig. 1-11a.

Evidently, the electrons in this experiment are displaying wave behavior. Does this
mean that the electrons are spread out like waves when they are detected at the screen?
We test this by reducing our beam intensity to let only one electron per second through
the apparatus and observe that each electron gives a localized pinpoint of light, the
entire diffraction pattern building up gradually by the accumulation of many points.
Thus, the square of de Broglie’s matter wave has the same kind of statistical significance
that Einstein proposed for electromagnetic waves and photons, and the electrons really
are localized particles, at least when they are detected at the screen.

However, if they are really particles, it is hard to see how they can be diffracted.
Consider what happens when slitb is closed. Then all the electrons striking the screen
must have come through slita. We observe the result to be a single area of light on
the screen (Fig. 1-11b). Closing slita and openingb gives a similar (but displaced)

Figure 1-10 � The electron source produces a beam of electrons, some of which pass through slits
a and/orb to be detected as flashes of light on the phosphorescent screen.
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Figure 1-11 � Light intensity at phosphorescent screen under various conditions: (a)a andb open,
light off; (b) a open,b closed, light off; (c)a closed,b open, light off; (d)a andb open, light on,λ
short; (e)a andb open, light on,λ longer.

light area, as shown in Fig. 1-11c. These patterns are just what we would expect for
particles. Now, with both slits open, we expect half the particles to pass through slita

and half through slitb, the resulting pattern being thesumof the results just described.
Instead we obtain the diffraction pattern (Fig. 1-11a). How can this happen? It seems
that, somehow, an electron passing through the apparatus can sense whether one or
both slits are open, even though as a particle it can explore only one slit or the other.
One might suppose that we are seeing the result of simultaneous traversal of the two
slits by two electrons, the path of each electron being affected by the presence of an
electron in the other slit. This would explain how an electron passing through slita

would “know” whether slitb was open or closed. But the fact that the pattern builds
up even when electrons pass through at the rate of one per second indicates that this
argument will not do. Could an electron be coming through both slits at once?

To test this question, we need to have detailed information about the positions of the
electrons as they pass through the slits. We can get such data by turning on the light
source and aiming a microscope at the slits. Then photons will bounce off each electron
as it passes the slits and will be observed through the microscope. The observer thus
can tell through which slit each electron has passed, and also record its final position
on the phosphorescent screen. In this experiment, it is necessary to use light having
a wavelength short in comparison to the interslit distance; otherwise the microscope
cannot resolve a flash well enough to tell which slit it is nearest. When this experiment
is performed, we indeed detect each electron as coming through one slit or the other,
and not both, but we also find that the diffraction pattern on the screen has been lost
and that we have the broad, featureless distribution shown in Fig. 1-11d, which is
basically the sum of the single-slit experiments. What has happened is that the photons
from our light source, in bouncing off the electrons as they emerge from the slits, have
affected the momenta of the electrons and changed their paths from what they were
in the absence of light. We can try to counteract this by using photons with lower
momentum; but this means using photons of lowerE, hence longerλ. As a result,
the images of the electrons in the microscope get broader, and it becomes more and
more ambiguous as to which slit a given electron has passed through or that it really
passed through only one slit. As we become more and more uncertain about the path
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of each electron as it moves past the slits, the accumulating diffraction pattern becomes
more and more pronounced (Fig. 1-11e). (Since this is a “thought experiment,” we can
ignore the inconvenient fact that our “light” source must produce X rays orγ rays in
order to have a wavelength short in comparison to the appropriate interslit distance.)

This conceptual experiment illustrates a basic feature of microscopic systems—we
cannot measure properties of the system without affecting the future development of the
system in a nontrivial way. The system with the light turned off is significantly different
from the system with the light turned on (with shortλ), and so the electrons arrive at the
screen with different distributions. No matter how cleverly one devises the experiment,
there is some minimum necessary disturbance involved in any measurement. In this
example with the light off, the problem is that we know the momentum of each electron
quite accurately (since the beam is monoenergetic and collimated), but we do not know
anything about the way the electrons traverse the slits. With the light on, we obtain
information about electron position just beyond the slits but we change the momentum
of each electron in an unknown way. The measurement of particle position leads to
loss of knowledge about particle momentum. This is an example of theuncertainty
principleof Heisenberg, who stated that the product of the simultaneous uncertainties in
“conjugate variables,”a andb, can never be smaller than the value of Planck’s constant
h divided by 4π :

�a · �b ≥ h/4π (1-46)

Here,�a is a measure of the uncertainty in the variablea, etc. (The easiest way to
recognize conjugate variables is to note that their dimensions must multiply to joule
seconds. Linear momentum and linear position satisfies this requirement. Two other
important pairs of conjugate variables are energy–time and angular momentum–angular
position.) In this example with the light off, our uncertainty in momentum is small
and our uncertainty in position is unacceptably large, since we cannot say which slit
each electron traverses. With the light on, we reduce our uncertainty in position to
an acceptable size, but subsequent to the position of each electron being observed, we
have much greater uncertainty in momentum.

Thus, we see that the appearance of an electron (or a photon) as a particle or a wave
depends on our experiment. Becauseanyobservation on so small a particle involves a
significant perturbation of its state, it is proper to think of the electron plus apparatus
as a single system. The question, “Is the electron a particle or a wave?” becomes
meaningful only when the apparatus is defined on which we plan a measurement.
In some experiments, the apparatus and electrons interact in a way suggestive of the
electron being a wave, in others, a particle. The question, “What is the electron when
were not looking?,” cannot be answered experimentally, since an experiment is a “look”
at the electron. In recent years experiments of this sort have been carried out using
single atoms.5

EXAMPLE 1-4 The lifetime of an excited state of a molecule is 2× 10−9 s. What
is the uncertainty in its energy in J? In cm−1? How would this manifest itself
experimentally?

5See F. Flam [1].
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SOLUTION � The Heisenberg uncertainty principle gives, for minimum uncertainty�E · �t =
h/4π. �E = (6.626×10−34 J s)/[(4π)(2×10−9 s)]=2.6×10−26J(2.6×10−26J) (5.03×1022

cm−1J−1) = 0.001 cm−1 (See Appendix 10 for data.) Larger uncertainty in E shows up as greater
line-width in emission spectra. �

1-9 Schr ödinger’s Time-Independent Wave Equation

Earlier we saw that we needed a wave equation in order to solve for the standing waves
pertaining to a particular classical system and its set of boundary conditions. The same
need exists for a wave equation to solve for matter waves. Schr¨odinger obtained such
an equation by taking the classical time-independent wave equation and substituting
de Broglie’s relation forλ. Thus, if

∇2ψ = −(2π/λ)2ψ (1-47)

and

λ = h√
2m(E − V )

(1-48)

then
[−(h2/8π2m)∇2 + V (x, y, z)

]
ψ(x, y, z) = Eψ(x,y, z) (1-49)

Equation (1-49) is Schr¨odinger’s time-independent wave equation for a single particle
of massm moving in the three-dimensional potential fieldV .

In classical mechanics we have separate equations for wave motion and particle
motion, whereas in quantum mechanics, in which the distinction between particles and
waves is not clear-cut, we have a single equation—the Schr¨odinger equation. We have
seen that the link between the Schr¨odinger equation and the classicalwaveequation is
the de Broglie relation. Let us now compare Schr¨odinger’s equation with the classical
equation forparticlemotion.

Classically, for a particle moving in three dimensions, the total energy is the sum of
kinetic and potential energies:

(1/2m)(p2
x + p2

y + p2
z ) + V = E (1-50)

wherepx is the momentum in thex coordinate, etc. We have just seen that the analogous
Schrödinger equation is [writing out Eq. (1-49)]

[ −h2

8π2m

(
∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2

)
+ V (x, y, z)

]
ψ(x, y, z) = Eψ(x,y, z) (1-51)

It is easily seen that Eq. (1-50) is linked to the quantity in brackets of Eq. (1-51) by a
relation associating classical momentum with a partial differential operator:

px ←→ (h/2πi)(∂/∂x) (1-52)

and similarly forpy andpz . The relations (1-52) will be seen later to be an important
postulate in a formal development of quantum mechanics.
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The left-hand side of Eq. (1-50) is called thehamiltonianfor the system. For this
reason the operator in square brackets on the LHS of Eq. (1-51) is called thehamiltonian
operator6 H . For a given system, we shall see that the construction ofH is not difficult.
The difficulty comes in solving Schr¨odinger’s equation, often written as

Hψ = Eψ (1-53)

The classical and quantum-mechanical wave equations that we have discussed are
members of a special class of equations calledeigenvalue equations. Such equations
have the format

Opf = cf (1-54)

where Op is an operator,f is a function, andc is a constant. Thus, eigenvalue equations
have the property that operating on a function regenerates the same function times a
constant. The functionf that satisfies Eq. (1-54) is called aneigenfunctionof the
operator. The constantc is called theeigenvalueassociated with the eigenfunction
f . Often, an operator will have a large number of eigenfunctions and eigenvalues of
interest associated with it, and so an index is necessary to keep them sorted, viz.

Opfi = cifi (1-55)

We have already seen an example of this sort of equation, Eq. (1-19) being an eigen-
function for Eq. (1-18), with eigenvalue−ω2m/T .

The solutionsψ for Schrödinger’s equation (1-53), are referred to as eigenfunctions,
wavefunctions, or state functions.

EXAMPLE 1-5 a) Show that sin(3.63x) is not an eigenfunction of the operator
d/dx.
b) Show that exp(−3.63ix) is an eigenfunction of the operatord/dx. What is its
eigenvalue?
c) Show that 1

π
sin(3.63x) is an eigenfunction of the operator

((−h2/8π2m)d2/dx2). What is its eigenvalue?

SOLUTION � a) d
dx

sin(3.63x) = 3.63 cos(3.63x) �= constant times sin(3.63x).

b) d
dx

exp(−3.63ix) = −3.63i exp(−3.63ix) = constant times exp(−3.63ix). Eigenvalue=
−3.63i.

c) ((−h2/8π2m)d2/dx2) 1
π sin(3.63x) = (−h2/8π2m)(1/π)(3.63) d

dx
cos(3.63x)

= [(3.63)2h2/8π2m] · (1/π)sin(3.63x)

= constant times(1/π)sin(3.63x).

Eigenvalue= (3.63)2h2/8π2m. �

6An operator is a symbol telling us to carry out a certain mathematical operation. Thus,d/dx is a differential
operator telling us to differentiate anything following it with respect tox. The function 1/x may be viewed as a
multiplicative operator. Any function on which it operates gets multiplied by 1/x.
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1-10 Conditions on ψ

We have already indicated that the square of the electromagnetic wave is interpreted as
the probability density function for finding photons at various places in space. We now
attribute an analogous meaning toψ2 for matterwaves. Thus, in a one-dimensional
problem (for example, a particle constrained to move on a line), the probability that the
particle will be found in the intervaldx around the pointx1 is taken to beψ2(x1) dx.
If ψ is a complex function, then theabsolute square, |ψ |2 ≡ ψ*ψ is used instead of
ψ2.7 This makes it mathematically impossible for the average mass distribution to be
negative in any region.

If an eigenfunctionψ has been found for Eq. (1-53), it is easy to see thatcψ will
also be an eigenfunction, for any constantc. This is due to the fact that a multiplicative
constant commutes8 with the operatorH , that is,

H(cψ) = cHψ = cEψ = E(cψ) (1-56)

The equality of the first and last terms is a statement of the fact thatcψ is an eigen-
function ofH . The question of which constant to use for the wavefunction is resolved
by appeal to the probability interpretation of|ψ |2. For a particle moving on thex axis,
the probability that the particle is betweenx = −∞ andx = +∞ is unity, that is, a
certainty. This probability is also equal to the sum of the probabilities for finding the
particle in each and every infinitesimal interval alongx, so this sum (an integral) must
equal unity:

c*c

∫ +∞

−∞
ψ*(x)ψ (x) dx = 1 (1-57)

If the selection of the constant multiplierc is made so that Eq. (1-57) is satisfied,
the wavefunctionψ ′ = cψ is said to benormalized. For a three-dimensional function,
cψ(x, y, z), the normalization requirement is

c*c

∫ +∞

−∞

∫ +∞

−∞

∫ +∞

−∞
ψ*(x, y, z)ψ(x, y, z) dx dy dz ≡ |c|2

∫

all space
|ψ |2 dv = 1

(1-58)

As a result of our physical interpretation of|ψ |2 plus the fact thatψ must be an
eigenfunction of the hamiltonian operatorH , we can reach some general conclusions
about what sort of mathematical propertiesψ can or cannot have.

First, we require thatψ be asingle-valuedfunction because we want|ψ |2 to give an
unambiguous probability for finding a particle in a given region (see Fig. 1-12). Also,
we reject functions that are infinite in any region of space because such an infinity
will always be infinitely greater than any finite region, and|ψ |2 will be useless as a
measure of comparative probabilities.9 In order forHψ to be defined everywhere, it
is necessary that the second derivative ofψ be defined everywhere. This requires that
the first derivative ofψ bepiecewise continuousand thatψ itself becontinuousas in
Fig.1d. (We shall see an example of this shortly.)

7If f = u + iv, thenf *, the complex conjugate off , is given byu − iv, whereu andv are real functions.
8a andb are said tocommuteif ab = ba.
9There are cases, particularly in relativistic treatments, whereψ is infinite at single points of zero measure, so

that|ψ |2 dx remains finite. Normally we do not encounter such situations in quantum chemistry.
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Figure 1-12 � (a)ψ is triple valued atx0. (b) ψ is discontinuous atx0. (c) ψ grows without limit
asx approaches+∞ (i.e.,ψ “blows up,” or “explodes”). (d)ψ is continuous and has a “cusp” atx0.
Hence, first derivative ofψ is discontinuous atx0 and is only piecewise continuous. This does not
preventψ from being acceptable.

Functions that are single-valued, continuous, nowhere infinite, and have piecewise
continuous first derivatives will be referred to asacceptablefunctions. The meanings
of these terms are illustrated by some sample functions in Fig. 1-12.

In most cases, there is one more general restriction we place onψ , namely, that
it be a normalizable function. This means that the integral of|ψ |2 over all space
must not be equal to zero or infinity. A function satisfying this condition is said to
besquare-integrable.

1-11 Some Insight into the Schr ¨ odinger Equation

There is a fairly simple way to view the physical meaning of the Schr¨odinger equation
(1-49). The equation essentially states thatE in Hψ = Eψ depends on two things,V

and the second derivatives ofψ . SinceV is the potential energy, the second derivatives
of ψ must be related to the kinetic energy. Now the second derivative ofψ with respect
to a given direction is a measure of the rate of change of slope (i.e., the curvature, or
“wiggliness”) of ψ in that direction. Hence, we see that a more wiggly wavefunction
leads, through the Schr¨odinger equation, to a higher kinetic energy. This is in accord
with the spirit of de Broglie’s relation, since a shorter wavelength function is a more
wiggly function. But the Schr¨odinger equation is more generally applicable because we
can take second derivatives of any acceptable function, whereas wavelength is defined
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Figure 1-13 � (a) SinceV = 0, E = T . For higherT , ψ is more wiggly, which means thatλ is
shorter. (Sinceψ is periodic for a free particle,λ is defined.) (b) AsV increases from left to right,ψ
becomes less wiggly. (c)–(d)ψ is most wiggly whereV is lowest andT is greatest.

only for periodic functions. SinceE is a constant, the solutions of the Schr¨odinger
equation must be more wiggly in regions whereV is low and less wiggly whereV is
high. Examples for some one-dimensional cases are shown in Fig. 1-13.

In the next chapter we use some fairly simple examples to illustrate the ideas that
we have already introduced and to bring out some additional points.

1-12 Summary

In closing this chapter, we collect and summarize the major points to be used in
future discussions.

1. Associated with any particle is a wavefunction having wavelength related to particle
momentum byλ = h/p = h/

√
2m(E − V ).

2. The wavefunction has the following physical meaning; its absolute square is pro-
portional to the probability density for finding the particle. If the wavefunction is
normalized, its square isequalto the probability density.

3. The wavefunctionsψ for time-independent states are eigenfunctions of Schr¨odinger’s
equation, which can be constructed from the classical wave equation by requir-
ing λ = h/

√
2m(E − V ), or from the classical particle equation by replacingpk

with (h/2πi)∂/∂k, k = x, y, z.
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4. Forψ to be acceptable, it must be single-valued, continuous, nowhere infinite, with
a piecewise continuous first derivative. For most situations, we also requireψ to
be square-integrable.

5. The wavefunction for a particle in a varying potential oscillates most rapidly where
V is low, giving a highT in this region. The lowV plus highT equalsE. In another
region, whereV is high, the wavefunction oscillates more slowly, giving a lowT ,
which, with the highV , equals the sameE as in the first region.

1-12.A Problems 10

1-1. ExpressAcos(kx) + B sin(kx) + C exp(ikx) + D exp(−ikx) purely in terms of
cos(kx) and sin(kx).

1-2. Repeat the standing-wave-in-a-string problem worked out in Section 1-4, but
clamp the string atx = +L/2 and−L/2 instead of at 0 andL.

1-3. Find the condition that must be satisfied byα and β in order thatψ (x) =
Asin(αx) + B cos(βx) satisfy Eq. (1-20).

1-4. The apparatus sketched in Fig. 1-8 is used with a dish plated with zinc and also
with a dish plated with cesium. The wavelengths of the incident light and the
corresponding retarding potentials needed to just prevent the photoelectrons from
reaching the collecting wire are given in Table P1-4. Plot incident light frequency
versus retarding potential for these two metals. Evaluate their work functions
(in eV) and the proportionality constanth (in eV s).

TABLE P1-4 �

Retarding potential (V)

λ(Å) Cs Zn

6000 0.167 —
3000 2.235 0.435
2000 4.302 2.502
1500 6.369 1.567
1200 8.436 6.636

1-5. Calculate the de Broglie wavelength in nanometers for each of the following:

a) An electron that has been accelerated from rest through a potential change of
500V.

b) A bullet weighing 5 gm and traveling at 400 m s−1.

1-6. Arguing from Eq. (1-7), what is the time needed for a standing wave to go through
one complete cycle?

10Hints for a few problems may be found in Appendix 12 and answers for almost all of them appear in
Appendix 13.
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1-7. The equation for a standing wave in a string has the form

�(x, t) = ψ(x)cos(ωt)

a) Calculate the time-averaged potential energy (PE) for this motion. [Hint: Use
PE= − ∫

F d�; F = ma; a = ∂2�/∂t2.]
b) Calculate the time-averaged kinetic energy (KE) for this motion. [Hint: Use

KE = 1/2mv2 andv = ∂�/∂t.]
c) Show that this harmonically vibrating string stores its energyon the average

half as kinetic and half as potential energy, and thatE(x)avαψ2(x).

1-8. Indicate which of the following functions are “acceptable.” If one is not, give
a reason.

a) ψ = x

b) ψ = x2

c) ψ = sinx

d) ψ = exp(−x)

e) ψ = exp(−x2)

1-9. An acceptable function is never infinite. Does this mean that an acceptable
function must be square integrable? If you think these are not the same, try to
find an example of a function (other than zero) that is never infinite but is not
square integrable.

1-10. Explain why the fact that sin(x) = −sin(−x) means that we can restrict
Eq. (1-32) to nonnegativen without loss of physical content.

1-11. Which of the following are eigenfunctions ford/dx?

a) x2

b) exp(−3.4x2)

c) 37
d) exp(x)

e) sin(ax)

f) cos(4x) + i sin(4x)

1-12. Calculate the minimum de Broglie wavelength for a photoelectron that is pro-
duced when light of wavelength 140.0 nm strikes zinc metal. (Workfunction of
zinc= 3.63 eV.)

Multiple Choice Questions

(Intended to be answered without use of pencil and paper.)

1. A particle satisfying the time-independent Schr¨odinger equation must have

a) an eigenfunction that is normalized.
b) a potential energy that is independent of location.
c) a de Broglie wavelength that is independent of location.
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d) a total energy that is independent of location.
e) None of the above is a true statement.

2. When one operates withd2/dx2 on the function 6 sin(4x), one finds that

a) the function is an eigenfunction with eigenvalue−96.
b) the function is an eigenfunction with eigenvalue 16.
c) the function is an eigenfunction with eigenvalue−16.
d) the function is not an eigenfunction.
e) None of the above is a true statement.

3. Which one of the following concepts did Einstein propose in order to explain the
photoelectric effect?

a) A particle of rest massm and velocityv has an associated wavelengthλ given by
λ = h/mv.

b) Doubling the intensity of light doubles the energy of each photon.
c) Increasing the wavelength of light increases the energy of each photon.
d) The photoelectron is a particle.
e) None of the above is a concept proposed by Einstein to explain the photoelectric

effect.

4. Light of frequencyν strikes a metal and causes photoelectrons to be emitted having
maximum kinetic energy of 0.90hν. From this we can say that

a) light of frequencyν/2 will not produce any photoelectrons.
b) light of frequency 2ν will produce photoelectrons having maximum kinetic

energy of 1.80hν.
c) doubling the intensity of light of frequencyν will produce photoelectrons having

maximum kinetic energy of 1.80hν.
d) the work function of the metal is 0.90hν.
e) None of the above statements is correct.

5. The reason for normalizing a wavefunctionψ is

a) to guarantee thatψ is square-integrable.
b) to makeψ*ψ equal to the probability distribution function for the particle.
c) to makeψ an eigenfunction for the Hamiltonian operator.
d) to makeψ satisfy the boundary conditions for the problem.
e) to makeψ display the proper symmetry characteristics.

Reference

[1] F. Flam,Making Waves with Interfering Atoms. Physics Today, 921–922 (1991).



Chapter 2

Quantum Mechanics of Some
Simple Systems

2-1 The Particle in a One-Dimensional “Box”

Imagine that a particle of massm is free to move along thex axis betweenx = 0 and
x = L, with no change in potential (setV = 0 for 0< x < L). At x = 0 andL and at all
points beyond these limits the particle encounters an infinitely repulsive barrier (V =∞
for x ≤ 0, x ≥ L). The situation is illustrated in Fig. 2-1. Because of the shape of this
potential, this problem is often referred to as aparticle in a square wellor aparticle in
a boxproblem. It is well to bear in mind, however, that the situation is really like that
of a particle confined to movement along a finite length of wire.

When the potential is discontinuous, as it is here, it is convenient to write a wave
equation for each region. For the two regions beyond the ends of the box

−h2

8π2m

d2ψ

dx2 + ∞ψ = Eψ, x ≤ 0, x ≥ L
(2-1)

Within the box,ψ must satisfy the equation

−h2

8π2m

d2ψ

dx2 = Eψ, 0< x < L
(2-2)

It should be realized thatE must take on the same values for both of these equations;
the eigenvalueE pertains to the entire range of the particle and is not influenced by
divisions we make for mathematical convenience.

Let us examine Eq. (2-1) first. Suppose that, at some point within the infinite barrier,
sayx =L+dx, ψ is finite. Then the second term on the left-hand side of Eq. (2-1) will
be infinite. If the first term on the left-hand side is finite or zero, it follows immediately
that E is infinite at the pointL + dx (and hence everywhere in the system). Is it
possible that a solution exists such thatE is finite? One possibility is thatψ = 0 at all
points whereV = ∞. The other possibility is that the first term on the left-hand side
of Eq. (2-1) can be made to cancel the infinite second term. This might happen if the
second derivative of the wavefunction is infinite at all points whereV =∞ andψ �= 0.
For the second derivative to be infinite, the first derivative must be discontinuous, and
soψ itself must be nonsmooth (i.e., it must have a sharp corner; see Fig. 2-2). Thus,
we see that it may be possible to obtain a finite value for bothE andψ atx = L + dx,
provided thatψ is nonsmooth there. But what about the next point,x = L + 2dx, and
all the other points outside the box? If we try to use the same device, we end up with
the requirement thatψ be nonsmooth at every point whereV = ∞. A function that is

27
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Figure 2-1 � The potential felt by a particle as a function of itsx coordinate.

continuous but which has a point-wise discontinuous first derivative is a contradiction
in terms (i.e., a continuousf cannot be 100% corners. To have recognizable corners,
we must have some (continuous) edges. We say that the first derivative ofψ must be
piecewise continuous.) Hence, ifV = ∞ at a single point, we might find a solutionψ
which is finite at that point, with finite energy. IfV =∞ over a finite range of connected
points, however, eitherE for the system is infinite, andψ is finite over this region or
E is not infinite (but is indeterminate) andψ is zero over this region.

We are not concerned with particles of infinite energy, and so we will say that the
solution to Eq. (2-1) isψ = 0.1

Turning now to Eq. (2-2) we ask what solutionsψ exist in the box having associated
eigenvaluesE that are finite and positive. Any function that, when twice differentiated,
yields a negative constant times the selfsame function is a possible candidate forψ .
Such functions are sin(kx), cos(kx), and exp(±ikx). But these functions are not all
independent since, as we noted in Chapter 1,

exp(±ikx) = cos(kx) ± i sin(kx) (2-3)

We thus are free to expressψ in terms of exp(±ikx) or else in terms of sin(kx) and
cos(kx). We choose the latter because of their greater familiarity, although the final
answer must be independent of this choice.

The most general form for the solution is

ψ (x) = Asin(kx) + B cos(kx) (2-4)

whereA, B, andk remain to be determined. As we have already shown,ψ is zero at
x ≤ 0, x ≥ L and so we have as boundary conditions

ψ(0) = 0 (2-5)

ψ(L) = 0 (2-6)

Mathematically, this is precisely the same problem we have already solved in Chap-
ter 1 for the standing waves in a clamped string. The solutions are

ψ(x) = Asin(nπx/L), n = 1,2, . . . , 0< x < L

ψ(x) = 0, x ≤ 0, x ≥ L (2-7)
1Thus, the particle never gets into these regions. It is meaningless to talk of the energy of the particle in such

regions, and our earlier statement thatE must be identical in Eqs. (2-1) and (2-2) must be modified;E is constant
in all regions whereψ is finite.
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Figure 2-2 � As the functionf (x) approaches being nonsmooth,δ approaches zero (the width of
one point) andn approaches infinity.

One difference between Eq. (2-7) and the string solutions is that we have rejected the
n = 0 solution in Eq. (2-7). For the string, this solution was for no vibration at all—
a physically realizable circumstance. For the particle-in-a-box problem, this solution
is rejected because it is not square-integrable. (It givesψ =0, which meansnoparticle
on thex axis, contradicting our starting premise. One could also reject this solution
for the classical case since it means no energy in the string, which might contradict a
starting premise depending on how the problem is worded.)

Let us check to be sure these functions satisfy Schr¨odinger’s equation:

Hψ(x) = −h2

8π2m

d2[Asin(nπx/L)]
dx2

= −h2

8π2m

[
−A

n2π2

L2 sin
(nπx

L

)]

= n2h2

8mL2

[
Asin

(nπx

L

)]
= Eψ (x) (2-8)

This shows that the functions (2-7) are indeed eigenfunctions ofH . We note in passing
that these functions are acceptable in the sense of Chapter 1.
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The only remaining parameter is the constantA. We set this to make the probability
of finding the particle in the well equal to unity:

∫ L

0
ψ2(x)dx = A2

∫ L

0
sin2(nπx/L)dx = 1 (2-9)

This leads to (Problem 2-2)

A = √
2/L (2-10)

which completes the solving of Schr¨odinger’s time-independent equation for the prob-
lem. Our results are the normalized eigenfunctions

ψn(x) = √
(2/L)sin(nπx/L), n = 1,2,3, . . . (2-11)

and the corresponding eigenvalues, from Eq. (2-8),

En = n2h2/8mL2, n = 1,2,3, . . . (2-12)

Each different value ofn corresponds to a different stationary state of this system.

2-2 Detailed Examination of Particle-in-a-Box Solutions

Having solved the Schr¨odinger equation for the particle in the infinitely deep square-
well potential, we now examine the results in more detail.

2-2.A Energies

The most obvious feature of the energies is that, as we move through the allowed states
(n = 1,2,3, . . . ), E skips from one discrete, well-separated value to another (1, 4, 9
in units ofh2/8mL2). Thus, the particle can have only certain discrete energies—the
energy isquantized. This situation is normally indicated by sketching the allowed
energy levelsas horizontal lines superimposed on the potential energy sketch, as in
Fig. 2-3a. The fact that each energy level is a horizontal line emphasizes the fact thatE is
a constant and is the same regardless of thex coordinate of the particle. For this reason,
E is called aconstant of motion. The dependence ofE onn2 is displayed in the increased
spacing between levels with increasingn in Fig. 2-3a. The numbern is called aquantum
number.

We note also thatE is proportional toL−2. This means that the more tightly a particle
is confined, the greater is the spacing between the allowed energy levels. Alternatively,
as the box is made wider, the separation between energies decreases and, in the limit
of an infinitely wide box, disappears entirely. Thus, we associate quantized energies
with spatial confinement.

For some systems, the degree of confinement of a particle depends on its total energy.
For example, a pendulum swings over a longer trajectory if it has higher energy. The
potential energy for a pendulum is given byV = 1

2kx2 and is given in Fig. 2-3b. If
one solves the Schr¨odinger equation for this system (see Chapter 3), one finds that the
energies are proportional ton rather thann2. We can rationalize this by thinking of
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Figure 2-3 � Allowed energies for a particle in various one-dimensional potentials. (a) “box” with
infinite walls. (b) quadratic potential,V = 1

2kx2. (c) V = −1/ |x|. Tendency for higher levels in (b)
and (c) not to diverge as in (a) is due to larger “effective box size” for higher energies in (b) and (c).

the particle as occupying successively bigger boxes as we go to higher energies. This
counteracts then2 increase in energy levels found for constant box width. For the
potentialV = −1/ |x| (which is the one-dimensional analog of a hydrogen atom)E

varies as 1/n2 (Fig. 2-3c), and this is also consistent with the effective increase inL

with increasingE.
The energy is proportional to 1/m. This means that the separation between allowed

energy levels decreases asm increases. Ultimately, for a macroscopic object,m is so
large that the levels are too closely spaced to be distinguished from the continuum of
levels expected in classical mechanics. This is an example of thecorrespondence prin-
ciple, which, in its most general form, states that the predictions of quantum mechanics
must pass smoothly into those of classical mechanics whenever we progress in a con-
tinuous way from the microscopic to the macroscopic realm.

Notice that the lowest possible energy for this system occurs forn = 1 and isE =
h2/8mL2. This remarkable result means that a constrained particle (i.e.,L not infinite)
can never have an energy of zero. Evidently, the particle continues to move about in
the region 0 toL, even at a temperature of absolute zero. For this reason,h2/8mL2

is called thezero-point energyfor this system. In general, a finite zero-point energy
occurs in any system having a restriction for motion in any coordinate. (Note thatfinite
here meansnot equal to zero.)

It is possible to show that, forL �=∞, our particle in a box would have to violate the
Heisenberg uncertainty principle to achieve an energy of zero. For, suppose the energy
is precisely zero. Then the momentum must be precisely zero too. (In this system,
all energy of the particle is kinetic sinceV = 0 in the box.) If the momentumpx is
preciselyzero, however, ouruncertaintyin the value of the momentum�px is also
zero. If�px is zero, the uncertainty principle [Eq. (2-46)] requires that the uncertainty
in position�x be infinite. But we know that the particle is betweenx = 0 andx = L.
Hence, our uncertainty is on the order ofL, not infinity, and the uncertainty principle
is not satisfied. However, whenL=∞ (the particle is unconstrained), it is possible for
the uncertainty principle to be satisfied simultaneously with havingE =0, and this is in
satisfying accord with the fact thatE =h2/8mL2 goes to zero asL approaches infinity.

Finally, we note that each separate value ofn leads to a different energy. Thus,
no two states have the same energy, and the states are said to benondegeneratewith
respect to energy.
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EXAMPLE 2-1 Consider an electron in a one-dimensional box of length 258 pm.
a)What is the zero-point energy (ZPE) for this system? For a mole of such systems?
b)What electronic speed classically corresponds to thisZPE? Compare to the speed
of light.

SOLUTION � a) ZPE = Elowest = En=1

= 12h2/8mL2 = (1)2(6.626× 10−34J s)2

8(9.11× 10−31kg)(258× 10−12m)2

= 9.05× 10−19J;
Per mole, this equals

(9.05× 10−19J)(6.022× 1023mol−1)(1kJ/103 J) = 54.5 kJ mol−1

b) E is all kinetic energy sinceV = 0 in the box, soE = mv2/2. Hence,

v =
[

2E

m

]1/2
=

[
2(9.05× 10−19J)

9.11× 10−31kg

]1/2

= 1.41× 106 m s−1

Compared to the speed of light, this is1.41×106 m s−1

2.998×108 m s−1 = 0.0047, or about 0.5% of the speed of
light. �

2-2.B Wavefunctions

We turn now to the eigenfunctions (2-11) for this problem. These are typically displayed
by superimposing them on the energy levels as shown in Fig. 2-4 for the three lowest-
energy wavefunctions. (It should be recognized that the energy units of the vertical
axis donot pertain to the amplitudes of the wavefunctions.)

It is apparent from Fig. 2-4 that the allowed wavefunctions for this system could
have been produced merely by placing an integral number of half sine waves in the

Figure 2-4 � The eigenfunctions corresponding ton=1,2,3, plotted on the corresponding energy
levels. The energy units of the ordinate do not refer to the wavefunctionsψ . Each wavefunction has
a zero value wherever it intersects its own energy level, and a maximum value of

√
2/L.
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range 0–L. The resulting wavelengths would then yield the energy of each state through
application of de Broglie’s relation (1-42). Thus, by inspection of Fig. 2-4, the allowed
wavelengths are

λ = 2L/n, n = 1,2,3, . . . (2-13)

Therefore

p = h/λ = nh/2L (2-14)

and

E = p2/2m = n2h2/8mL2 (2-15)

in agreement with Eq. (2-12). As pointed out in Section 1-11, the wavefunctions having
higher kinetic energy oscillate more rapidly. (HereV = 0, andE is all kinetic energy.)

Let us now consider the physical meaning of the eigenfunctionsψ . According to our
earlier discussion,ψ2 summarizes the results of many determinations of the position
of the particle. Suppose that we had a particle-in-a-box system that we had somehow
prepared in such a way that we knew it to be in the state withn = 1. We can imagine
some sort of experiment, such as flashing a powerfulγ -ray flashbulb and taking an
instantaneous photograph, which tells us where the particle was at the instant of the
flash. Now, suppose we wish to determine the position of the particle again. We want
this second determination to be for then = 1 state also, but we cannot use our original
system for this because we have “spoiled” it by our first measurement process. Hitting
the particle with one or moreγ -ray photons has knocked it into some other state, and
we do not even know which one. Therefore, we must either reprepare our system, or
else use a separate system whose preparation is identical to that of the first system. In
general we shall assume that we have an inexhaustible supply of identically prepared
systems. Therefore, we take a second photograph (on our second system) using the
same photographic plate. Then we photograph a third system, a fourth, etc., until we
have amassed a large number of images of the particle on the film. The distribution
of these images is given byψ2

1. (Sinceψ is always a real function for this system,
we do not need to bother withψ*ψ .) Other states, likeψ2, ψ3, will lead to different
distributions of images. The results for the several states are depicted in Fig. 2-5. It
is obvious that the probability for finding the particle near the center of the box is
predicted to be much larger for then = 1 than then = 2 state.

The probability for finding the particle at the midpoint of the “wire” in then=2 state
approaches zero in the limit of our measurement becoming precise enough to observe
a single point. This troubles many students at first encounter because they worry about
how the particle can get from one side of the box to the other in then= 2 state. In fact,
this question can be raised for any state whose wavefunction has any nodes. However,
our discussion in the preceding paragraph shows that this question, like the question,
“Is an electron a particle or a wave when we are not looking?” has no meaningful
answer because no experiment can be conceived that would answer it. To test whether
or not the particle does travel from one side of the box to the other, we would have to
prepare the system in then = 2 state and measure the position of the particle enough
times so that we either (a) always find it on the same side (requires many measurements
for confidence), or (b) find it on different sides (requires at least two measurements).
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Figure 2-5 � ψ2 and observed particle distribution for the three lowest-energy and one high-energy
state of the particle in a one-dimensional box.

But for our question to be answered, the system must be in then = 2 state throughout
this entire experiment, and we have seen that the process of measuring particle position
prevents this. (If we find the particle first on the left and later on the right, we cannot
be sure it did not travel across the midpoint while the system was perturbed by the first
measurement.) Thus, the sketches in Fig. 2-5 are most safely regarded as a summary
of the results of measurements on anensembleof systems.

Classically, since the particle has constant energy, hence constant speed, we would
expect the particle to spend equal time in each line segmentdx between 0 andL, but
Fig. 2-5 shows that the quantum system withn = 1 predicts that the particle spends
more time in segments near the center. It is characteristic of lower-energy states of
quantum-mechanical systems to display “anti-classical” distributions. With higher
quantum numbers, the distribution becomes difficult to distinguish from the distribution
predicted by classical physics (see Fig. 2-5). This is another example of the tendency
of quantum-mechanical predictions to approach classical predictions when one goes
toward the macroscopic realm (here largen and therefore largeE).

EXAMPLE 2-2 For a particle in then=2 state in a one-dimensional box of lengthL,
a)estimatethe probability,ρ, for finding the particle betweenx =0 andx =0.20L.
b) calculatethe probability that you estimated in part a.
c) what probability for finding the particle betweenx =0 andx =0.20L is predicted
by classical physics?
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SOLUTION � a) The sketch ofψ2
2 in Fig. 2-5 makes it clear that the probability for finding the

particle in the range 0≤x ≤L/4 is 0.25 (equal to the area under the curve). The range 0≤x ≤0.20L

is 20% shorter, and the missing 20% of the range is associated with a relatively large probability—
almost double the average in the range. That means we are missing nearly 40% of the probablity, so
slightly more than 60% remains. 60% of 0.25 is 0.15, so the probability,ρ, in the range 0− 0.20L

is slightly larger than 0.15.
b)

ρ =
∫ 0.2L

0
ψ2

2dx = 2

L

∫ 0.2L

0
sin2

(
2πx

L

)
dx

=
(

2

L

)(
L

2π

)∫ 0.2L

0
sin2

(
2πx

L

)
d

(
2πx

L

)

= 1

π

∫ 0.4π

0
sin2ydy

= (from Appendix 1)
1

π

{
y

2
− 1

4
sin 2y|0.4L

0

}

= 1

π

{
0.2π − 1

4
sin 0.8π

}

= 0.20− 1

4π
sin 0.8π = 0.153

c)Theclassicalparticle travelswithconstantspeed, hencehasaconstantprobability function. There-
fore, the probability for finding the particle inany20% of the box is 0.20. �

2-2.C Symmetry of Wavefunctions

Inspection of Fig. 2-5 shows that the particle has equal probabilities for being observed
in the left half and right half of the box, regardless of state. This seems reasonable
because there is no physical factor discriminating between these halves. We shall now
show that the hamiltonian operator is invariant for a reflection through the box center,
and that a necessary consequence of this is thatψ has certain symmetry properties.

First, we show thatH is invariant. Reflection through the box center is accomplished
by replacingx by −x + L. We can define a reflection operatorR such thatRf (x) =
f (−x + L); i.e., R reflects any function through a plane normal tox at x = L/2 (see
Fig. 2-6).

Figure 2-6 � A functionf (x) and its mirror image reflected atx = L/2.
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The kinetic part of the hamiltonian,T , is unchanged byR:

RT = R

[
− h2

8π2m

d2

dx2

]
= −h2

8π2m

d2

d (−x + L)2

= −h2

8π2m

d2

dx2 = T (2-16)

where we have used the fact thatL is constant andd/d(−x) = −d/dx. That the
potential part ofH is unchanged by reflection throughL/2 is easily seen; the identical
infinite barriers merely interchange position. Therefore,RT = T andRV = V , and
RH = R(T + V ) = RT + RV = T + V = H .

Now let us see what this means for eigenfunctions ofH . Assume we have a nor-
malized eigenfunctionψ

Hψ = Eψ (2-17)

The two sides of Eq. (2-17) will still be equal if we reflect our coordinate system
throughout the equation. (If two functions are identical in one coordinate system, say
a right handed system, then they are identical in any coordinate system.) Therefore,2

(RH)(Rψ) = (RE)(Rψ) (2-18)

But E is simply a constant, and so it is immune toR. Furthermore, we have just seen
thatRH = H . Therefore,

H(Rψ) = E(Rψ) (2-19)

which shows that the functionRψ is an eigenfunction ofH with the same eigenvalue
asψ .

We have already mentioned that the eigenfunctions of this system are nondegenerate
with respect to energy. This is equivalent to saying that no two linearly independent
eigenfunctions having the same eigenvalue exist for this system. But we have just shown
thatψ andRψ are both eigenfunctions having the same eigenvalueE. Therefore, we
are forced to conclude thatψ andRψ are linearly dependent, that is,

Rψ = cψ (2-20)

wherec is a constant. A moment’s thought shows thatRψ must still be normalized
(since reflecting a function does not change its area or the area under its square), and
it also must still be real (since reflecting a real function does not introduce imaginary
character). Therefore,

∫ L

0
(Rψ)2dx = 1=

∫ L

0
(cψ)2 dx = c2

∫ L

0
ψ2dx = c2 (2-21)

where we have made use of the fact thatψ is normalized. Ifc2 = 1, thenc = ±1 and

Rψ = ±ψ (2-22)

2The parentheses in Eq. (2-18) are meant to show the restricted extent of operation ofR. This is a departure
from the usual mathematical notational convention, but it is hoped that this temporary departure results in greater
clarity for the student.
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WhenRψ = +ψ , as is the case forψ1 or ψ3 (Fig. 2-4),ψ is said to besymmetric, or
even, for reflection. IfRψ = −ψ , as forψ2, ψ is said to beantisymmetric, or odd.
(A function that is neither symmetric nor antisymmetric is said to beunsymmetric, or
asymmetric. Be careful to avoid confusing “asymmetric” with “antisymmetric.”)

We have proved a very important property of wavefunctions.In general, if ψ is the
wavefunction for a nondegenerate state, it must be symmetric or antisymmetric under
any transformation that leavesH unchanged.

2-2.D Orthogonality of Wavefunctions

It is possible to show that integration over the product of two different particle-in-a box
eigenfunctions,ψn andψm, must give zero as the result:

∫ L

0
ψnψmdx = 0, n �= m (2-23)

When functions have this property—that their product gives zero when integrated over
the entire range of coordinates—they are said to beorthogonal. (Since the “box”
eigenfunctions vanish forx ≤ 0 orx ≥ L, integration from 0 toL suffices.)

We can use symmetry arguments to demonstrate orthogonality among certain pairs
of “box” eigenfunctions, for example,ψ1 andψ2. Figure 2-7 shows that, sinceψ1
is symmetric andψ2 is antisymmetric for reflection, the product of these functions is
antisymmetric. (In fact, it is not difficult to show in general that the product of two
symmetric or of two antisymmetric functions is symmetric, and that an antisymmetric
function times a symmetric function gives an antisymmetric product. See Problem 2-7.)
Integration over an antisymmetric functionmust give zeroas the result since an antisym-
metric function has to have equal amounts of positive and negative area. Therefore,ψ1
andψ2 are orthogonal “by symmetry” as, indeed, are all the symmetric–antisymmetric
pairs of wavefunctions. Since allψ ’s having odd quantum numbern are symmetric,
and allψ ’s having evenn are antisymmetric, we have used symmetry to proveψn and

Figure 2-7 � ψ1 is symmetric,ψ2 is antisymmetric, andψ1ψ2 is antisymmetric. The total signed
area bounded by the odd functions is zero since complete cancellation of positive and negative com-
ponents occurs.
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Figure 2-8 � The potential for a one-dimensional “box” with one infinite barrier atx ≤ 0 and a
barrier ofV = U atx ≥ L.

ψm orthogonal forn even andm odd. To show orthogonality forn andm both even or
both odd requires doing the integral out explicitly (Problem 2-9).

The eigenfunctions (2-11) are orthogonal to each other and individually normalized,
and we refer to them asorthonormalfunctions. Mathematically, this is summarized as

∫ L

0
ψnψmdx =

{
0, n �= m

1, n = m

}
≡ δn,m (2-24)

The quantityδn,m is called theKronecker delta function, and it is merely a convenient
shorthand for the information in the braces.

EXAMPLE 2-3 ψ1 andψ3 are both symmetric functions. Therefore their product,
ψ1ψ3, is symmetric. How, then, can the integral of this product vanish?

SOLUTION � A sketch of the product of these functions shows it to be symmetric, with negative
values in the central region and wings of positive values on each side. Sinceψ1 andψ3 are known to
be orthogonal, the negative region must exactly cancel the sum of the two positive regions (though
we wouldn’t know this for sure from a sketch). This shows that, whereas the integral over an
antismmetric integrandmustequal zero, an integral over a symmetric (or unsymmetric) integrand
may or may not equal zero. �

2-3 The Particle in a One-Dimensional “Box”
with One Finite Wall

Let us now modify the system just discussed by lowering the potential on one side of
the “box” to some finite valueU . The resulting potential is shown in Fig. 2-8. We can
think of a bead on a wire encountering infinite repulsion atx = 0 and finite repulsion
for x ≥ L. As before, it is convenient to break up the problem into separate regions of
x. For the regionx ≤ 0 whereV is infinite, ψ must be zero for the same reasons as
before (Section 2-1).

When the particle is in region I of Fig. 2-8,V = 0 and all is identical to our earlier
box. Therefore, in this region we will have harmonic waves of the general form

ψI = AI sin(2πx/λI) + BI cos(2πx/λI) (2-25)
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where we have used the form (1-24) in which the wavelength appears explicitly. As
before, the boundary condition thatψ vanish atx = 0 forcesBI to vanish, leaving

ψI = AI sin(2πx/λI) (2-26)

For the moment we have no other boundary condition onψI because we do not know
thatψ equals zero at the finite barrier. We do know, however, that the wavelengthλI ,
whatever it turns out to be, will be related to the energy through

λI = h/
√

2m(E − VI) (2-27)

and, sinceVI = 0 (in region I),

λI = h/
√

2mE (2-28)

which is a real number for positiveE.
We now turn to region II. SinceV is constant here also,ψ will again be a harmonic

wave. As before, we have our choice of two general forms:

ψII = AII sin(2πx/λII ) + BII cos(2πx/λII ) (2-29)

or [see Eq. (2-3)]

ψII = CII exp(+2πix/λII ) + DII exp(−2πix/λII ) (2-30)

There are two possibilities for the energy of the particle:E ≤U andE >U. The first
of these corresponds to the classical situation where the particle has insufficient energy
to escape from the box and get into region II. Let us see what quantum mechanics says
about this case in region II.

For this case,λII is imaginary since

λII = h/
√

2m(E − U) (2-31)

and E − U is negative. BecauseλII is imaginary, it is more convenient to use the
general form (2-30) because then thei in the exponential argument can combine with
the i of λII to produce a real argument. Let us assume thatλII is equal toi times a
positivenumber. (This will not affect our results.)

Let us now examine the properties of the two exponential functions in Eq. (2-30).
The first exponential has an argument that isreal (because thei’s cancel) and positive
(because of our above assumption). Asx increases, this exponential increases rapidly,
approaching infinity. Since acceptable functions do not blow up like this, we setCII
equal to zero to prevent it. The second exponential has a negative, real argument, so it
decays exponentially toward zero asx approaches infinity. This is acceptable behavior,
and we are left with

ψII = DII exp(−2πix/λII ) (2-32)

We now have formulas describing fragments of the wavefunction for the two regions.
All that remains is to join these together atx = L in such a way that the resulting
wavefunction is continuous atx =L and has a continuous first derivative there. (Recall
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from Section 2-1 that this second requirement results from the fact that the potential is
finite atx = L. Hence,ψ must be smooth atx = L.)

The continuity requirement gives

AI sin(2πL/λI) = DII exp(−2πiL/λII ) (2-33)

Taking the derivatives ofψI andψII and setting these equal atx = L (to force smooth-
ness) gives

(2π/λI)AI cos(2πL/λI) = (−2πi/λII )DII exp(−2πiL/λII ) (2-34)

The exponential term is common to both Eqs. (2-33) and (2-34), providing the basis
for another equality:

AI sin(2πL/λI) = (−AIλII /iλI)cos(2πL/λI) (2-35)

or

tan(2πL/λI) = iλII /λI (2-36)

Substituting forλI andλII as indicated by Eqs. (2-28) and (2-31) gives

tan(2πL
√

2mE/h) = −√
E/

√
U − E (2-37)

The only unknown in Eq. (2-37) is the total energyE. For given values ofL, m, and
U , only certain values ofE < U will satisfy Eq. (2-37). Thus, the particle can have
only certain energies when it is trapped in the “box.” These allowed energies can be
found by graphing the left-hand side and right-hand side of Eq. (2-37) as functions of
E. The values ofE where the plots intersect satisfy Eq. (2-37). Figure 2-9 illustrates
the graphical solution of Eq. (2-37) for a particular set of values forL, m, andU .

Once a value ofE is selected,λI andλII are known [from Eqs. (2-28) and (2-31)] and
it remains only to findAI andDII . The ratioAI/DII may be found from Eq. (2-33). The
numerical values ofAI andDII will then be obtainable if we require that the wavefunc-
tion be normalized. A set of such solutions is shown in Fig. 2-10.

Before solving for the case whereE > U , let us discuss in detail the results just
obtained.

In the first place, the energies are quantized, much as they were in the infinitely deep
square well. There is some difference, however. In the infinitely deep well or box, the
energy levels increased with the square of the quantum numbern. Here they increase
less rapidly (the dashed lines in Fig. 2-10 show the allowed energy levels which result
whenU =∞) because the barrier becomes effectively less restrictive for particles with
higher energies (see the following). For the lowest solution, for example, slightly less
than one-half a sine wave is needed in one box width of distance. Thus, the wavelength
here is slightly longer than in an infinitely deep well of equal width, and so, by de
Broglie’s relation, the energy is slightly lower. Notice that the effect of lowering the
height of one wall is least for the levels lying deepest in the well.

The solutions sketched in Fig. 2-10 indicate that there is a finite probability for
finding the particle in the regionx > L even though it must have a negative kinetic
energy there. Thus, quantum mechanics allows the particle to penetrate into regions
where classical mechanics claims it cannot go. Notice that the penetration becomes
more appreciable as the energy of the particle approaches that of the barrier. This results
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Figure 2-9 � Graphical solution of the equation− tan(2πL
√

2mE/h) = √
E/

√
U − E. Here

L = 2.50 nm, m = 9.11× 10−31 kg, U = 1 eV = 16.02× 10−20 J. Intersections occur atE =
0.828× 10−20 J, 3.30× 10−20 J, 7.36× 10−20 J and 12.8× 10−20 J.

from the fact thatE − U determines the rate at which the exponential inψII decays
[see Eqs. (2-31) and (2-32)]. In the limit thatU → ∞, the wavefunction vanishes at
the barrier, in agreement with the results of the infinite square well of Section 2-1.

If the barrier in Fig. 2-8 has finite thickness (V becomes zero again at, say,x = 2L),
then there is a finite probability that a particle in the well will penetrate through the
barrier and appear on the other side. This phenomenon is calledquantum-mechanical
tunneling, and this is the way, for example, anα particle escapes from a nucleus even
though it classically lacks sufficient energy to overcome the attractive nuclear forces.
We emphasize that the tunneling referred to in this example is really not a stationary
state phenomenon. We have aninitial condition (particle in the well) and ask what the
half-life is for the escape of the particle—a time-dependent problem.

We saw earlier that the energy quantization for the particle in the infinitely deep well
could be thought of as resulting from fitting integral numbers of half sine waves into
a fixed width. Most sine waves just will not fit perfectly, and so most energies are not
allowed. In this problem the waves are allowed to leak past one of the well walls, but
we can still see why only certain energies are allowed. Suppose that we pick some
arbitrary energyE for the particle. We know thatψ must be zero at the left wall of the
well whereV =∞. Starting there, we can draw a sine wave of wavelength determined
by E across the well to the right wall, as shown in Fig. 2-11. When the wave hits the
right wall, it must join on smoothly to a decaying exponential, which also depends on
E. Most of the time, it will be impossible to effect a smooth junction, and that particular
value ofE will be disallowed.

Let us now consider the case whereE > U . In region I, the considerations are the
same as before. Then,ψI is a sine wave that can be drawn from the left wall and has a
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Figure 2-10 � Solutions for particle in well with one finite wall (see Fig. 2-9 for details). Dashed
lines correspond to energy levels which would exist ifU = ∞.

wavelength determined byE(= T ) from de Broglie’s relation. This sine wave arrives
atx =L with a certain magnitude and a certain derivative (assuming that the multiplier
A1 has been fixed at some arbitrary value). In region II, we also have a solution of the
usual form

ψII (x) = AII sin(2πx/λII ) + BII cos(2πx/λII ) (2-38)

whereλII is real and determined byE −U , which is now positive. The question is, can
we always adjustλII (by changingAII andBII ) so that it has the same value and slope
at x = L that ψI has? A little thought shows that such adjustment is indeed always
possible. The two adjustments allowed inψII correspond to a change ofphasefor ψII
(a shift in the horizontal direction) and a change inamplitudefor ψII . The only thing
aboutψII we cannot change is the wavelength, since this is determined byE −U . This
is just a physical description of the mathematical circumstance in which we have two
adjustable parameters and two requirements to fit—a soluble problem. The essential
difference between this case and that of the trapped particle is that here we have fewer
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Figure 2-11 � An example of partial wavefunctions for an arbitrary energyE. These functions
cannot be joined smoothly atx = L and so this value ofE is not allowed.

boundary conditions. Before, our square-integrability requirement was used to remove
a positive exponential term. That requirement is, in effect, a boundary condition—ψ

must vanish atx =∞—and it led to energy quantization. Then we used the normality
requirement to achieve unique values forAI andDII . In this case we cannot get a
square-integrable solution.ψII goes on oscillating asx → ∞, and so we have no
boundary condition there. As a result,E is not quantized andψ is not normalizable,
so that only ratios ofAI , AII , andBII are obtainable.

The energy scheme for the particle in the potential well with one finite wall, then, is
discrete whenE < U , and continuous whenE > U .

Notice the way in which the wavelengths vary in Fig. 2-10. We have already seen
that the time-independent Schr¨odinger equation states that the total energy for a particle
in a stationary state is the same at all particle positions (i.e., aconstant of motion). The
kinetic and potential energies must vary together, then, in such a way that their sum is
constant. This is reflected by the fact that the wavelength of an unbound solution is
shorter in region I than it is in region II. In region I,V = 0, so that all energy of the
particle is kinetic (T = E). In region II,V > 0, so that the kinetic energy (T = E − V )
is less than it was in region I. Therefore, the de Broglie wavelength, which is related to
kineticenergy, must be greater in region II.

EXAMPLE 2-4 For the system described in the caption for Fig. 2-9, calculate the
percentage drop of the lowest-energy state that results from barrier penetration.

SOLUTION � For this, we need to solve the problem for the simple particle-in-a-box system
(for whichU = ∞).

E1 = n2h2

8mL2 = (1)2(6.626× 10−34J s)2

8(9.11× 10−31kg)(2.500× 10−10m)2 = 9.64× 10−21J

compared to 8.28× 10−21J. Barrier penetration lowersE1 by 14%. �
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2-4 The Particle in an Infinite “Box” with
a Finite Central Barrier

Another example of barrier penetration in a stationary state of a system is provided by
inserting a barrier of finite height and thickness at the midpoint of the infinite square
well of Section 2-1 (see Fig. 2-12).

The boundary conditions for this problem are easily obtained by obvious extensions
of the considerations already discussed. Rather than solve this case directly, we shall
make use of our insights from previous systems to deduce the main characteristics of
the solutions. Let us begin by considering the case where the barrier is infinitely high.

Figure 2-12 � (a) Solutions for identical infinite square wells. (b) Effect of finite partition on half
waves. (c) Symmetric combination of half waves. (d) Antisymmetric combination of half waves.
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Then the problem becomes merely that of two isolated infinite square wells, each well
having solutions as described in Sections 2-1 and 2-2.

Now, as the height of the barrier is lowered from infinity, what happens? The levels
lying deepest in the two sections should be least affected by the change. They must
still vanish at the outer walls but now they can penetrate slightly into the finite barrier.
Thus, the lowest state in, say, the left-hand section of the well will begin to look as
given in Fig. 2-12b. The solution on the right side will do likewise, of course. As
this happens, their energies will decrease slightly since their wavelengths increase.
However, since the two wells are no longer separated by an infinite barrier, they are no
longer independent. We can no longer talk about separate solutions for the two halves.
Each solution for the Schr¨odinger equation is now a solution for the whole system from
x =−L to +L. Furthermore, symmetry arguments state that, since the hamiltonian for
this problem is symmetric for reflection throughx =0, the solutions, if nondegenerate,
must be either symmetric or antisymmetric throughx = 0.

This requirement must be reconciled with the barrier-penetration behavior indicated
by Fig. 2-12b, which is also occurring. One way to accomplish this is by summing the
two half waves as shown in Fig. 2-12c, giving a symmetric wavefunction. Alternatively,
subtraction gives the antisymmetric form shown in Fig. 2-12d. Both of these solutions
will be lower in energy than their infinite-well counterparts, because the wavelengths
in Fig. 2-12c and d continue to be longer than in 2-12a. Will their energies be equal to
each other? Not quite. By close inspection, we can figure out which solution will have
the lower energy.

In Figs. 2-12b to 2-12d, the slopes of the half wave, the symmetric, and the antisym-
metric combinations at the finite barrier are labeled respectivelym, m′, andm′′. What
can we say about their relative values? The slopem′ should be less negative thanm

because the decaying exponential producingm has an increasing exponential added to
it when producingm′. Slopem′′ should be more negative thanm since the decaying
exponential has an increasing exponential subtracted from it in cased, causing it to
decay faster. This means that the sine curve on the left-hand side of Fig. 2-12c cannot
be identical with that on the left side of Fig. 2-12d since they must arrive at the barrier
with different slopes. (The same is true for the right-hand sides, of course.) How
can we make the sine wave arrive with a less negative slopem′?—by increasing the
wavelength slightly so that not quite so much of the sine wave fits into the left well
(see Fig. 2-13a). Increasing the wavelength slightly means, by de Broglie’s relation,
that the energy of the particle is decreased. Similarly, the sine curve in Fig. 2-12d must
be shortened so that it will arrive at the barrier with slopem′′, which corresponds to
an energy increase. Of course, now that the energy has changed outside the barrier, it
must change inside the barrier too. This would require going back and modifying the
exponentials inside the barrier. But the first step is sufficient to indicate the qualitative
results: The symmetric solution has lower energy. In Fig. 2-13a is a detailed sketch of
the final solution for the two lowest states.

There is a simpler way to decide that the symmetric solution has lower energy. As
the barrier height becomes lower and lower, the two solutions become more and more
separated in energy, but they always remain symmetric or antisymmetric with respect to
reflection since the hamiltonian always has reflection symmetry. In the limit when the
barrier completely disappears we have a simple square well again (but larger), the lowest
solution of which is symmetric. (See Fig. 2-13b.) This lowest symmetric solution must
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Figure 2-13 � (a) Detailed sketch of the two lowest solutions for the infinite square-well divided
by a finite barrier at the midpoint. The waves are sketched from a common energy value for ease of
comparison. Actually, the symmetric wave has a lower energy. (b) A correlation diagram relating
energies when the barrier is infinite (left side) with those when the barrier vanishes. Letters A and S
refer to antisymmetric and symmetric solutions, respectively.

“come from” the symmetric combination of smaller-well wavefunctions sketched at the
left of Fig. 2-13b; similarly, the second lowest, antisymmetric solution of the large well
correlates with the antisymmetric small-well combination (also at left in Fig. 2-13b).
A figure of the kind shown in Fig. 2-13b is called acorrelation diagram. It shows how
the energy eigenvalues change throughout a continuous, symmetry-conserving process.



Section 2-5 The Free Particle in One Dimension 47

We shall see that the correlation of wavefunction symmetries in such a manner as this
is a powerful technique in understanding and predicting chemical behavior.

The splitting of energy levels resulting from barrier penetration is an extremely
pervasive phenomenon in quantum chemistry. It occurs regardless of whether the barrier
separates identical or nonidentical potential regions, i.e., regardless of whether the final
system is symmetric or unsymmetric. When two atoms (N and N, or C and O) interact
to form a molecule, the original atomic wavefunctions combine to form molecular
wavefunctions in much the same way as was just described. One of these molecular
wavefunctions may have an energy markedly lower than those in the corresponding
atoms. Electrons having such a wavefunction will stabilize the molecule relative to the
separated atoms.

Another case in which energy level splitting occurs is in thevibrational spectrum
of ammonia. Ammonia is most stable in a pyramidal configuration, but is capable
of inverting through a higher-energy planar configuration into an equivalent “mirror
image” pyramid. Thus, vibrations tending to flatten out the ammonia molecule occur
in a potential similar to the double well, except that in ammonia the potential is not
discontinuous. The lowest vibrational energy levels are not sufficiently high to allow
classical inversion of ammonia. However, these vibrational levels are split by inter-
action through barrier penetration just as quantum mechanics predicts. The energy
required to excite ammonia from the lowest of these sublevels to its associated sublevel
can be accurately measured through microwave spectroscopy. Knowledge of the level
splittings in turn allows a precise determination of the height of the barrier to inversion
in ammonia (see Fig. 2-14).

It is easy to anticipate the appearance of the solutions for the square well with central
barrier for energies greater than the partition height. They will be sinusoidal waves,
symmetric or antisymmetric in the well, and vanishing at the walls. Their wavelengths
will be somewhat longer in the region of the partition than elsewhere because some of
the kinetic energy of the particle is transformed to potential energy there. A sketch of
the final results is given in Fig. 2-15.

EXAMPLE 2-5 Fig. 2-15 shows energy levels for states when the barrier has finite
height. When the barrier is made infinitely high, the levels atE1 andE2 merge
into one level. Where does the energy of that one level lie—belowE1, between
E1 andE2, or aboveE2—and why?

SOLUTION � It lies aboveE2. When the barrier is finite, there is always some penetration, so
λ is always at least a little larger than is the case for the infinite barrier. Ifλ is larger,E is lower. �

2-5 The Free Particle in One Dimension

Suppose a particle of massm moves in one dimension in a potential that is everywhere
zero. The Schr¨odinger equation becomes

−h2

8π2m

d2ψ

dx2 = Eψ (2-39)
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Figure 2-14 � Sketch of potential for inversion vibrational mode in ammonia. The lowest levels
are split by tunneling. The low energy transition�E1 is visible in the microwave region whereas the
second transition�E2 is visible in the infrared.�E1 = 0.16× 10−22 J;�E2 = 7.15× 10−22 J.

which has as solutions

ψ = Aexp(±2πi
√

2mEx/h) (2-40)

or alternatively, trigonometric solutions

ψ = A′ sin(2π
√

2mEx/h), ψ = A′ cos(2π
√

2mEx/h) (2-41)

As is most easily seen from the exponential forms (2-40), ifE is negative,ψ will
blow up at either+∞ or −∞, and so we reject negative energies. Since there are
no boundary conditions, it follows thatE can take on any positive value; the energies
of the free particle are not quantized. This result would be expected from our earlier
results on constrained particles. There we saw that quantization resulted from spatial
constraints, and here we have none.

The constantsA andA′ of Eqs. (2-40) and (2-41) cannot be evaluated in the usual
way, since the solutions do not vanish atx = ±∞. Sometimes it is convenient to
evaluate them to correspond to some experimental situation. For instance, suppose that
one was working with a monoenergetic beam of electrons having an intensity of one
electron every 10−6 m. Then we could normalizeψ of Eq. (2-40) so that

∫ 10−6 m

0
|ψ |2 dx = 1

There is a surprising difference in the particle distributions predicted from expres-
sions (2-40) and (2-41). The absolute squareψ*ψ of the exponentials is a constant
(A*A), whereas the squares of the trigonometric functions are fluctuating functions
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Figure 2-15 � Wavefunctions for the infinite square well with finite partition.

of x. It seems sensible for a particle moving without restriction to have a constant
probability distribution, and it seems absurd for it to have a varying probability distribu-
tion. What causes this peculiar behavior? It results from there being two independent
solutions for each value ofE (exceptE = 0). This degeneracy with respect to energy
means that from a degenerate pair,ψ andψ ′, one can produce any number of new
eigenfunctions,ψ ′′ = aψ + bψ ′ (Problem 2-11). In such a situation, the symmetry
proof of Section 2-2 does not hold. However, there will always be an independent pair
of degenerate wavefunctions thatwill satisfy certain symmetry requirements. Thus, in
the problem at hand, we have one pair of solutions, the exponentials, which do have
the proper symmetry since their absolute squares are constant. From this pair we can
produce any number of linear combinations [one set being given by Eq. (2-41)], but
these need not display the symmetry properties anymore.

The exponential solutions have another special attribute: A particle whose state is
described by one of the exponentials has a definite linear momentum, whereas, when
described by a trigonometric function, it does not. In Section 1-9, it was shown that
the connection between classical and wave mechanics could be made if one related the
classical momentum,px , with a quantum mechanical operator(h/2πi)d/dx. Now,
for a particle to have a definite (sharp) valuep for its momentum really means that,
if we measure the momentum at some instant, there is no possibility of getting any
value other thanp. This means that the particle in the state described byψ alwayshas
momentump, no matter where it is inx; i.e., its momentum is a constant of motion,
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just as its energy is. This corresponds to saying that there is an eigenvalue equation for
momentum, just as for energy. Thus

h

2πi

dψ

dx
= pψ (2-42)

The statement made earlier, that the exponential solutions correspond to the particle
having sharp momentum, means that the exponentials (2-40) must be solutions to
Eq. (2-42). This is easily verified:

h

2πi

d

dx

[
Aexp

(
±2πi

√
2mEx

h

)]
= ±√

2mE

[
Aexp

(
±2πi

√
2mEx

h

)]

Thus, the positive and negative exponential solutions correspond to momentum values
of +√

2mE and −√
2mE, respectively, and are interpreted as referring to particle

motion toward+∞ and−∞ respectively. Since energy is related to the square of
the momentum, these two solutions have identical energies. (The solution forE = 0
corresponds to no momentum at all, and the directional degeneracy is removed.) A
mixture of these states contains contributions from two different momenta but only one
energy, so linear combinations of the exponentials fail to maintain a sharp value for
momentum but do maintain a sharp value for energy.

EXAMPLE 2-6 An electron is accelerated along the x axis towardsx =∞ from rest
through a potential drop of 1.000 kV.
a) What is its final momentum?
b) What is its final de Broglie wavelength?
c) What is its final wavefunction?

SOLUTION � a) px = √
2mE = [2(9.105× 10−31 kg)(1.602× 10−16J)]1/2 = 1.708×

10−23 kg m s−1

b) λ = h
p = 6.626×10−34J s

1.708×10−23kg m s−1 = 3.879× 10−11 m

c) ψ =Aexp(+2πi
√

2mEx/h)(choose+ because moving towardsx = +∞) = Aexp(2πip/h)x

= Aexp(2πix/λ) = Aexp[2πi(2.578× 1010 m−1)x]. �

2-6 The Particle in a Ring of Constant Potential

Suppose that a particle of massm is free to move around a ring of radiusr and zero
potential, but that it requires infinite energy to get off the ring. This system has only
one variable coordinate—the angleφ. In classical mechanics, the useful quantities and
relationships for describing such circular motion are those given in Table 2-1.

Comparing formulas for linear momentum and angular momentum reveals that the
variables mass and linear velocity are analogous to moment of inertia and angular veloc-
ity in circular motion, where the coordinateφ replacesx. The Schr¨odinger equation
for circular motion, then, is

−h2

8π2I

d2ψ (φ)

dφ2 = Eψ(φ) (2-43)
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TABLE 2-1 �

Quantity Formula Units

Moment of inertia I = mr2 g cm2 or kg m2

Angular velocity ω = �φ/�t = v/r s−1

Angular momentum (linear
momentum times orbit radius)

mvr = Iω g cm2/s or erg s or J s

which has, as solutions

Aexp(±ikφ) (2-44)

or alternatively

A′ sin(kφ) (2-45)

and

A′ cos(kφ) (2-46)

where [substituting Eq. (2-45) or (2-46) into (2-43) and operating]

k = 2π
√

2IE/h (2-47)

Let us solve the problem first with the trigonometric functions. Starting at some
arbitrary point on the ring and moving around the circumference with a sinusoidal func-
tion, we shall eventually reencounter the initial point. In order that our wavefunction
be single valued, it is necessary thatψ repeat itself every timeφ changes by 2π radians.
Thus, forφ given by Eq. (2-45),

sin(kφ) = sin[k(φ + 2π)] (2-48)

Similarly, for ψ given by Eq. (2-49)

cos(kφ) = cos(kφ + 2kπ) (2-49)

Either of these relations is satisfied only ifk is an integer. The case in whichk = 0 is
not allowed for the sine function since it then vanishes everywhere and is unsuitable.
However,k = 0 is allowed for the cosine form. The normalized solutions are, then,

ψ = (1/
√

π)sin(kφ), k = 1,2,3, . . .

ψ = (1/
√

π)cos(kφ), k = 1,2,3, . . .

ψ = (1/
√

2π) (from thek = 0 case for the cosine) (2-50)

Now let us examine the exponential form ofψ (Eq. 2-44). The requirement thatψ

repeat itself forφ → φ + 2π gives

Aexp(±ikφ) = Aexp[±ik(φ + 2π)] = Aexp(±ikφ)exp(±2πik)
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or

exp(±2πik) = 1

Taking the positive case and utilizing Eq. (2-3), we obtain

cos(2πk) + i sin(2πk) = 1 or cos(2πk) = 1 and sin(2πk) = 0

Again, k must be an integer. (The same result arises by requiring thatdψ/dφ repeat
for φ → φ + 2π .) Thus, an alternative set of normalized solutions is

ψ =
(
1/

√
2π

)
exp(ikφ) k = 0,±1,±2,±3, . . . (2-51)

The energies for the particle in the ring are easily obtained from Eq. (2-47):

E = k2h2/8π2I, k = 0,±1,±2,±3, . . . (2-52)

The energies increase with the square ofk, just as in the case of the infinite square
well potential. Here we have a single state withE = 0, and doubly degenerate states
above, whereas, in the square well, we had no solution atE = 0, and all solutions were
nondegenerate. The solution atE = 0 means that there is no finite zero point energy
to be associated with free rotation, and this is in accord with uncertainty principle
arguments since there is no constraint in the coordinateφ.

The similarity between the particle in a ring and the free particle problems is strik-
ing. Aside from the fact that in the ring the energies are quantized and the solutions
are normalizable, there are few differences. The exponential solutions (2-51) are
eigenfunctions for theangular momentum operator(h/2πi)d/dφ. The two angular
momenta for a pair of degenerate solutions correspond to particle motion clockwise or
counterclockwise in the ring. (The nondegenerate solution forE = 0 has no angular
momentum, hence no ability to achieve degeneracy through directional behavior.) The
particle density predicted by the exponentials is uniform in the ring, while that for the
trigonometric solutions is not. Since the trigonometric functions tend to localize the
particle into part of the ring, thereby causing�φ �= ∞, it is consistent that they are
impure momentum states (� ang. mom.�= 0). (Infinite uncertainty in the coordinate
φ means that all values ofφ in the range 0–2π are equally likely.)

EXAMPLE 2-7 Demonstrate that any two degenerate exponential eigenfunctions
for a particle in a ring are orthogonal.

SOLUTION � Such a pair of degenerate wavefunctions can be written asψ+ = 1√
2π

exp(ikφ),

ψ− = 1√
2π

exp(−ikφ). These are orthogonal if
∫ 2π
0 ψ∗+ψ− dφ =0 where we must use the complex

conjugate of either one of the wavefunctions sinceψ is complex. Butψ∗+ = ψ−, so
∫ 2π

0
ψ−ψ− dφ = 1

2π

∫ 2π

0
exp(−2iφ) dφ = 1

2π

∫ 2π

0
[cos(2φ) − i sin(2φ)]dφ

= 1

2π

[
sin(2φ)|2π

0 − i(−cos(2φ)|2π
0

]

= 1

2π
[sin(4π) − sin(0) + i cos(4π) − i cos(0)]

= 1

2π
[0− 0+ i − i] = 0.

�
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2-7 The Particle in a Three-Dimensional
Box: Separation of Variables

Let us now consider the three-dimensional analog of the square well of Section 2-1.
This would be a three-dimensional box with zero potential inside and infinite potential
outside. As before, the particle has no probability for penetrating beyond the box.
Therefore, the Schr¨odinger equation is just

−h2

8π2m

(
∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2

)
ψ = Eψ (2-53)

andψ vanishes at the box edges.
The hamiltonian operator on the left side of Eq. (2-53) can be written as a sum of

operators, one in each variable (e.g.,Hx = (−h2/8π2m)∂2/∂x2). Let us assume for
the moment thatψ can be written as a product of three functions, each one being a
function of a different variable,x, y, or z (i.e., ψ = X(x)Y (y)Z(z)). If we can show
that such aψ satisfies Eq. (2-53), we will have a much simpler problem to solve. Using
this assumption, Eq. (2-53) becomes

(Hx + Hy + Hz)XYZ = EXYZ (2-54)

This can be expanded and then divided through byXY Z to obtain

HxXYZ

XYZ
+ HyXY Z

XYZ
+ HzXY Z

XY Z
= E (a constant) (2-55)

Now, sinceHx , for example, operates only on functions ofx, but noty or z, we
can carry out some limited cancellation. Those functions that arenot operated on
in a numerator can be canceled against the denominator. Those thatare operated on
cannot be canceled since these are differential operators [e.g., in(1/x)dx2/dx it is not
permissible to cancel 1/x againstx2 before differentiating:(1/x)dx2/dx �= dx/dx].
Such cancellation gives

HxX

X
+ HyY

Y
+ HzZ

Z
= E (a constant) (2-56)

Now, suppose the particle is moving in the box parallel to thex axis so that the variables
y andz are not changing. Then, of course, the functionsY andZ are also not changing,
soHyY/Y andHzZ/Z are both constant. OnlyHxX/X can vary—butdoesit vary?
Not according to Eq. (2-56), which reduces under these conditions to

HxX

X
+ constant+ constant= E (a constant) (2-57)

Therefore, even though the particle is moving in thex direction,HxX/X must also be a
constant, which we shall callEx . Similar reasoning leads to analogous constantsEy and
Ez . Furthermore, the behavior ofHxX/X must really be independent of whether the
particle is moving parallel to they andz axes. Even ify andz do change, they do not
appear in the quantityHxX/X anyway. Thus we may write, without restriction,

HxX

X
= Ex,

HyY

Y
= Ey,

HzZ

Z
= Ez (2-58)
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and, from Eq. (2-56),

Ex + Ey + Ez = E (2-59)

Our original equation in three variables has been separated into three equations, one in
each variable. The first of these equations may be rewritten

HxX = ExX (2-60)

which is just the Schr¨odinger equation for the particle in the one-dimensional square
well, which we have already solved. For a rectangular box withLx �=Ly �=Lz we have
the general solution

ψ = XYZ = √
2/Lx sin(nxπx/Lx)

√
2/Ly sin

(
nyπy/Ly

)√
2/Lz sin(nzπz/Lz)

(2-61)

and

E = Ex + Ey + Ez = (
h2/8m

)(
n2

x/L2
x + n2

y/L2
y + n2

z /L2
z

)
(2-62)

For a cubical box,Lx = Ly = Lz = L, and the energy expression simplifies to

E = (
h2/8mL2)(

n2
x + n2

y + n2
z

)
(2-63)

The lowest energy occurs whennx = ny = nz = 1, and so

E1(1) = 3h2/8mL2 (2-64)

Thus, the cubical box has three times the zero point energy of the corresponding one-
dimensional well, one-third coming from each independent coordinate for motion (i.e.,
“degree of freedom”). The one in parentheses indicates that this level is nondegenerate.
The next level is produced when one of the quantum numbersn has a value of two
while the others have values of one. There are three independent ways of doing this;
therefore, the second level is triply degenerate, andE2(3) = 6h2/8mL2. Proceeding,
E3(3)=9h2/8mL2, E4(3)=11h2/8mL2, E5(1)=12h2/8mL2, E6(6)=14h2/8mL2,
etc. Apparently, the energy level scheme and degeneracies of these levels do not proceed
in the regular manner which is found in the one-dimensional cases we have studied.

EXAMPLE 2-8 Verify thatE6 is six-fold degenerate.

SOLUTION � E6 = 14h2/8mL2, so n2
x + n2

y + n2
z = 14. There is only one combination of

integers that satisfies this relation, namely 1, 2, and 3. So we simply need to deduce how many
unique ways we can assign these integers tonx,ny , andnz . There are three ways to assign 1. For
each of these three choices, there remain but two ways to assign 2, and then there is only one way
to assign 3. So the number of unique ways is 3× 2× 1= 6. (Or one can simply write down all of
the possibilities and observe that there are six of them.) �

We shall now briefly consider what probability distributions for the particle are
predicted by these solutions. The lowest-energy solution has its largest value at the
box center where all three sine functions are simultaneously largest. The particle
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Figure 2-16 � Sketches of particle probability distributions for a particle in a cubical box.
(a)nx = ny = nz = 1. (b)nx = 2, ny = nz = 1. (c)nx = ny = nz = 2.

distribution is sketched in Fig. 2-16a. The second level may be produced by setting
nx = 2, andny = nz = 1. Then there will be a nodal plane running through the box
perpendicular to thex axis, producing the split distribution shown in Fig. 2-16b. Since
there are three ways this node can be oriented to produce distinct but energetically
equal distributions, this energy level is triply degenerate. The particle distribution for
the state wherenx = ny = nz = 2 is sketched in Fig. 2-16c. It is apparent that, in the
high energy limit, the particle distribution becomes spread out uniformly throughout
the box in accord with the classical prediction.

The separation of variables technique which we have used to convert our three-
dimensional problem into three independent one-dimensional problems will recur in
other quantum-chemical applications. Reviewing the procedure makes it apparent that
this technique will work whenever the hamiltonian operator can be cleanly broken into
parts dependent on completely different coordinates. This is always possible for the
kinetic energy operator in cartesian coordinates. However, the potential energy operator
often prevents separation of variables in physical systems of interest.

It is useful to state the general results of separation of variables. Suppose we have
a hamiltonian operator, with associated eigenfunctions and eigenvalues:

Hψi = Eiψi (2-65)

Suppose this hamiltonian can be separated, for example,

H (α,β) = Hα (α) + Hβ (β) (2-66)
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whereα andβ stand for two different coordinates or groups of coordinates. Then it
follows that

ψj,k = fj (α)gk(β) (2-67)

where

Hαfj = aj fj (2-68)

and

Hβgk = bkgk (2-69)

Furthermore,

Ej,k = aj + bk (2-70)

In other words, if a hamiltonian is separable, then the eigenfunctions will beproducts
of eigenfunctions of the subhamiltonians, and the eigenvalues will besumsof the
subeigenvalues.

2-8 The Scattering of Particles in One Dimension

Consider the potential shown in Fig. 2-17a. We imagine that a beam of particles, each
having energyE, originates from the left and travels towardx = ∞, experiencing a
constant potential everywhere except at the potential step atx =0. We are interested in
what becomes of these particles—what fraction makes it all the way to the “end” (some
kind of particle trap to the right of the step) and what fraction is reflected back toward
x = −∞. Problems of this type are related to scattering experiments where electrons,
for example, travel through potential jumps produced by electronic devices or through
a dilute gas where potential changes occur in the neighborhood of atoms.

This kind of problem differs from most of those discussed earlier because the particle
is not trapped (classically), so all nonnegative energy values are possible. We already
know what the form of the eigenfunctions is for the constant potentials to the left and
right of the step for any choice ofE. On the left they are linear combinations of
exp(±i

√
2mEx/h̄), whereh̄ ≡ h/2π , and to the right they are linear combinations

of exp(±i
√

2m(E − U)x/h̄). The only thing we do not yet know is which linear
combinations to take. That is, we need to findA,B,C, andD in

ψleft = Aexp(ikx/h̄) + B exp(−ikx/h̄), x < 0, k = √
2mE (2-71)

ψright = C exp(ik′x/h̄) + D exp(−ik′x/h̄), x > 0, k′ = √
2m(E − U) (2-72)

We have seen earlier that the exponentials having positive arguments correspond to
particles traveling from left to right, etc. We signify this with arrows in Fig. 2-17a.

The nature ofψright is qualitatively different depending on whetherE is larger or
smaller than the step heightU . If E < U , the exponential arguments become real.
One of the exponentials decays and the other explodes asx increases, just as we saw
in Section 2-3. We discard the exploding exponential. The decaying exponential on
the right must now be made to join smoothly ontoψleft at the step. That is,ψleft and
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Figure 2-17 � (a) A potential step of heightU at x = 0. (b) A wavefunction havingE = U/2.
(c) Fraction of particles reflected as a function ofE. (d) Fraction of particles transmitted as a function
of E. (Note: The vertical line at left of parts (a) and (b) is not a barrier. It is merely an energy
ordinate.)

ψright must have the same value and slope atx = 0 (Fig. 2-17b). This means that
(fch2:eqn2-72 must havereal value and slope at the step, which forces it to be a
trigonometric wave. Because there is no additional boundary condition farther left, this
trigonometric wave can always be shifted in phase and amplitude to join smoothly onto
the decaying exponential at the right. (Compare Fig. 2-17b to Fig. 2-11.) The final
values ofA andB are simply those that give the appropriate phase and amplitude.

The ratioA*A/B*B is the relative fluxes of particles traveling toward the right or
left in the region to the left of the step. If|A|= |B|, the fluxes are equal, corresponding
to total reflection of the beam from the step potential.

It is not difficult to show (Problem 2-24) that|A| = |B| wheneverψIeft has real
value and slope at any point, i.e., for any trigonometric wave, and so the potential of
Fig. 2-17a gives total reflection ifE < U . (The fact that some particle density exists
at x > 0 due to barrier penetration does not affect this conclusion. The evaluation of
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extent of reflection assumes that a time-independent (steady-state) situation has been
achieved, so the penetration population remains constant and none of the new particles
entering from the left are “lost” due to barrier penetration.)

The situation changes when we consider cases forE > U . For any suchE, we now
have two acceptable exponential functions on both the right and the left. We proceed
by realizing that the function with coefficientD in ψright should be rejected since it
corresponds to particles traveling from right to left, i.e., to particles that have been
reflected from the trap. But we assume the trap to be 100% effective, so once again we
have only one term inψright As before, we set about forcing the values and slopes of
Eqs. (2-71) and (2-72) (withD = 0) to be equal atx = 0. This time, however, there is
no requirement that these values be real. We arrive at the relations (Problem 2-25)

B

A
= k − k′

k + k′ and
C

A
= 2k

k + k′ (2-73)

The extent of reflection is equal to

|B|2
|A|2 =

(
k − k′)2

(k + k′)2 (2-74)

This can be seen to range from zero, whenk′ = k, to one, whenk′ =0. k′ = k whenE =
E −U , i.e., whenU is negligible compared toE. So zero reflection (total transmission)
is approached in the high-energy limit. Only whenE =U doesk′ =0, so total reflection
occurs only whenE equals the barrier height (or, as we saw previously, is lower).
A plot of the fraction of particles reflected versusE/U appears in Fig. 2-17c. The
transmission, equal to 1.0–reflection, is plotted in Fig. 2-17d.

The approach represented by this scattering problem is to identify the two terms
that can contribute to the wavefunction in each region; then to recognize that one of
the terms in one region is lost, either because it explodes or because it corresponds
to reflection from the particle trap; then to force a smooth junction at the position of
the discontinuity in the potential; and finally to draw conclusions about reflection and
transmission from the values of the absolute squares of the coefficients. Notice that,
for E > U , we could just as well have postulated the beam to be coming from the
right, with the trap at the left. This would lead us to setA = 0 in Eq. (2-71). Even in
cases like this, where the particles are passing over the edge of a potential cliff, there
is backscatter (Problem 2-26).

An additional feature appears when we consider potentials that change at two points
in x, as in Fig. 2-18a. The solution now involves three regions and two places (x =±a)
whereψ anddψ/dx must be made equal. As before, we decide where the particle
source and trap are and set one coefficient equal to zero (sayG). Detailed solution
of this problem is tedious.3 For our purposes, it is the nature of the result that is
important. The extent of transmission as a function ofE/U is plotted in Fig. 2-18b.
There are two obvious ways this differs from the step-potential transmission function
of Fig. 2-17d: First, some of the particles are transmitted even when their energy is less
thanU . This is the result of barrier penetration leading to finite particle density at the
right-hand side of the barrier transmission due to tunneling. (The extent of tunneling
transmission depends on the thickness of the barrier.) Second, there are oscillations

3See Merzbacher [2, Chapter 6].
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Figure 2-18 � (a) A rectangular-hill potential of heightU and width 2a. (b) Fraction of beam
transmitted as a function ofE/U , whereU = h2/2π2ma2.

in the transmission function forE > U , with 100% transmission occurring at intervals
in E instead of only in the infinite limit. These come about because of interference
between waves reflecting off the front and back edges of the barrier. This is most easily
understood by recognizing that 100% transmission corresponds to no reflection, so then
B = 0. This occurs when the wave reflecting back fromx = −a is of opposite phase
to that reflecting back fromx = +a, and this happens whenever there is an integral
number of de Broglie half-wavelengths betweenx =−a anda. At energies where this
happens, the beam behaves as though the potential barrier is not there.

The variation of reflection from thin films (e.g., soap bubbles) of light of different
wavelengths results in the perception of colors and is a familiar example of scattering
interference. Less familiar is the variation in reflection of a particle beam, outlined
above. However, once we recognize the wave nature of matter, we must expect particles
to manifest the same sort of wave properties we associate with light.

2-9 Summary

In this chapter we have discussed the following points:

1. A particle constrained in the classical sense (i.e., lacking the energy to overcome
barriers preventing its motion over the entire coordinate range) will have quantized
energy levels and a finite zero-point energy. In the mathematical analysis, this arises
from requirements onψ at boundaries.
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2. ψ can be nonsmooth, or cusped, whereV is infinite at a point. IfV is infinite over
a finite range,ψ must be zero there.

3. Nondegenerate eigenfunctions ofH must be symmetric or antisymmetric for any
operation that leavesH unchanged.

4. |ψ |2 may be regarded as a statistical measure—a summary of many measurements
of position on independent, but identically prepared, systems.

5. Quantum-mechanical predictions approach classical predictions in the limits of
largeE, or large mass, or very high quantum number values.

6. Integrals with antisymmetric integrands must vanish.

7. |ψ |2 does not vanish in regions whereV > E if V is finite. This is called “barrier
penetration.”

8. One-dimensional motion of a free particle has a continuum of energy levels. Except
for E = 0, the states are doubly degenerate. Therefore, any mixture of such a
pair of states is still an eigenfunction ofH . But only two eigenfunctions (for a
givenE �= 0) are also eigenfunctions for the momentum operator. These are the
exponential functions. Since they correspond to different momenta, mixing them
produces functions that are not eigenfunctions for the momentum operator.

9. Motion of a particle on a ring has quantum-mechanical solutions very similar to
those for free-particle motion in one dimension. In both cases, there is no zero-point
energy. Both are doubly degenerate forE > 0 because two directional possibilities
are present. Both have a set of exponential solutions that are eigenfunctions for
momentum. The main difference is that the particle-in-a-ring energies are quan-
tized, due to head-to-tail “joining conditions” onψ .

10. Increasing the dimensionality of a particle’s range of motion increases the number
of quantum numbers needed to define the wavefunctions. In cases where the
hamiltonian operator can be written as a sum of operators for different coordinates
(i.e., is “separable”), the problem greatly simplifies; the wavefunctions become
products, and the energies become sums.

11. Scattering problems are treated by selecting an energy of interest from the con-
tinuum of possibilities, removing functions that describe nonphysical processes
such as backscatter from the trap, and matching wave values and slopes at region
boundaries. Resulting wavefunctions show wave interference effects similar to
those observed for light.

2-9.A Problems

2-1. Ascertain that the expression (2-12) for energy has the proper dimensions.

2-2. Solve Eq. (2-9) forA.

2-3. There is a simple way to show thatA in Eq. (2-9) must equal
√

2/L. It involves
sketchingψ2, recognizing that sin2 x + cos2 x =1, and asking whatA must equal
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in order to make the area underψ2 equal 1. Show this forn = 1, and argue why
it must give the same result for alln.

2-4. Evaluate the probability for finding a particle in the middle third of a one-
dimensional box in states withn = 1,2,3,104. Compare your answers with the
sketches in Fig. 2-5 to see if they are reasonable.

2-5. a) Estimatethe probability for finding a particle in then = 1 state in the line
element�x centered at the midpoint of a one-dimensional box if�x =0.01L.

How does this compare to the classical probability?
b) Repeat the problem, but with�x centered one third of the way from a box

edge.

2-6. a) Use common sense to evaluate the following integral for the particle in a
one-dimensional box, assuming thatψ is normalized.

∫ L/5

0
ψ2

5dx

b) How does this value compare to that for the integral over the same range, but
usingψ1 instead ofψ5? (Larger, smaller, or equal?) Use a sketch to defend
your answer.

2-7. Let S and A be respectively symmetric and antisymmetric functions for the
operatorR. Evaluate the following, where R operates on every function to its
right: (a) RS (b) RA (c) RSS (d) RAA (e) RAS (f) RAASASSA (g) RAASASAA.
Can you think of a simple general rule for telling when a product of symmetric
and antisymmetric functions will be antisymmetric?

2-8. Using the concept of odd and even functions, ascertainby inspection of sketches
whether the following need be identically zero:

a)
∫ π

0 sinθ cosθ dθ

b)
∫ π

−π
sinθ cosθ dθ

c)
∫ 1
−1 x cosx dx

d)
∫ a

−a
cosy sin2 y dy

e)
∫ π

0 sin3 θ cos2 θ dθ

f)
∫ π

0 sin2 θ cos3 θ dθ

g)
∫ 1
−1

∫ 1
−1 x2y dx dy

h)
∫ π

−π
x sinx cosx dx

i)
∫ π

0 sinx d
dx

sin2 x dx

j)
∫ π

−π
sin2 x d

dx
sinx dx

2-9. Verify Eq. (2-23) for the general casen �= m by explicit integration.

2-10. For the potential of Fig. 2-8, whenE < U the energies are discrete, and when
E > U , they are continuous. Is there a solution withE = U? What special
requirements are there, if any, for such a solution to exist?
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Figure P2-12 �

2-11. Prove the following statement: any linear combination of degenerate eigenfunc-
tions ofH is also an eigenfunction ofH .

2-12. In a few words, indicate what is wrong with the wavefunctions sketched in the
potentials shown in Fig. P2-12. If the solution appears to be acceptable, indicate
this fact.

2-13. A double-well potential ranges fromx = 0 to x = 2L and has a thin (width=
0.01L) rectangular barrier of finite height centered atL.

a) Sketch the wavefunction that goes with the fourth energy level in this system,
assuming that its energy is less than the height of the barrier.

b) Estimatethe energy of this level for a particle of massm.

2-14. Use the simple approach presented in Problem 2-3 to demonstrate thatA =
1/

√
π for the trigonometric particle-in-a-ring eigenfunctions and 1/

√
2π for the

exponential eigenfunctions.

2-15. Explain why (2π)−1/2 exp(i
√

2φ) is unacceptable as a wavefunction for the
particle in a ring.

2-16. For a particle in a ring, an eigenfunction isψ = (1/
√

π)cos(3φ).

a) Write downH .
b) EvaluateHψ and identify the energy.
c) Is this a state for which angular momentum is a constant of motion? Demon-

strate that your answer is correct.
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2-17. Consider two related systems—a particle in a ring of constant potential and
another just like it except for a very thin, infinitely high barrier inserted atφ =0.
When this barrier is inserted,

a) are anyenergiesadded or lost?
b) do anydegeneracieschange?
c) are exponential and sine–cosine forms both still acceptable for eigenfunc-

tions?
d) is angular momentum still a constant of motion?

2-18. Consider a particle of massm in a two-dimensional box having side lengthsLx

andLy with Lx = 2Ly andV = 0 in the box,∞ outside.

a) Write an expression for the allowed energy levels of this system.
b) What is the zero-point energy?
c) Calculate the energies and degeneracies for the lowest eight energy levels.
d) Sketch the wavefunction for the fourth level.
e) SupposeV = 10 J in the box. What effect has this on (i) the eigenvalues?

(ii) the eigenfunctions?

2-19. Consider the particle in a three-dimensional rectangular box withLx = Ly =
Lz/2. What would be the energy whennx = 1, ny = 2, nz = 2? Fornx = 1,
ny =1,nz =4? Can you guess the meaning of the term “accidental degeneracy?”

2-20. Consider a particle of massm in a cubical box withV = 0 at 0< x,y, z < L.

a) Is
(
1/

√
2
)(

ψ5,1,1 − ψ3,3,3

)
an eigenfunction for this system? Explain your

reasoning.
b) Estimate the probability for finding the particle in a volume element�V =

0.001V at the box center when the system is in its lowest-energy state. What
is the classical value?

2-21. Kuhn [1] has suggested that the mobileπ electrons in polymethine dyes can be
modeled after the one-dimensional box. Consider the symmetric carbocyanine
dyes (I) where the positive charge “resonates” between the two nitrogen atoms.
The zigzag polymethine path along which theπ electrons are relatively free to
move extends along the conjugated system between the two nitrogens. Kuhn
assumed a box lengthL equal to this path length plus one extra bond length
on each end (so that the nitrogens would not be at the very edge of the box
where they would be prevented from having anyπ -electron charge). This
gives L = (2n + 10)l where l is 1.39 Å, the bond length of an intermediate
(i.e., between single and double) C–C bond. The number ofπ electrons in the
polymethine region is 2n + 10. Assume that each energy level in the box is
capable of holding no more than two electrons and that the electronic transition
responsible for the dye color corresponds to the promotion of an electron from
the highest filled to the lowest empty level, the levels having initially been
filled starting with the lowest, as shown in Fig. P2-13. Calculate�E andλ

for the casesn = 0,1,2,3 and compare with the observed values of maximum
absorption of about 5750, 7150, 8180, and 9250 Å, respectively.
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Figure P2-13 �

2-22. Show whether momentum in thex direction is a constant of motion for a free par-
ticle of massm in states described by the following functions. In cases where it is
a constant of motion, give its value. In all cases, evaluate the kinetic energy of the
particle.

a) ψ = sin 3x
b) ψ = exp(3ix)

c) ψ = cos 3x
d) ψ = exp(−3ix)

2-23. Show whether angular momentum perpendicular to the plane of rotation is a
constant of motion for a particle of massm moving in a ring of constant potential
in states described by the following functions. In cases where it is a constant of
motion, give its value. In all cases, evaluate the kinetic energy of the particle.

a) ψ = (1/
√

π)cos 3φ
b) ψ = (1/

√
2π)exp(−3iφ)

c) ψ = (1/
√

π)sin 3φ
d) ψ = (1/

√
2π)exp(3iφ)

2-24. Demonstrate that the requirement thatψ = Aexp(ikt) + B exp(−ikt) havereal
value and slope at a point inx suffices to make|A| = |B|.

2-25. Derive relations (2-73) and (2-74) by matching wave values and slopes at the step.
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2-26. Solve the problem for the step potential shown in Fig. 2-17a, but with the beam
traveling from a source at right toward a trap at left.

2-27. The reflection coefficient is defined as|B|2 / |A|2 for a beam originating from the
left of Fig. 2-17a. The transmission coefficient is defined as(k′/k) |C|2 / |A|2.

a) Why is the factork′/k needed?
b) Show that the sum of these coefficients equals unity, consistent with a

steady-state situation.

2-28. For scattering from a potential such as that in Fig. 2-18a, 100% transmission
occurs at various finite particle energies. Find the lowest two values ofE/U

for which this occurs for particles of massm, barrier widthd, and barrier height
U = 2h2/π2md2.

2-29. Calculate “frequencies” in cm−1 needed to accomplish the transitions�E1 and
�E2 in Fig. 2-14.

Multiple Choice Questions

(Try to answer these by inspection.)

1. The integral
∫ a

−a
cos(x)sin(x) dx

a) equals zero for any value ofa, and cos(x) is antisymmetric in the range of the
integral.

b) is unequal to zero except for certain values ofa, and cos(x) is symmetric in the
range of the integral.

c) equals zero for any value ofa and cos(x) is symmetric in the range of the integral.
d) is unequal to zero except for certain values ofa, and sin(x) is antisymmetric in

the range of the integral.
e) equals zero for any value ofa, and sin(x) is symmetric in the range of the integral.

2.
∫ 2π

0 x sin(x)cos(x) dx

Which one of the following statements is true about the above integral and the three
functions in its integrand?

a) All three functions are antisymmetric in the range and the integral equals zero.
b) Two functions are antisymmetric and one is symmmetric in the range, and the

integral is unequal to zero.
c) Two functions are symmetric and one is antisymmetric in the range, and the

integral is equal to zero.
d) One function is symmetric, one is antisymmetric, and one is unsymmetric in the

range, and the integral is unequal to zero.
e) None of the above is a true statement.
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3. In solving the particle in a one-dimensional box problem with infinite repulsive
walls atx = 0 andL, we started with the functionAsin(kx) + B cos(kx). Which
one of the following is a true statement?

a) The value ofk is found by requiring that the solution be normalized.
b) AddingC exp(ikx) to the above function would prevent it from being an eigen-

function of the hamiltonian operator.
c) It is necessary that this function equalL whenx = 0.
d) The boundary condition atx = L is used to show thatB = 0.
e) None of the above is a true statement.

4. It is found that a particle in a one-dimensional box of lengthL can be excited from
then = 1 to then = 2 state by light of frequencyν. If the box length is doubled, the
frequency needed to produce then = 1 ton = 2 transition becomes

a) ν/4
b) ν/2
c) 2ν

d) 4ν

e) None of the above is correct.

5. For a particle in a one-dimensional box with infinite walls atx =0 andL, and in the
n = 3 state, the probability for finding the particle in the range 0≤ x ≤ L/4 is

a) greater than 1/3.
b) exactly 1/6.
c) exactly 1/3.
d) less than 1/6.
e) None of the above is correct.

6. A student calculates the probability for finding a particle in the left-most 10% of a
one-dimensional box for then = 1 state. Which one of the following answers could
be correct?

a) 1.742
b) 0.024
c) 0.243
d) 0.100
e) None of the above is reasonable.

7. Which one of the following statements is true about the particle in a one-dimensional
box with infinite walls? (All integrals range over the full length of the box.)

a)
∫

ψ2
3 dx = 0 because these wavefunctions are orthogonal.

b)
∫

ψ1ψ3 dx = 0 because both of these wavefunctions are symmetric.
c)

∫
ψ1ψ2 dx = 0 because these wavefunctions are normalized.

d)
∫

ψ1ψ3 dx = 0 because these wavefunctions are orthogonal.
e) None of the above is a true statement.
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8. Which one of the following is the correct formula for the lowest-energy eigenfunc-
tion for a particle in a one-dimensional box having infinite barriers atx = −L/2
andL/2?

a)
√

2
L

sin(πx/L)

b)
√

2
L

cos(πx/L)

c)
√

2
L

exp(iπx/L)

d)
√

2
L

exp(−iπx/L)

e) None of the above is correct.

9. A particle is free to move in thex dimension without constraint (i.e., under the
influence of a constant potential, which we assume to be zero). For this system,
the wavefunctionψ(x) = exp(3.4x) is not acceptable because

a) it is not an eigenfunction of the hamiltonian operator.
b) it is multi-valued.
c) it is discontinuous.
d) it approaches infinity asx approaches infinity.
e) it goes to zero asx approaches minus infinity.

10. Consider two identical one-dimensional square wells connected by afinite bar-
rier. Which one of the following statements about the quantum-mechanical time-
independent solutions for this system is true when two equivalent “half-solutions”
in the two wells are joined together to produce two overall solutions?

a) The combination that is symmetric for reflection through the central barrier
always has the lower energy of the two.

b) The combination that places a node in the barrier always has the lower energy
of the two.

c) The sum of the two half-solutions always has the lower energy of the two.
d) The difference of the two half-solutions always has the lower energy of the two.
e) None of the above is a true statement.

11. For a single particle-in-a-ring system having energy 9h2/8π2I we can say that the
angular momentum, when measured, will equal

a) 3h̄
b)

√
12h̄

c) either 3̄h or −3h̄

d) zero
e) None of the above is a true statement.

12. A particle in a ring has wavefunctions that

a) result from placing an integral number of half-waves in the circumference of
the ring.

b) must be eigenfunctions for(h/2πi)d/dφ.
c) are all doubly degenerate, due to two rotational directions.
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d) correspond to energies that increase with the square of the quantum number.
e) None of the above is a true statement.

13. The hamiltonian operator for a system is

H = −(h2/8π2m)∇2 + x2 + y2 + z2

For this system we should expect

a) two quantum numbers at most.
b) eigenfunctions that are sums of functions, each depending on only one of the

variables.
c) eigenvalues that are products of eigenvalues of separated equations.
d) eigenvalues that are sums of eigenvalues of separated equations.
e) None of the above is a correct statement.

14. For a particle in a one-dimensional box with one infinite barrier and one finite
barrier of height U,

a) ψ = 0 at both barriers if E is less than U.
b) barrier penetration is smallest for the lowest-energy state.
c) no more than one quantized state can exist, and its energy is less than U.
d) only states having E greater than U can exist.
e) None of the above statements is correct.

15. For a particle of massm in a cubical box having edge lengthL,

a) the zero point energy is 3h2/8mL2.
b) the probability density has its maximum value at the box center forψ211.
c) the degeneracy of the ground state is 3.
d) ψ111 has three nodal planes.
e) None of the above is a true statement.
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Chapter 3

The One-Dimensional Harmonic
Oscillator

3-1 Introduction

In Chapter 2 we examined several systems with discontinuous potential energies. In this
chapter we consider the simple harmonic oscillator—a system with a continuously vary-
ing potential. There are several reasons for studying this problem in detail. First, the
quantum-mechanical harmonic oscillator plays an essential role in our understanding
of molecular vibrations, their spectra, and their influence on thermodynamic properties.
Second, the qualitative results of the problem exemplify the concepts we have presented
in Chapters 1 and 2. Finally, the problem provides a good demonstration of mathemat-
ical techniques that are important in quantum chemistry. Since many chemists are not
overly familiar with some of these mathematical concepts, we shall deal with them in
detail in the context of this problem.

3-2 Some Characteristics of the Classical
One-Dimensional Harmonic Oscillator

A pendulum consisting of a large mass hanging by an almost weightless wire, and
swinging through a very small angle, is a close approximation to a classical harmonic
oscillator. It is an oscillator since its motion is back and forth over the same path.
It is harmonic to the extent that the restoring force on the mass is proportional to the
horizontal component of the displacement of the mass from its rest position. This force
law, known asHooke’s law, is the common first approximation made in the analysis of
a system vibrating about an equilibrium position. If we let thex axis be the coordinate
of displacement of the mass, withx = 0 as the rest position, then we may write the
restoring force as

F = −kx, (3-1)

wherek is theforce constant. The minus sign assures that the force on the displaced
mass is always directed toward the rest position.

We can use this force expression to determine anequation of motionfor the mass,
that is, an equation relating its location in space,x, to its location in time,t :

F = −kx(t) = ma = m
d2x(t)

dt2 (3-2)

69
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or

d2x(t)

dt2 = (−k/m)x(t) (3-3)

According to this equation,x(t) is a function that, when differentiated twice, is regen-
erated with the multiplier−k/m. A general solution is

x(t) = a sin

(√
k

m
t

)
+ b cos

(√
k

m
t

)
(3-4)

If we require thatx(t) be at its maximum valueL at t = 0 (as though the pendulum
is held at its position of maximum displacement and then released att = 0), then it
follows thatb = L. Since the pendulum is also motionless att = 0, (dx(t)/dt)t=0 = 0,
and soa = 0. Hence,

x (t) = Lcos

(√
k

m
t

)
(3-5)

Thus, the equation of motion [Eq. (3-3)] leads to a function,x(t), that describes the
trajectory of the oscillator. This function has the trigonometric time dependence char-
acteristic ofharmonicmotion. From this expression, we see thatx(t) repeats itself
whenever the argument of the cosine increases by 2π . This will require a certain time
intervalt ′. Thus, the pendulum makes one complete back and forth motion in a timet ′
given by

√
k

m
t ′ = 2π t ′ = 2π

√
m

k
(3-6)

so thefrequencyof the oscillationν is

ν = 1/t ′ = 1

2π

√
k

m
(3-7)

Suppose that one were to take a multiflash photograph of a swinging pendulum from
above. The result would look as shown in Fig. 3-1a, the number of images being much
greater near the termini of the swing (called the “turning points”) than at the middle
because the pendulum is moving fastest as it crosses the middle. This, in turn, results
from the fact that all the potential energy of the mass has been converted to kinetic
energy at the middle point. We thus arrive at a classical prediction for the time-averaged
distribution of the projection of the harmonic oscillator in the displacement coordinate:
This distribution functionis greatest in regions where the potential energy is highest
(Fig. 3-1b) (Problem 3-1).

Let us calculate and compare the time-averaged potential and kinetic energies for the
classical harmonic oscillator. When the particle is at some instantaneous displacement
x′, its potential energy is

V (x′) = (applied force times distance to return tox = 0)

=
∫ x′

0
kx dx = 1

2
kx′2 (3-8)
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Figure 3-1 � (a) Results of a uniform multiflash photograph of a swinging pendulum as pho-
tographed from above. (b) Distribution function corresponding to the continuous limit of discrete
distribution shown in (a).

The cumulative value of the potential energy over one complete oscillation,Vc, is given
by the integral

Vc

(
t ′ − 0

) =
∫ t ′

0
V (t) dt = 1

2
k

∫ t ′

0
x (t)2 dt (3-9)

Substituting forx(t) as indicated in Eq. (3-5)

Vc

(
t ′ − 0

) = 1

2
kL2

∫ t ′

0
cos2

(√
k

m
t

)
dt

= 1

2
kL2

√
m/k

∫ t ′

0
cos2

(√
k

m
t

)
d

(√
k

m
t

)
(3-10)

Whent = t ′,
√

k/mt = 2π , and we may rewrite Eq. (3-10) as

Vc

(
t ′ − 0

) = 1

2
kL2

√
m/k

∫ 2π

0
cos2 y dy = (π/2) kL2

√
m/k (3-11)

If we now divide byt ′ to get the average potential energy per unit time, we find

V̄ = Vc

(
t ′ − 0

)

t ′
= (π/2)kL2√m/k

2π
√

m/k
= kL2

4
(3-12)

Thus, we have the average potential energy. If we knew the total energy, which is a
constant of motion, we could get the average kinetic energy by taking the difference.
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It is easy to evaluate the total energy by taking advantage of its constancy over time.
Since we can choose any point in time to evaluate it, we select the moment of release
(t = 0 andx = L). The mass is motionless so that the total energy is identical to the
potential energy:

E = 1

2
kL2 (3-13)

Comparing Eqs. (3-12) and (3-13) we see that,T̄ = kL2/4. On the average, then, the
classical harmonic oscillator stores half of its total energy as potential energy and half
as kinetic energy.

EXAMPLE 3-1 A 10.00 g mass on a Hooke’s law spring with force constantk =
0.0246 N m−1 is pulled from rest atx = 0 tox = 0.400 m and released.
a) What is its total energy?
b) What is its frequency of oscillation?
c) How do these answers change if the mass weighs 40.00 g?

SOLUTION � a) E = T + V . At x = 0.400 m, T = 0,E = V = kx2/2= 0.50(0.0246 N m−1)

(0.400 m)2 = 0.0020 J

b) ν = 1
2π

(
k
m

)1/2 = 1
2π

(
0.0246 N m−1

0.0100 kg

)1/2 = 0.25 s−1

c) E is unchanged, andν is halved to 0.125 s−1. The energy depends on the force constant and
the displacement of the oscillator, but not on the mass of the oscillator. The frequency depends not
only on the force constant, but also on the mass because the frequency is affected by theinertia of
the oscillator. A greater mass has a lower frequency of oscillation for the same force constant.�

3-3 The Quantum-Mechanical Harmonic Oscillator

We have already seen [Eq. (3-8)] that the potential energy of a harmonic oscillator is
given by

V (x) = 1

2
kx2 (3-14)

so we can immediately write down the one-dimensional Schr¨odinger equation for the
harmonic oscillator:

[
(−h2/8π2m)(d2/dx2) + 1

2
kx2

]
ψ(x) = Eψ(x) (3-15)

The detailed solution of this differential equation is taken up in the next section.
Here we show that we can understand a great deal about the nature of the solutions to
this equation by analogy with the systems studied in Chapter 2.

In Fig. 3-2a are shown the potential, some eigenvalues, and some eigenfunctions for
the harmonic oscillator. The potential function is a parabola [Eq. (3-14)] centered at
x =0 and having a value of zero at its lowest point. For comparison, similar information
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Figure 3-2 � The potential function, energy levels, and wavefunctions for (a) the harmonic oscil-
lator, (b) the particle in the infinitely deep square well. (c)ψ2 for the harmonic oscillator in the state
n = 5.

is graphed in Fig. 3-2b for the particle in a box with infinitely high walls. Some
important features of the harmonic oscillator are:

1. The energy-level spacing for the harmonic oscillator is constant. As mentioned
in Chapter 2, we expect the energy levels for the harmonic oscillator to diverge
less rapidly than those for the square well because the higher energy states in the
harmonic oscillator have effectively larger “boxes” than do the lower states (that is,
the more energetic the oscillator, the more widely separated are its classical turning
points). That the spacing for the oscillator grows less rapidly than that for the box
is therefore reasonable. That it is actuallyconstantis something we will show
mathematically in the next section.

2. The wavefunctions for the harmonic oscillator are either symmetric or antisymmetric
under reflection throughx =0. This is necessary because the hamiltonian is invariant
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to reflection throughx =0 andbecause the eigenfunctions are nondegenerate. Both
of these conditions apply also to the box problem. If we imagine moving from the
box potential to the parabolic potential by a process of continuous deformation, the
symmetry is not altered and there is no reason to expect nondegenerate box levels
to come together and become degenerate. Therefore, the oscillator wavefunction
symmetries are not surprising. As a consequence, we have at once that the symmetric
wavefunctions are automatically orthogonal to antisymmetric wavefunctions, as
discussed earlier. (Actually, all the wavefunctions are orthogonal to each other. This
is proved in Section 3-4.)

3. The harmonic oscillator has finite zero-point energy. (The evidence for this in
Fig. 3-2a is the observation that the line for the lowest (n = 0) energy level lies
above the lowest point of the parabola, whereV = 0.) This is expected since the
change from square well to parabolic well does not remove the restrictions on particle
position; it merely changes them.

4. The particle has a finite probability of being found beyond the classical turning
points; it penetrates the barrier. This is to be expected on the basis of earlier
considerations since the barrier is not infinite at the classical turning point. (The
potential becomes infinite only atx = ±∞.)

5. In the lowest-energy state the probability distribution favors the particle being in
the low-potential central region of the well, while at higher energies the distribution
approaches more nearly the classical result of favoring the higher potential regions
(Fig. 3-2c).

3-4 Solution of the Harmonic Oscillator
Schr ödinger Equation

3-4.A Simplifying the Schr ¨ odinger Equation

Equation (3-15) is simplified by substituting in the following relations:

α ≡ 8π2mE/h2 (3-16)

β2 ≡ 4π2mk/h2 (3-17)

The quantitiesα andβ have units of m−2. We will assume thatβ is the positive root
of β2. The quantityα is necessarily positive. The Schr¨odinger equation now can be
written

d2ψ(x)

dx2 + (
α − β2x2)ψ (x) = 0 (3-18)

3-4.B Establishing the Correct Asymptotic Behavior

At very large values of|x|, the quantityα (which is a constant sinceE is a con-
stant) becomes negligible compared toβ2x2. That is, the Schr¨odinger equation (3-18)
approaches more and more closely the asymptotic form

d2ψ(x)/dx2 = β2x2ψ(x), |x| → ∞ (3-19)
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What we need, then, are solutionsψ(x) that approach the solutions of Eq. (3-19) at
large values of|x|. The solutions for Eq. (3-19) can be figured out from the general
rule for differentiating exponentials:

(d/dx)exp(u(x)) = exp(u(x))du(x)/dx (3-20)

Then

(d2/dx2)exp(u(x)) = [(du(x)/dx)2 + d2u(x)/dx2]exp(u(x)) (3-21)

We want the term in square brackets to become equal toβ2x2 in the limit of large|x|.
We can arrange for this to happen by setting

u(x) = ±βx2/2 (3-22)

for then

(d2/dx2)exp(u(x)) = (β2x2 ± β)exp(±βx2/2) (3-23)

At large values of|x|, β is negligible compared toβ2x2, and so exp(±βx2/2) are
asymptotic solutionsfor Eq. (3-19). As|x| increases, the positive exponential increases
rapidly whereas the negative exponential dies away. We have seen that, for the wave-
function to be physically meaningful, we must reject the solution that blows up at large
|x|. On the basis of these considerations, we can say that, ifψ contains exp(−βx2/2),
it will have the correct asymptotic behaviorif no other term is present that dominates
at large|x|. Therefore,

ψ(x) = q(x)exp(−βx2/2) (3-24)

and it remains to find the functionq(x).

3-4.C The Differential Equation for q(x)

Substituting Eq. (3-24) into the Schr¨odinger equation (3-18) gives

exp(−βx2/2)

[
−βq (x) − 2βx

dq(x)

dx
+ d2q(x)

dx2 + αq (x)

]
= 0 (3-25)

This equation is satisfied only if the term in brackets is zero:

d2q(x)

dx2 − 2βx
dq (x)

dx
+ (α − β)q (x) = 0 (3-26)

Thus, we now have a differential equation forq(x).
At this point it is convenient to transform variables to put the equation into a simpler

form. Let

y = √
βx (3-27)

Then

d/dy = d/d
(√

βx
)

=
(
1/

√
β
)

d/dx (3-28)
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so that

d/dx = √
βd/dy (3-29)

Similarly

d2

dx2 = βd2

dy2 (3-30)

and

x = y√
β

(3-31)

Substituting Eqs. (3-29)–(3-31) into (3-26), and definingf (y) as

f (y) ≡ f
(√

βx
)

= q(x) (3-32)

we obtain (after dividing byβ)

d2f (y)

dy2 − 2y
df (y)

dy
+ [(α/β) − 1] f (y) = 0 (3-33)

3-4.D Representing f as a Power Series

Now f (y) is some function ofy that must be single valued, continuous, and smooth
(i.e., have a continuous first derivative), ifψ is to be properly behaved. Can we think
of any functions that satisfy these properties? Of course, we can think of a limitless
number of them. For example, 1, y, y2, y3, y4, etc., are all single valued, continuous,
and have continuous derivatives, and so is any linear combination of such functions (e.g.,
4y3 −y +3). Other examples are sin(y) and exp(y). These functions can be expressed
as infinite sums of powers ofy, however, and so they are included, in principle, in the
first example. Thus

sin(y) = y − y3/3! + y5/5! − y7/7! + · · · (3-34)

and

exp(y) =
∞∑

n=0

yn/n! (3-35)

that is, sin(y) and the set of all positive powers ofy arelinearly dependent. Because the
powers ofy can be combined linearly to reproduce certain other functions, the powers
of y are called acomplete setof functions. However, we must exercise some care with
the concept of completeness. The positive powers ofy cannot be used to reproduce a
discontinuous function, or a function with discontinuous derivatives. Hence, there are
certain restrictions on the nature of functionsg(y), that satisfy the relation

g(y) =
∞∑

n=0

cnyn (3-36)
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These restrictions define a class of functions, and thepowers ofy are a complete set
only within this class. The positive powers ofy, then, form a complete set, but if we
remove one of the members of the set, say 1 (the zero power ofy), then the set is no
longer complete. This means that the remaining members of the set cannot compensate
for the role played by the missing member. In other words, the missing member cannot
be expressed as a linear combination of the remaining members. In this example

1 �=
∞∑

n=1

cnyn (3-37)

This is easily demonstrated to be true since the left-hand side of Eq. (3-37) is unity
whereas the right-hand side must be zero wheny = 0 for any choice of coefficients.
Thus, the powers ofy are linearly independentfunctions (no one of them can be
expressed as a linear combination of all the others).

The functionf (y) involved inψ should be a member of the class of functions for
which the powers ofy form a complete set. Therefore, we may write

f (y) =
∞∑

n=0

cnyn (3-38)

and seek an expression for the unknown multiplierscn.

3-4.E Establishing a Recursion Relation for f

Notice that if

f (y) = c0 + c1y + c2y2 + c3y3 + c4y4 + · · · (3-39)

then

df (y)/dy = c1 + 2c2y + 3c3y2 + 4c4y3 + · · · (3-40)

and

d2f (y)/dy2 = 2c2 + 2 · 3c3y + 3 · 4c4y2 + · · · (3-41)

Thus, substituting Eq. (3-38) into (3-33) gives

1 · 2c2 + 2 · 3c3y + 3 · 4c4y2 + · · · − 2c1y − 2 · 2c2y2 − 2 · 3c3y3 − · · ·
+ [(α/β) − 1] c0 + [(α/β) − 1] c1y + [(α/β) − 1] c2y2 + · · ·
= 0 (3-42)

Now we will take advantage of the fact that the various powers ofy form a linearly
independent set. Equation (3-42) states that the expression on the LHS equals zero
for all values ofy. There are two ways this might happen. One of these is that minus
the constant part of the expression is always exactly equal to they-dependent part, no
matter what the value ofy. This would require a relationship like Eq. (3-37) (except
with an equality), which we have seen is not possible for independent functions. The
remaining possibility is that the various independent parts of Eq. (3-42) are individually
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equal to zero—the constant is zero, the coefficient fory is zero, etc. This gives us a
whole set of equations. Setting the constant term equal to zero gives

2c2 + [(α/β) − 1]c0 = 0 · · · m = 0 (3-43)

Setting the coefficient for the first power ofy to zero gives

2 · 3c3 − 2c1 + [(α/β) − 1]c1 = 0 · · · m = 1 (3-44)

They2 term gives

3 · 4c4 − 2 · 2c2 + [(α/β) − 1]c2 = 0 · · · m = 2 (3-45)

By inspecting this series, we can arrive at the general result

(m + 1)(m + 2)cm+2 + [(α/β) − 1− 2m]cm = 0 (3-46)

or

cm+2 = −[(α/β) − 2m − 1]
(m + 1)(m + 2)

cm (3-47)

Equation (3-47) is called arecursion relation. If we knew c0, we could produce
c2, c4, c6, etc., by continued application of Eq. (3-47). Similarly, knowledge ofc1
would lead toc3, c5, etc. Thus, it appears that the coefficients for even powers ofy

and those for odd powers ofy form separate sets. Choosingc0 determines one set,
and choosingc1 determines the other, and the choices forc0 andc1 seem independent.
This separation into two sets is reasonable when we recall that our final solutions
must be symmetric or antisymmetric inx, hence also iny. The asymptotic part ofψ,

exp(−βx2/2), is symmetric aboutx =0, and so we expect the remainder ofψ , f (y), to
be either symmetric (even powers ofy =√

βx) or antisymmetric (odd powers). Thus,
we can anticipate that some of our solutions will havec0 �= 0, c2 �= 0, c4 �= 0, . . . and
c1 = c3 = c5 =· · ·=0. This will produce symmetric solutions. The remaining solutions
will have c0 = c2 = c4 = · · · = 0 andc1 �= 0, c3 �= 0, . . . , and be antisymmetric.

EXAMPLE 3-2 Evaluatec3 andc5 if c1 = 1, for arbitraryα andβ. What ratioα/β

will make c3 = 0? What ratioα/β will make c5 = 0 butc3 �= 0?

SOLUTION � c1 = 1, Forc3, we usem = 1, c3 = −[α/β−2−1]
(2)(3)

× 1= 3−α/β
6 .

For c5 we usem = 3, c5 = −[α/β−6−1]
(4)(5)

× [3−α/β]
6 = (7−α/β)(3−α/β)

120 .
α/β = 3 makesc3 = 0 (and alsoc5). α/β = 7 makesc5 = 0, but notc3. �

3-4.F Preventing f(y) from Dominating the Asymptotic Behavior

We now examine the asymptotic behavior off (y). Recall that, at very large values
of |y|, f (y) must become insignificant compared to exp(−βx2/2) ≡ exp(−y2/2). We
will show thatf (y) fails to have this behavior if its power series expression is infinitely
long. That is, we will show thatf (y) behaves asymptotically like exp(y2), which
dominates exp(−y2/2).
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We know that the series expression for exp(y2) is

exp(y2) = 1+ y2 + y4

2! + y6

3! + · · · + yn

(n/2)! + yn+2

(n/2+ 1)! + · · · (3-48)

The series forf (y) has terms

· · · + cnyn + cn+2yn+2 + cn+4yn+4 + · · · (3-49)

The ratio between coefficients for two adjacent terms high up in the series (largen) for
exp(y2) is, from Eq. (3-48)

coeff for yn+2

coeff for yn
= (n/2)!

[(n/2) + 1]! = 1

(n/2) + 1

largen−−−→2

n
(3-50)

and forf (y) it is, from Eqs. (3-49) and (3-47),

coeff for yn+2

coeff for yn
= cn+2

cn

= − (α/β) + 1+ 2n

n2 + 3n + 2

largen−−−→ 2

n
(3-51)

This means that, at large values ofy, when the higher-order terms in the series dominate,
f (y) behaves like exp(y2). Then

lim
y→∞ ψ(y) = lim

y→∞ f (y)exp(−y2/2) = exp(y2/2) −→∞ (3-52)

The asymptotic behavior ofψ is ruined. We can overcome this problem by requiring
the series forf (y) to terminate at some finite power. In other words,f (y) must be
a polynomial. This condition is automatically fulfilled if any one of the coefficients
in a given series (odd or even) is zero since Eq. (3-47) guarantees that all the higher
coefficients in that series will then vanish. Therefore, we require that some coefficient
vanish:

cn+2 = 0 (3-53)

Assuming that this is the lowest zero coefficient (i.e.,cn �= 0), Eq. (3-47) gives

(α/β) − 2n − 1= 0 (3-54)

or

α = β(2n + 1) (3-55)

3-4.G The Nature of the Energy Spectrum

Now we have a recipe for producing acceptable solutions for the Schr¨odinger equation
for the harmonic oscillator. If we desire a symmetric solution, we setc1 =0 andc0 =1.
If we want the polynomial to terminate atyn, we require thatα andβ be related as in
Eq. (3-55). In this way we can generate an unlimited number of symmetric solutions,
one for each even value ofn that can be chosen for the terminal value. Similarly, an
unlimited set of antisymmetric solutions results from settingc0 = 0 andc1 = 1 and
allowing the highest contributing value ofn to take on various odd integer values.
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(Solved Problem 3-2 provides an example by showing thatc5 becomes the first odd-
power-coefficient equal to zero ifα/β = 7.)

Since we now know that an acceptable solution satisfies Eq. (3-55), we can exam-
ine the energy spectrum. Substituting into Eq. (3-55) the expressions forα and β

[Eqs. (3-16) and (3-17)], we obtain

8π2mE/h2 = (2π
√

mk/h)(2n + 1) (3-56)

or

E = h

(
n + 1

2

)(
1

2π

)√
k/m =

(
n + 1

2

)
hν (3-57)

where the classical definition ofν [Eq. (3-7)] has been used.
This result shows that, whenevern increases by unity, the energy increases byhν, so

the energy levels are evenly spaced as shown in Fig. 3-2. At absolute zero, the system
will lose its energy to its surroundings insofar as possible. However, sincen = 0 in the
lowest permissible state for the system, there will remain a zero-point energy of1

2hν.

3-4.H Nature of the Wavefunctions

The lowest energy solution corresponds ton = 0. This means thatc0 is the highest
nonzero coefficient in the power series expansion forf (y). Hence, we must setc2 =0.
(The odd-powered series coefficients are all zero for this case.) Thus, forn=0, we can
write the unnormalized wavefunction as [from Eq. (3-24)]

ψ0 = c0 exp(−y2/2) = c0 exp(−βx2/2) (3-58)

This is just a constant times a Gauss error function or simple “gaussian-type” function.
This wavefunction is sketched in Fig. 3-2 and is obviously symmetric.

The next solution hasn = 1, c1 �= 0 butc3 = c5 = · · ·= 0. (The even-powered series
coefficients are all zero for this case.) The unnormalized wavefunction forn=1 is then

ψ1(y) = c1y exp(−y2/2) (3-59)

The exponential is symmetric andy is antisymmetric, and so their product,ψ1(y), is
antisymmetric (Fig. 3-2).

To getψ2 we need to use the recursion relation (3-47). We know that odd-index
coefficients are all zero and that onlyc0 and c2 of the even-index coefficients are
nonzero. Assumingc0 = 1, we have (using (Eq. 3-47) withm = 0)

c2 = −[(α/β) − 2 · 0− 1]
(1)(2)

· 1= − (α/β) − 1

2
(3-60)

But the ratioα/β is determined by the requirement thatc4 =0. Referring to Eq. (3-55),
this gives (forn = 2) α/β = 5, and so

c2 = −4/2= −2 (3-61)

and the unnormalized wavefunction is

ψ2(y) = (1− 2y2)exp(−y2/2) (3-62)
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Polynomials like (1− 2y2), which are solutions to the differential equation (3-33),
are known as Hermite (her·meet) polynomials,Hn(y). In addition to the recursion
relation (3-47), which we have derived, other definitions are known. One of these
involves successive differentiation:

Hn(y) = (−1)n exp(y2)
dn exp(−y2)

dyn
(3-63)

Thus, if we wantH2(y), we just setn = 2 in Eq. (3-63) and evaluate that expression to
get

H2(y) = 4y2 − 2 (3-64)

which differs from our earlier result by a factor of−2. Yet another means of producing
Hermite polynomials is by using the generating function

G(y,u) = exp[y2 − (u − y)2] ≡
∞∑

n=0

(Hn(y)/n!)un (3-65)

We use this expression as follows:

1. Express the exponential in terms of its power series, writing down a few of the leading
terms. There will exist, then, various powers ofu andy and factorial coefficients.

2. Collect together all the terms containingu2.

3. The coefficient for this term will be equal toH2(y)/2.

This is a fairly clumsy procedure for producing polynomials, but Eq. (3-65) is
useful in determining general mathematical properties of these polynomials. For
instance, Eq. (3-65) will be used in showing that the harmonic oscillator wavefunctions
are orthogonal.

3-4.I Orthogonality and Normalization

We will now show that the harmonic oscillator wavefunctions are orthogonal, i.e., that
∫ +∞

−∞
ψn(y)ψm(y)dy =

∫ +∞

−∞
Hn(y)Hm(y)exp(−y2) dy = 0 · · · n �= m (3-66)

Consider the integral involving two generating functions and the exponential ofy2:
∫ +∞

−∞
G(y,u)G(y, v)exp(−y2)dy

=
∑

n

∑

m

unvm

∫ +∞

−∞
Hn(y)Hm(y)

n!m! exp(−y2) dy

︸ ︷︷ ︸
cnm

(3-67)

where we label the integralcnm for convenience. The left-hand side of Eq. (3-67) may
also be written as [using Eq. (3-65)]

∫ +∞

−∞
exp[−(y − u − v)2]exp(2uv)dy = exp(2uv)

∫ +∞

−∞
exp[−(y − u − v)2]dy

(3-68)
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However, we can add constants to the differential element without affecting the integral
value, andu andv are constants when onlyy varies. Therefore, (3-68) becomes (see
Appendix 1 for a table of useful integrals)

exp(2uv)

∫ +∞

−∞
exp[−(y − u − v)2]d(y − u − v) = exp(2uv)

√
π

= √
π{1+ 2uv + 4u2v2/2! + 8u3v3/3! + · · · + 2nunvn/n! + · · · } (3-69)

This expression is equal to the right-hand side of Eq. (3-67). Comparing Eq. (3-67)
with (3-69), we see thatc11=2

√
π since the termu1v1 is multiplied by 2π in Eq. (3-69)

and byc11 in Eq. (3-67). Similarlyc22= 4
√

π/2! But c12= 0. Hence, we arrive at the
result

cnm =
∫ +∞

−∞
Hn (y)Hm (y)

n!m! exp
(−y2) dy = √

π
(
2n/n!) δn,m (3-70)

(δn,m is the “Kronecker” delta. It is a discontinuous function having a value of unity
whenn = m but zero whenn �= m.) So

∫ +∞

−∞
ψn (y)ψm (y) dy = √

πm!2nδn,m (3-71)

This proves the wavefunctions to be orthogonal and also provides us with a normalizing
factor. Normality refers to integration inx, rather than iny =√

βx, so we must change
the differential element in Eq. (3-71):

∫ +∞

−∞
ψ2

n (y) dy = √
β

∫ +∞

−∞
ψ2

n (y) dx = √
πn!2n (3-72)

Requiring that
∫ +∞
−∞ ψ2

n (y) dx = 1 leads to the expression for the normalized wave-
functions:

ψn (y) =
(√

β

π

1

2nn!

)1/2

Hn (y)exp
(−y2/2

)
, n = 0,1,2, . . . (3-73)

The first members of the set of Hermite polynomials are

H0(y) = 1, H1(y) = 2y, H2(y) = 4y2 − 2, H3(y) = 8y3 − 12y

H4(y) = 16y4 − 48y2 + 12, H5(y) = 32y5 − 160y3 + 120y (3-74)
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3-4.J Summary of Solution of Harmonic-Oscillator
Schr ödinger Equation

The detailed solution is so long that the reader may have lost the broad outline.
The basic steps were:

1. Determine the asymptotic behavior of the Schr¨odinger equation and ofψ . This
produces a gaussian factor exp(−y2/2) times a function ofy, f (y).

2. Obtain a differential equation for the rest of the wavefunction,f (y).

3. Representf (y) as a power series iny, and find a recursion relation for the coefficients
in the series. The symmetries of the wavefunctions are linked to the symmetries of
the series.

4. Force the power series to be finite (i.e., polynomials) so as not to spoil the asymptotic
behavior of the wavefunctions. This leads to a relation betweenα andβ that produces
uniformly spaced, quantized energy levels.

5. Recognize the polynomials as being Hermite polynomials, and utilize some of the
known properties of these functions to establish orthogonality and normalization
constants for the wavefunctions.

EXAMPLE 3-3 Which of the following expressions are, by inspection, unacceptable
eigenfunctions for the Schr¨odinger equation for the one-dimensional harmonic
oscillator?
a) (64y6 − 480y4 + 720y2 − 120)exp(y2/2)

b) (64y6 − 480y5 + 720y3 − 120)exp(−y2/2)

c) (64y6 − 480y4 + 720y2 − 120)exp(−y2/2)

SOLUTION � a) is unacceptable because exp(y2/2) blows up at large|y|.
b) is unacceptable because the polynomial contains terms of both even and odd powers.
c) is acceptable. �

3-5 Quantum-Mechanical Average Value of
the Potential Energy

We showed in Section 3-2 that the classical harmonic oscillator stores, on the average,
half of its energy as kinetic energy, and half as potential. We now make the analogous
comparison in the quantum-mechanical system for the ground (n = 0) state.

The wavefunction is

ψ0(x) = (β/π)1/4 exp(−βx2/2) (3-75)

and the probability distribution of the particle along thex coordinate is given byψ2
0(x).

The total energy is constant and equal to

E0 = 1

2
hν = (h/4π)

√
k/m (3-76)
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and the potential energy as a function ofx is

V (x) = 1

2
kx2 (3-77)

The probability for finding the oscillating particle in the line elementdx around some
point x1 is ψ2

0(x1) dx, sinceψ0 of Eq. (3-75) is normalized. Hence, the average value
for the potential energy is simply the sum of all the potential energies due to all the
elementsdx, each weighted by the probability for finding the particle there:

V̄ =
∫ ∞

−∞
[prob. to be indx][V atdx]dx =

∫ +∞

−∞
ψ2

0(x)V (x) dx (3-78)

This is

V̄ = (β/π)1/2 · 1

2
k

∫ +∞

−∞
exp

(−βx2)x2 dx = √
β/π · 1

2
k · 1

2

√
π/β3 (3-79)

where we have referred to Appendix 1 to evaluate the integral. Using the definition of
β2 (Eq. 3-17) we have

V̄ = k/4β = (k/4) · h/(2π
√

mk) = (h/8π)
√

k/m (3-80)

which is just one half of the total energy [Eq. (3-76)]. This means that the average
value of the kinetic energy must also equal half of the total energy, sinceV̄ + T̄ = E.
We thus arrive at the important result that the ratio of average potential and kinetic
energies is the same in the classical harmonic oscillator and the ground state of the
quantum-mechanical system. This result is also true for the higher states. For other
kinds of potential, the storage need not be half and half, but whatever it is, it will be the
same for the classical and quantum-mechanical treatments of the system. We discuss
this point in more detail later when we examine the virial theorem (Chapter 11 and
Appendix 8).

3-6 Vibrations of Diatomic Molecules

Two atoms bonded together vibrate back and forth along the internuclear axis. The
standard first approximation is to treat the system as two nuclear masses,m1 andm2
oscillating harmonically with respect to the center of mass. The force constantk is
determined by the “tightness” of the bond, with stronger bonds usually having largerk.

The two-mass problem can be transformed to motion of onereducedmass,µ, vibrat-
ing harmonically with respect to the center of mass.µ is equal tom1m2/(m1 + m2).
The force constant for the vibration of the reduced mass remains identical to the force
constant for the two masses, and the distance of the reduced mass from the center
of mass remains identical to the distance betweenm1 andm2. Thus we have a very
convenient simplification: We can use the harmonic oscillator solutions for a single
oscillating massµ as solutions for the two-mass problem. All of the wavefunctions and
energy formulas are just what we have already seen except thatm is replaced byµ. The
practical consequence of this is that we can use the spectroscopically measured energy
spacings between molecular vibrational levels to obtain the value ofk for a molecule.
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EXAMPLE 3-4 There is a strong absorption in the infrared spectrum of H35Cl at
2992 cm−1, which corresponds to an energy of 5.941× 10−20 J. This light energy,
E, is absorbed in order to excite HCl from then = 0 to then = 1 vibrational state.
What is the value ofk, the force constant, in HCl?

SOLUTION � The vibrational spacinghν must be equal to 5.941× 10−20J. We know that,
sinceµ replacesm,ν = (1/2π)

√
k/µ, which means thatk = 4π2E2µ/h2. The formula forµ

is mHmCl/(mH + mCl) = 1.614× 10−27kg. It follows thatk is equal to 4π2(5.941× 10−20J)2

(1.614× 10−27kg)/(6.626× 10−34J s)2 = 512N m−1. �

3-7 Summary

In this chapter we have discussed the following points:

1. The energies for the quantum-mechanical harmonic oscillator are given by the for-
mula En = (n + 1/2)hν, n = 0,1,2, . . . , whereν = (1/2π)

√
k/m. This gives

nondegenerate energy levels separated by equal intervals (hν) and a zero-point
energy ofhν/2.

2. The wavefunctions for this system are symmetric or antisymmetric for reflection
throughx =0. This symmetry alternates asn increases and is related to the presence
of even or odd powers ofy in the Hermite polynomial inψ .

3. Each wavefunction is orthogonal to all of the others, even in cases where the sym-
metries are the same.

4. The harmonic oscillator wavefunctions differ from particle-in-a-box wavefunctions
in two important ways: They penetrate past the classical turning points (i.e., past
the values ofx whereE = V ), and they have larger distances available to them as a
result of the opening out of the parabolic potential function at higher energies. This
gives them more room in which to accomplish their increasing number of wiggles
asn increases, and so the energy does not rise as quickly as it otherwise would.

5. The manner in which the total energy is partitioned into average potential and kinetic
parts is the same for classical and quantum-mechanical harmonic oscillators, namely,
half and half.

6. Vibrations in molecules are usually approximately harmonic. Mass is replaced by
reduced mass in the energy formula. Measuring the energy needed to excite a
molecular vibration allows one to calculate the harmonic force constant for that
particular vibrational mode.

3-7.A Problems

3-1. From the equation of motion (3-5) show that the classical distribution function is
proportional to (1− x2/L2)−1/2.
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3-2. A classical harmonic oscillator with mass of 1.00 kg and operating with a force
constant of 2.00 kg s−2 = 2.00 J m−2 is released from rest att = 0 andx =
0.100 m.

a) What is the functionx(t) describing the trajectory of the oscillator?
b) Where is the oscillating mass whent = 3 seconds?
c) What is the total energy of the oscillator?
d) What is the potential energy whent = 3 seconds?
e) What is thetime-averagedpotential energy?
f) What is the time-averaged kinetic energy?
g) How fast is the oscillator moving whent = 3 seconds?
h) Where are the turning points for the oscillator?
i) What is the frequency of the oscillator?

3-3. Find the expression for the classical turning points for a one-dimensional har-
monic oscillator in terms ofn, m, h, andk.

3-4. a) Equation (3-73) forψn(y) is a rather formidable expression. It can be broken
down into three portions, each with a certain purpose. Identify the three parts
and state the role that each plays in meeting the mathematical requirements
onψ .

b) Produce expressions for the normalized harmonic oscillator withn = 0,1,2.

3-5. Operate explicitly onψ0 with H and show thatψ0 is an eigenfunction having
eigenvaluehν/2.

3-6. a) At what values ofy doesψ2 have a node?
b) At what values ofy doesψ2

2 have its maximum value?

3-7. Give a simple reason why (2+ y − 3y2)exp(−y2/2) cannot be a satisfactory
wavefunction for the harmonic oscillator. What about 2y exp(+y2/2)? You
should be able to answer by inspection, without calculation and without reference
to tabulations.

3-8. Consider the function(32x5 − 160x3 + 120x)exp(−x2/2).

a) How does this function behave at large values of±x? Explain your answer.
b) What can you say about the symmetry of this function?
c) What are thevalueandslopeof this function atx = 0?

3-9. Letf (x)=3 cosx +4. f (x) is expressed as a power series inx: f (x)=∑
cnxn,

with n = 0,1,2, . . . .

a) What is the value ofc0?
b) What is the value ofc1?

3-10. Only one of the following isH5(y), a Hermite polynomial. Which ones are not,
and why?

a) 16y5 + 130y
b) 24y5 − 110y3 + 90y − 18
c) 32y5 − 160y3 + 120y
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3-11. Sketchthe function (1− 2x2) exp(−x2) versusx.

3-12. Given that
∫ ∞

0 x exp(−x2) dx =1/2, and
∫ ∞

0 x2 exp(−x2) dx =√
π/4, evaluate

a)
∫ ∞
−∞ x exp(−x2) dx

b)
∫ ∞
−∞ x2 exp(−x2) dx

3-13. Evaluate
∫ ∞
−∞(x + 4x3)exp(−5x2) dx.

3-14. For then = 1 state of the harmonic oscillator:

a) Calculate the values of the classical turning points.
b) Calculate the values of the positions of maximum probability density.
c) What is the probability for finding the oscillator betweenx = 0 andx = ∞?
d) Estimate the probability for finding the oscillator in a line increment�x equal

to 1% of the distance between classical turning points and centered on one of
the positions of maximum probability density.

3-15. Calculate the probability for finding the ground state harmonic oscillatorbeyond
its classical turning points.

3-16. Use the differential expression (3-63) for Hermite polynomials to produceH2(y).

3-17. Use the generating function (3-65) to produceH2(y).

3-18. Write down the Schr¨odinger equation for a three-dimensional (isotropic) har-
monic oscillator. Separate variables. What will be the zero-point energy for
this system? What will be the degeneracy of the energy level having a value of
(9/2)hν? (5/2)hν? Sketch (roughly) each of the solutions for the latter case
and note their similarity to case (b) in Fig. 2-16.

3-19. SupposeV (x) = (1/2)kx2 for x ≥ 0, and∞ for x < 0. What can you say about
the eigenfunctions and eigenvalues for this system?

3-20. a) EvaluateH3(x) atx = 2.
b) EvaluateH2(sinθ ) at θ = 30◦.

3-21. What is the average potential energy for a harmonic oscillator whenn=5? What
is the average kinetic energy?

3-22. Each degree of translational or rotational freedom can contribute up to1
2R to the

molar heat capacity of an ideal diatomic gas, whereas the vibrational degree of
freedom can contribute up toR. Explain.

3-23. Calculate the force constants for vibration in H19F, H35Cl, H81Br, and H127I,
given that the infrared absorptions for then = 0 to n = 1 transitions are seen,
respectively, at 4138, 2991, 2649, and 2308 cm−1. What do these force constants
imply about the relative bond strengths in these molecules?



88 Chapter 3 The One-Dimensional Harmonic Oscillator

Multiple Choice Questions

(Try to answer these without referring to the text.)

1. Which one of the following statements conflicts with the quantum mechanical results
for a one-dimensional harmonic oscillator?

a) The smaller the mass of the oscillating particle, the greater will be its zero-point
energy, for a fixed force constant.

b) The frequency is the same as that of a classical oscillator with the same mass and
force constant.

c) Increasing the force constant increases the spacing between adjacent energy
levels.

d) The spacing between adjacent energy levels is unaffected as the vibrational quan-
tum number increases.

e) The vibrational potential energy is a constant of motion.

2. A quantum-mechanical harmonic oscillator

a) spends most of its time near its classical turning points in its lowest-energy state.
b) hasψ = 0 at its classical turning points.
c) has doubly degenerate energy levels.
d) has energy levels that increase with the square of the quantum number.
e) None of the above is a correct statement.

3. Light of wavelength 4.33×10−6 m excites a quantum-mechanical harmonic oscilla-
tor from its ground to its first excited state. Which one of the following wavelengths
would accomplish this same transition if i) the force constant only was doubled? ii)
the mass only was doubled?

a) 4.33× 10−6 m
b) 2.16× 10−6 m
c) 3.06× 10−6 m
d) 6.12× 10−6 m
e) 8.66× 10−6 m

4. For a classical harmonic oscillator, the probability for finding the oscillator in the
middle 2% of the oscillation range is

a) greater than 0.02.
b) equal to 0.02.
c) less than 0.02.
d) unknown since it depends on the force constant.
e) unknown since it depends on the amplitude.



Chapter 4

The Hydrogenlike Ion, Angular
Momentum, and the Rigid Rotor

4-1 The Schr ödinger Equation and the Nature
of Its Solutions

4-1.A The Schr ödinger Equation

Consider the two-particle system composed of an electron (charge−e) and a nucleus
having atomic numberZ and chargeZe. (See Appendix 12 for values of physical
constants, such ase.) Let x1, y1, z1 be the coordinates of the nucleus andx2, y2, z2
be those for the electron. The distance between the particles is, then,[(x1 − x2)2 +
(y1 −y2)2 + (z1 − z2)2]1/2. The potential energy is given by the product of the charges
divided by the distance between them. Ife is expressed in coulombs,C, the potential
energy in joules is

V = −Ze2

4π ε0
[
(x1 − x2)2 + (y1 − y2)2 + (z1 − z2)2

]1/2 (4-1)

where ε0 is the vacuum permittivity (8.8542× 10−12 J−1 C2 m−1). The time-
independent Schr¨odinger equation for this system is

[
−h2

8π2M

(
∂2

∂x2
1

+ ∂2

∂y2
1

+ ∂2

∂z2
1

)
− h2

8π2me

(
∂2

∂x2
2

+ ∂2

∂y2
2

+ ∂2

∂z2
2

)

− Ze2

4πε0
[
(x1 − x2)2 + (y1 − y2)2 + (z1 − z2)2

]1/2

]
ψ(x1, y1, z1, x2, y2, z2)

= Eψ(x1, y1, z1, x2, y2, z2) (4-2)

where M and me are the masses of the nucleus and electron, respectively. The
hamiltonian operator in brackets in Eq. (4-2) has three terms, corresponding to a
kinetic energy operator for the nucleus, a kinetic energy operator for the electron, and
a potential term for the pair of particles.

Equation (4-2) has eigenfunctionsψ that are dependent on the positions of both the
electron and the nucleus. It is possible to convert to center-of-mass coordinates and
then to separate Eq. (4-2) into two equations, one for the motion of the center of mass
andone for a particle of reduced mass moving around a fixed center to which it is
attracted in exactly the same way the electron is attracted to the nucleus. Because this

89
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conversion is rather tedious, we will not perform it in this book,1 but merely discuss the
results. The first of the two resulting equations treats the center of mass as a free particle
moving through field-free space; its eigenvalues are simplytranslationalenergies of
the ion. For us, the interesting equation is the second one, which is

{
−h2

8π2µ

(
∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2

)
− Ze2

4πε0
(
x2 + y2 + z2

)1/2

}
ψ(x, y, z)

= Eψ(x,y, z) (4-3)

The quantityµ is thereduced massfor the particle in our center-of-mass system, and
is given by

µ = meM/(me+ M) (4-4)

The coordinatesx, y, andz are the coordinates of the reduced-mass particlewith respect
to the center of mass of the system.

Even without going through the detailed procedure of converting to center-of-mass
coordinates, we can show that Eq. (4-3) makes sense. In the idealized case in whichM

is infinitely greater thanme, µ equalsme, and Eq. (4-3) becomes just the Schr¨odinger
equation for the motion of an electron about a fixed nucleus at the coordinate origin.
For real atoms or ions this would not be a bad approximation because, even in the
case of the lightest nucleus (i.e., the hydrogen atom),M is nearly 2000 timesme, and
soµ is very close tome, and the center of mass is very near the nucleus. Therefore,
the result of using center-of-mass coordinates to separate the Schr¨odinger equation is
almost identical to making the assumption at the outset that the nucleus is fixed, and
simply writing down the one-particle Schr¨odinger equation:

{
−h2

8π2me

(
∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2

)
− Ze2

4πε0
(
x2 + y2 + z2

)1/2

}
ψ(x, y, z) = Eψ(x,y, z) (4-5)

The use ofme instead ofµ [i.e., Eq. (4-5) instead of (4-3)] has no effect on the qual-
itative nature of the solutions. However, it does produce small errors in eigenvalues—
errors that are significant in the very precise measurements and calculations of atomic
spectroscopy (Problem 4-1). In what follows we shall useµ, but for purposes of
discussion we will pretend that the nucleus and center of mass coincide.

Equation (4-3) can be transformed into spherical polar coordinates. (Some important
relationships between spherical polar and Cartesian coordinates are given in Fig. 4-1).
The result is

[(−h2/8π2µ)�2 − (Ze2/4πε0r)]ψ(r, θ,φ) = Eψ(r, θ,φ) (4-6)

Here�2 is understood to be in spherical polar coordinates. In these coordinates it
looks quite complicated:2

�2 = 1

r2

∂

∂r

(
r2 ∂

∂r

)
+ 1

r2 sinθ

∂

∂θ

(
sinθ

∂

∂θ

)
+ 1

r2 sin2 θ

∂2

∂φ2 (4-7)

1See, for example, Eyringet al. [1, Chapter VI] or Levine [2, pp. 127–130].
2See, e.g., Eyring et al. [1, Appendix III].
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Figure 4-1 � The spherical polar coordinate system. The angleφ is called the azimuthal angle.
Notice that the differential volume element isnotequal todr dθ dφ and that the ranges of values for
r, θ,φ arenot−∞ to +∞.

However, this coordinate system is the natural one for this system and leads to the
easiest solution despite this rather formidable looking operator.

Notice that the potential term,−Ze2/4πε0r, has noθ orφ dependence. The potential
is spherically symmetric. However,θ andφ dependence does enter the hamiltonian
through�2, so the eigenfunctionsψ may be expected to show angular dependence.

Next we describe the solutions of the Schr¨odinger equation (4-6), relegating to later
sections the mathematical details of how the solutions are obtained.

EXAMPLE 4-1 Using the spherical polar coordinate system of Fig. 4-1, calculate
the volume occupied by the skin of a spherical shell, where the inside radius of the
skin is 100.0 mm and the thickness of the skin is 1.000 mm.

SOLUTION � One way to solve this problem is to calculate the volume inside the entire sphere,
including the skin, and then to subtract the volume of the sphere occupying the space inside the
skin. The formula for the volume of a sphere of radiusr can be calculated fromdv by integrating
r from 0 tor, θ from 0 toπ , andφ from 0 to 2π :

V =
∫ r

0
r2dr

∫ π

0
sinθdθ

∫ 2π

0
dφ = r3

3
|r0 · −cosθ |π0 · φ|2π

0

= r3

3
(−(−1− 1)) · 2π = 4

3
πr3

(You presumably already knew this formula, but it is useful to review how it comes out of this
integration.) Proceeding,

Vskin = V (r = 101 mm) − V (r = 100 mm)

= 4

3
π [(101 mm)3 − (100 mm)3] = 1.269× 105mm3

Another way (slightly less exact) to approximate this volume is to calculate the area of the spherical
shell(4πr2) and multiply by its thickness:

V ∼4πr2�r = 4π(100 mm)2 · 1.00 mm

= 1.257× 105 mm3

For a skin whose thickness is small compared to its radius, we see that this approximation is
very good. �
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4-1.B The Nature of the Eigenvalues

The potential energy,−Ze2/4πε0r, becomes negatively infinite whenr = 0 and
approaches zero asr becomes very large. This potential is sketched in Fig. 4-2 for the
case in whichZ = 1. We expect the energy levels to diverge less rapidly here than was
the case for the harmonic oscillator since the “effective box size” increases more rapidly
with increasing energy in this case than in the harmonic oscillator case. (See Fig. 2-3
for the one-dimensional analogs.) Since the harmonic oscillator levels are separated by
aconstant(hν, for one-or three-dimensional cases), the hydrogenlike ion levels should
convergeat higher energies. Figure 4-2 shows that this is indeed the case. Furthermore,
by analogy with the case of the particle in a box with one finite wall, we expect the
allowed energies to form a discrete set for the classically trapped electron (E < 0)
and a continuum for the unbound cases (E > 0). Thus, the spectrum of eigenvalues
sketched in Fig. 4-2 is in qualitative accord with understandings developed earlier.

The lowest allowed energy for the system is far above the low-energy limit (−∞) of
the potential well. This corresponds to the finite zero point energy which we have seen

Figure 4-2 � The potential functionV = −e2/4πε0r with eigenvalues superimposed (dashed
lines). Degeneracies for the first few levels are noted on the right.
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in other systems where particle motion is constrained. Here it means that, at absolute
zero, the electron does not come to rest on the nucleus (which would giveT = 0,
V = −∞, E = −∞), but rather continues to move about with a finite total energy.

All of the energy levels of Fig. 4-2 are degenerate except for the lowest one. The
order of the degeneracy is listed next to each of the lowest few levels in Fig. 4-2.
This degeneracy is not surprising since we are dealing here with a three- dimensional
system, and we have earlier seen that, in such cases (e.g., the cubic box), the physical
equivalence of different directions in space can produce degeneracies (called “spatial
degeneracies”). We shall see later that some of the degeneracies in this system do
indeed result from directional equivalence (here, spherical symmetry), whereas others
do not.

The discrete, negative eigenvalues are given by the formula

En = −µZ2e4

8ε2
0h2n2

= (−13.6058 eV)
Z2

n2 , n = 1,2,3, . . . (4-8)

EXAMPLE 4-2 Calculate the ionization energy (IE) of C5+ in its ground state, in
electron volts.

SOLUTION � The ionization energy equals the negative of the ground state energy.Z = 6 and
n = 1, soIE = (13.6058 eV) 36

1 = 489.808 eV. �

4-1.C The Lowest-Energy Wavefunction

We will now discuss the lowest-energy eigenfunction of Eq. (4-6) in some detail, since
an understanding of atomic wavefunctions is crucial in quantum chemistry. The deriva-
tion of formulas for this and other wavefunctions will be discussed in later sections,
but it is not necessary to labor through the mathematical details of the exact solution of
Eq. (4-6) to be able to understand most of the essential features of the eigenfunctions.

The formula for the normalized, lowest-energy solution of Eq. (4-6) is

ψ(r) = (1/
√

π)(Z/a0)3/2 exp(−Zr/a0) (4-9)

wherea0 =5.2917706×10−11 m (called theBohr radius) andZe is the nuclear charge.
A sketch ofψ versusr for Z =1 is superimposed on the potential function in Fig. 4-3a.
It is apparent that the electron penetrates the potential barrier (Problem 4-3).

The square of the wavefunction (4-9) tells us how the electron is distributed about
the nucleus. In Fig. 4-3b is plottedψ2(r) as a function ofr. We refer toψ2 as the
electron probability density function. In this case, the probability density is greatest at
the nucleus (r = 0) and decays to zero asr becomes infinite.

It is important for the chemist to be able to visualize the electron distributions, or
charge “clouds,” in atoms and molecules, and various methods of depicting electron
distributions have been devised. In Fig. 4-3 a few of these are presented for the lowest-
energy wavefunction. The dot picture (Fig. 4-3c) represents what one would expect
if one took a multiflash photograph of a magnified, slowed-down hydrogenlike ion
(assuming no disturbance of the ion by the photographing process). Each dot represents
an instantaneous electron position, and the density of these dots is greatest at the nucleus.
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0
0

0

Cusp

Penetrates
barrier

Classical
turning point

0
0

Z = 1

Z = 2r

r

0 r

ψ

ψH

v

(c)(b)(a)

(f)(e)(d)

2

ψHe+
2

Figure 4-3 � (a) H-atom wavefunction superposed on−e2/r potential curve. (b) Wavefunction
squared for H and He+. (c) Dot picture of electron distribution. (d) Contour diagram of electron
distribution. (e) Computer-generated graphic version of (d). (f) Single-contour representation of
electron distribution.

An alternative way of picturing the charge is to draw a contour diagram, each contour
indicating that the density has increased or decreased by a certain amount (Fig. 4-3d).
A more striking version of the contour plot forψ2

1s is shown in Fig. 4-3e. Perhaps the
simplest representation is a sketch of the single contour that encloses a certain amount
(say 90%) of the electronic charge (Fig. 4-3f). (We have been describing the electron
as a point charge moving rapidly about the nucleus. However, for most purposes it is
just as convenient to picture the electron as being smeared out into a charge cloud like
those sketched in Fig. 4-3. Thus, the statementsthe electron spends 90% of its time
inside this surface, and90% of the electronic charge is contained within this surface,
are equivalent.)

The multiflash “photograph” sketched in Fig. 4-3c shows the electron probability
density to be greatest at the nucleus. Suppose that we were just to take a single flash
photograph. Then the electron would appear as a single dot. At what distance from the
nucleus would this dot be most likely to occur? Surprisingly, the answer is not zero.
Despite the fact that theprobability densityis a maximum atr = 0, theprobability for
finding the electron in a volume element at the nucleus approaches zero. This is because
the probability density,ψ2(r), is the measure of the probabilityper unit volumefor the
electron being at various distances from the nucleus. When we compare a tiny volume
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Figure 4-4 � The volume-weighted probability density for the lowest-energy eigenfunction of the
hydrogenlike ion. The most probable value ofr occurs atrmp.

element near the nucleus with an identical one farther out, we see from Fig. 4-3 that
there is indeed more likelihood for the electron being in the volume element nearer the
nucleus.But there are more volume elements associated with the larger distance. (The
number of identical volume elements varies as the area of the surface of the sphere,
4πr2.) Hence, the probability for the electron being in a radial elementdr at a given
distancer from the nucleus is given by the number of volume elements atr times the
probability density per unit volume element. The reason for the near-zero probability
for finding the electron in a volume element at the nucleus is that the number of volume
elements associated withr =0 is vanishingly small compared to the number associated
with largerr values. Figure 4-4 is a graph of 4πr2ψ2, the volume-weighted probability
density. It is apparent that the most probable value ofr, rmp, occurs at a nonzero
distance from the nucleus. [The reader is familiar with analogous distinctions. Rhode
Island has a higherpopulation densitythan Texas, but the population of Texas (density
times area) is greater. Again, matter in the universe has a much highermass density
in stars and planets than in intergalactic gas or dust, but the totalmassof the latter far
exceeds that of the former due to the much greater volume of “empty” space.]

EXAMPLE 4-3 Estimate, for the hydrogen atom in the 1s state, the amount of
electronic charge located in a spherical shell that is 1.00 pm thick and which has a
radius of 60.0 pm.

SOLUTION � Recall from Example 4-1 that, for relatively thin shells like this, we can
estimate the volume of the shell by taking its area times its thickness. Also, we expect
the charge density,ψ2, to change very little over the 1.00 pm thickness of the shell, so
we can take its value at 60.0 pm as constant. Then charge density= ψ2(r = 60.0 pm) =
(πa3

0)−1 exp(−2(60.0 pm)/a0). Recalling thata0 = 52.9 pm, this gives 0.0329a−3
0 . This gives

density per cubic bohr. To proceed, we can either convert this to density per cubic picometer by
dividing by(52.9pm/bohr)3 or by convertingr to bohr, by dividing by 52.9pm/bohr.We choose the
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latter. Thenr = 60.0 pm/52.9pm/bohr= 1.13a0, and�r = 1.00 pm/52.9pm/bohr= 0.0189a0,
so volume of shell= 4πr2�r = 4π(1.13a0)2(0.0189a0) = 0.3028a3

0. Volume times density

= (0.3028a3
0)(0.0329a−3

0 ) = 0.010. So 1% of the electronic charge resides in this shell. �

We can calculate the value ofrmp by finding whichr value gives the maximum value
of 4πr2ψ2. Recall that we can do this by finding the value ofr that causes the first
derivative of 4πr2ψ2 to vanish, that is, we require

(d/dr)[4πr2π−1(Z/a0)3 exp(−2Zr/a0)] = 0 (4-10)

This gives

constants· [2r − (2Zr2/a0)]exp(−2Zr/a0) = 0 (4-11)

The term in brackets vanishes whenr = a0/Z, so this is the value ofrmp. For
Z = 1, rmp = a0; a0 is the most probable distance of the electron from the nucleus in
the hydrogen atom. For the He+ ion (Z = 2), the most probable distance is only half
as great, consistent with a more contracted charge cloud.

Of more interest, often, is theaverage valueof the distance of the electron from
the nucleus. If we could sample the instantaneous distance of the electron from the
nucleus a large number of times and calculate the average value, what sort of result
would we obtain? The probability for finding the electron at any given distancer is
given by the volume-weighted probability density of Fig. 4-4. Inspection of that figure
suggests that the average value of the position of the electronr̄ is greater thanrmp, the
most probable value. But exactly how much bigger isr̄ thanrmp? How should we
compute the average value? The reader is familiar with the way an average test score
is calculated from a collection of scores. For example, suppose the series of scores to
be averaged is 0, 2, 6, 6, 7, 7, 7, 10, and that 0 and 10 are the minimum and maximum
possible scores. The average is given by

average= sum of scores

number of scores

= 0+ 2+ 6+ 6+ 7+ 7+ 7+ 10

8
= 45

8
(4-12)

Another way to write this is

average= frequency of score× score

sum of frequencies

= 1 · 0+ 0 · 1+ 1 · 2+ 0 · 3+ 0 · 4+ 0 · 5+ 2 · 6+ 3 · 7+ 0 · 8+ 0 · 9+ 1 · 10

1+ 0+ 1+ 0+ 0+ 0+ 2+ 3+ 0+ 0+ 1

or

average =
∑10

i=0 (frequency ofi) · i
∑10

i=0 (frequency ofi)
(4-13)

The same idea is used to compute a quantum-mechanical average. For the average value
of r we take each possible value ofr times its frequency (given byψ2 dv) and sum
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over all these values.3 For a continuous variable liker, we must resort to integration to
accomplish this. We divide by the “sum” of frequencies by dividing by

∫
ψ2 dv. Thus

r̄ =
∫ all space

rψ2dv
∫ all space

ψ2dv
=

∫ 2π

0 dφ
∫ π

0 sinθ dθ
∫ ∞

0 rψ2r2dr
∫ all space

ψ2dv
(4-14)

The denominator is unity sinceψ is normalized. The integrals overθ andφ involve
parts of the volume elementdv, and notψ2, because this wavefunction (4-9) does not
depend onθ or φ. Continuing,

r̄ = φ|2π
0 · −cosθ |π0 · π−1 (Z/a0)3

∫ ∞

0
r3 exp(−2Zr/a0) dr (4-15)

Utilizing the information in Appendix 1 for the integral overr, this becomes

r̄ = 2π [−(−1) + 1](1/π)(Z/a0)33!
(2Z/a0)4 (4-16)

= 4π · (1/π)(Z/a0)3 · 6a4
0/16Z4 = 3a0

2Z
(4-17)

(It is useful to remember that integration over theφ andθ parts ofdv gives 4π as the
resultif no other angle-dependent functions occur in the integral.) Comparing (4-17)
with our expression forrmp indicates that̄r is 1.5 times greater thanrmp.

Notice that the lowest-energy eigenfunction is finite atr =0 even thoughV is infinite
there. This is allowed by our arguments in Chapter 2 because the infinity inV occurs
at only one point, so it can be cancelled by a discontinuity in the derivative ofψ . This
is possible only ifψ has a corner or cusp atr = 0 (see Fig. 4-3a ande).

4-1.D Quantum Numbers and Nomenclature

There are three quantum numbers,n, l, andm (all integers), characterizing each solution
of the Schr¨odinger equation (4-6). Of these, onlyn enters the energy formula (4-8),
so all solutions having the same values ofn but different values ofl andm will be
energetically degenerate. As is shown in following sections, these quantum numbers
are related in their allowed values. Thel quantum number must be nonnegative and
smaller thann. Them number may be positive, negative or zero, but its absolute value
cannot exceedl. Thus,

l = 0,1,2, . . . , n − 1 (4-18)

|m| ≤ l (4-19)

For the lowest-energy wavefunction we have already described,n=1, sol =m=0.
No other choices are possible, so this level is nondegenerate. The convention (from
atomic spectroscopy) is to refer to anl = 0 solution as an “s function,” or “s orbital.”
(For l = 0,1,2,3,4,5, the spectroscopic designation goes s, p, d, f, g, h.) Becausen

equals unity, the wavefunction is labeled 1s.

3The 4πr2 part of 4πr2ψ2 in Fig. 4-4 is included indv, as will be seen shortly.
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Whenn = 2, there are four sets ofl andm quantum numbers satisfying rules (4-18)
and (4-19). They are listed below with their spectroscopic labels:

l = 0,m = 0 2s l = 1,m = 0 2p0

l = 1,m = −1 2p−1 l = 1,m = +1 2p+1
(4-20)

Extending these rules to then = 3 energy level produces nine functions designated
3s, 3p−1, 3p0, 3p+1, 3d−2, 3d−1, 3d0, 3d+1, 3d+2. In general, the degeneracy of the
energy level characterized byn is n2.

EXAMPLE 4-4 Explain how it comes about from the quantum number rules that
the degeneracy equalsn2.

SOLUTION � The rules indicate that, for each value ofn, there aren values of l (e.g.,
n = 1, l = 0;n = 2, l = 0 and 1, . . . ), and each value ofl is associated with 2l + 1 ml values (e.g.,
l = 2, ml = −2,−1,0,1,2, which is five values). Note that 2l + 1 must be an odd number of
member states, and the odd number within each set keeps increasing asl increases. Thus, for
n = 4, l = 0,1,2,3, leading to degenerate sets of states, respectively having 1, 3, 5, and 7 members.
But a sequence of n odd numbers, starting from 1, is always equal to n2. QED �

4-1.E Nature of the Higher-Energy Solutions

The second energy level is associated with the 2s, 2p−1, 2p0 and 2p+1 orbitals. The
wavefunction for the 2s state is

ψ2s= 1

4
√

2π

(
Z

a0

)3/2 (
2− Zr

a0

)
exp

(−Zr

2a0

)
(4-21)

Since this is a function ofr only, it is a spherically symmetric function. (In fact, all
s orbitals are spherically symmetric.) The 2s orbital is more “spread out” than the 1s
orbital because the exponential inψ2s decays more slowly and because the exponential
is multiplied byZr/a0 (the 2 becomes negligible compared toZr/a0 at larger). As a
result, the charge cloud associated with the 2s orbital is more diffuse. (For this reason,
when we approximate a polyelectronic atom like beryllium by putting electrons in
1s and 2s orbitals the 2s electrons are referred to as “outer” and the 1s electrons are
called “inner.”)

At small values ofr, (2− Zr/a0) is positive, and at large distances it is negative,
so ψ2s has a sphericalradial node(a zero in ther coordinate). In Fig. 4-5 the first
three s orbitals are plotted. We see that thenth s orbital has (n − 1) spherical nodal
surfaces dividing regions where the wavefunctions have different sign. The appearance
of more and more nodes in the radial coordinate as the energy increases is certainly
familiar from previous examples. Notice how the wavefunctions oscillate most rapidly
and nodes are most closely spaced in the regions near the nucleus where the electron
classically would have its greatest kinetic energy.

The 2s orbital is orthogonal to the 1s orbital, and also to all higher s orbitals. This
would not be possible if there were no radial nodes. The productψ1sψ2s will vanish
upon integration only if it either vanishes everywhere or else has positive and negative
regions that cancel on integration. Sinceψ1s andψ2s are almost everywhere finite, the
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former condition does not occur. Sinceψ1shas the same sign everywhere, their product
can have positive and negative regions only ifψ2s has positive and negative regions,
and hence, a node.

Let us now consider the 2p functions. They are4

ψ2p0
= 1

4
√

2π

(
Z

a0

)3/2
Zr

a0
exp

(−Zr

2a0

)
cosθ (4-22)

ψ2p±1
= ∓ 1

8
√

π

(
Z

a0

)3/2
Zr

a0
exp

(−Zr

2a0

)
sinθ exp(±iφ) (4-23)

All of these functions have the same radial exponential decay as the 2s orbital, so we
can say that the 2s and 2p orbitals are about equal in size. However, since the 2p orbitals
contain the factorZr/a0 where the 2s contains (2− Zr/a0), the 2p orbitals vanish at
the nucleus and not at any intermediater value; they have no radial nodes. The 2p
orbitals are endowed with directional properties by their angular dependences. The
2p0 orbital is particularly easy to understand because the factorsr cosθ behave exactly
like thez Cartesian coordinate. Hence, we can rewrite 2p0 (also called 2pz) in mixed
coordinates as

ψ2pz
= 1

4
√

2π

(
Z

a0

)5/2

z exp

(−Zr

2a0

)
(4-24)
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Figure 4-5 � s wavefunctions versusr and volume-weighted electron densities versusr for the
hydrogenlike ion.

4The∓ factor inψ2p±1 results from a phase factor that is omitted from many textbooks. It has no effect on
our discussion here, but is consistent with an implicit choice of sign for certain integrals appearing in Appendix 4.
See, e.g., Zare [4, Chapter 1].
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(Be careful not to confuse theatomic numberZ with thecoordinatez.) The exponential
term in Eq. (4-24) is spherically symmetric, resembling a diffuse 1s orbital. The
function z vanishes in thexy plane and becomes increasingly positive or negative as
we move away from the plane in either direction. As a result,ψ2pz

looks as sketched in
Fig. 4-6. It has nearly spherical lobes, one with positive phase and one with negative
phase. Whenψ2pz

is squared, the contour lines remain unchanged in relative position,
but the function becomes everywhere positive in sign.

The 2p±1 orbitals are more difficult to visualize since they are complex functions.
The charge distributions associated with these orbitals must be real, however. These
are given byψ*ψ , whereψ* is the complex conjugate ofψ . (Recall that, for complex
wavefunctions,ψ*ψ must be used for probability distributions, rather thanψ2.) One
obtains the complex conjugate of a function by merely reversing the signs of all thei’s
in the function. It is evident from Eq. (4-23) thatψ∗

2p+1
=−ψ2p−1

andψ∗
2p−1

=−ψ2p+1
.

Henceψ∗
2p+1

ψ2p+1
= ψ∗

2p−1
ψ2p−1

=−ψ2p+1
ψ2p−1

: both the 2p+1 and the 2p−1 orbitals
give the same charge distribution. This distribution is the same as that for the 2pz

orbital except that the angle dependence is1
2 sin2 θ instead of cos2 θ . However, since

sin2 θ +cos2 θ =1, it follows that the sum of 2p+1 and 2p−1 charge clouds must be such

Figure 4-6 � (a) Drawing of the 2pz orbital. (b) Drawing of the square of the 2pz orbital. (c) Draw-
ing of ψ2

2pz
+ ψ∗

2p−1
ψ2p−1

+ ψ∗
2p+1

ψ2p+1
= spherically symmetric distribution. The curved lines in

(c) are a visualization aid and are not mathematically significant.
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that, when added to the charge cloud for 2p0 a spherical charge cloud results (since the
angular dependence is removed). We already know that the 2pz distribution is dumb-
bell shaped, so it follows that 2p+1 and 2p−1 produce doughnut-shaped distributions.
(A sphere minus a dumbbell equals a doughnut. See Fig. 4-6.) The shape can also be
inferred from the sin2 θ -dependence, which is a maximum in thexy plane.

When solving the particle-in-a-ring problem, we saw that we could arrive at either a
set of real trigonometric solutions or a set of complex exponential solutions. Since theφ

dependence of the 2p+1 orbitals is identical to that form=±1 solutions of the particle
in the ring, the same situation holds here. Becauseψ2p+1

andψ2p−1
are energetically

degenerate eigenfunctions, any linear combination of them is also an eigenfunction of
the hamiltonian (Problem 2-11). Therefore, let us find linear combinations that are
entirely real. The complex part ofψ2p±1

, exp(±iφ), satisfies the relation

exp(±iφ) = cosφ ± i sinφ (4-25)

so that

exp(+iφ) + exp(−iφ) = 2 cosφ (4-26)

and

i−1[exp(+iφ) − exp(−iφ)] = 2 sinφ (4-27)

Thus, we have two linear combinations of exp(±iφ) that are real. It follows immedi-
ately that

ψ2px
= 1√

2

[
ψ2p−1

− ψ2p+1

] = 1

4
√

2π

(
Z

a0

)3/2
Zr

a0
exp

(−Zr

2a0

)
sinθ cosφ (4-28)

ψ2py
= i√

2

[
ψ2p−1

+ ψ2p+1

] = 1

4
√

2π

(
Z

a0

)3/2
Zr

a0
exp

(−Zr

2a0

)
sinθ sinφ (4-29)

where the factor 2−1/2 is used to maintain normality. Sincer sinθ cosφ andr sinθ sinφ

are equivalent to the Cartesian coordinatesx andy, respectively, Eqs. (4-28) and (4-29)
are commonly referred to as the 2px and 2py orbitals. They are exactly like the 2pz

orbital except that they are oriented along thex andy axes (merely replace thez in
Eq. (4-24) withx or y).

The 2s, 2px , 2py , and 2pz orbitals are all orthogonal to one another. This is easily
shown from symmetry considerations. Each 2p orbital is antisymmetric for reflection
in its nodal plane, whereas 2s is symmetric for all reflections. Hence, the product
ψ2sψ2p is always antisymmetric with respect to some reflection so its integral vanishes.
The 2p functions are mutually orthogonal because, if one 2p orbital is antisymmetric
for some reflection, the others are always symmetric for that reflection. Hence, the
product is antisymmetric for that reflection. Another way to show that the 2p orbitals
are mutually orthogonal is to note that they behave likex, y, andz vectors and that these
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vectors are orthogonal (i.e., perpendicular; orthogonality in functions is equivalent to
perpendicularity in vectors). Sometimes the orthogonality of functions is most clearly
seen if we sketch out the product and note whether the positive and negative regions
cancel by symmetry (Fig. 4-7).

The n = 3 level has nine solutions associated with it. The 3s orbital, plotted in
Fig. 4-5, has one more node than the 2s orbital and is more diffuse. The 3p orbitals have
the same angular terms as did the 2p orbitals so they can be written as real functions
having the same directional properties asx, y andz vectors. The 3p orbitals differ from
the 2p orbitals in that they possess a radial node and are more diffuse (see Fig. 4-8).
The remaining five levels, 3d levels, may also be written in either complex or real form.
The real orbitals are given by the formulas

3dz2 =
3dx2−y2 =

3dxy =
3dxz =
3dyz =






2√
2592π

(
Z

a0

)3/2 (
2Zr

3a0

)2

exp

(−Zr

3a0

)






(
1/

√
3
)(

3 cos2 θ − 1
)

sin2 θ cos 2φ
sin2 θ sin 2φ
sin 2θ cosφ
sin 2θ sinφ (4-30)

These angular factors, timesr2, have directional properties identical to the Cartesian
subscripts on the left, except that 3dz2 is a shorthand for 3d3z2−r2 . These orbitals are
sketched in Fig. 4-8. It is obvious from these figures that 3dx2−y2 has the same symmetry
and orientation as the sum of the two vectorsx2 and−y2, and that the other 3d orbitals
have a similar connection with the notation (except for 3dz2). The 3d functions are

Figure 4-7 � Drawings of orbitals and their products to demonstrate orthogonality.
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Figure 4-8 � Some hydrogenlike orbitals at then = 3 level.

about the same size as the 3p and 3s functions, but have no radial nodes at intermediate
r values.

A general pattern emerges when we examine the nodal properties of the orbitals at
various energies. At the lowest energy we have no nodes and the level is nondegenerate.
At the next level, we find that each function possesses a single node. There is one way to
put in a radial node and so we get one 2s orbital. Or we can put in a planar node. But we



104 Chapter 4 The Hydrogenlike Ion, Angular Momentum, and the Rigid Rotor

have three choices for orthogonal orientations of this plane leading to three independent
p orbitals. At then = 3 level we find orbitals containing two nodes. The possibilities
are: two radial nodes (3s), a radial node and a planar node (3px , 3py , 3pz), two planar
nodes (3dxy , 3dxz, 3dyz, 3dx2−y2, 3dz2−x2, 3dz2−y2). (But, sincez2 −y2 − (z2 −x2)=
x2 − y2, the last three 3d orbitals are not linearly independent. Hence the last two
are combined to form 3dz2 : z2 − x2 + z2 − y2 = 3z2 − (x2 + y2 + z2) = 3z2 − r2.
This function can be seen to correspond to a positive dumbbell encircled by a small
negative doughnut, or “belly band.” The two nodes in this orbital arising from nodes in
θ are conical surfaces rather than planes.) It is apparent that the degeneracies between
various 2p orbitals, or 3d orbitals, are spatial degeneracies, due only to the physical
equivalence of various directions in space. The degeneracy between 2s and 2p, or 3s,
3p, and 3d is not due to spatial symmetry. The fact that an angular node is energetically
equivalent to a radial node is a peculiarity of the particular potential (−Ze2/4πε0r) for
this problem. This degeneracy is removed for noncoulombic central-field potentials.

The eigenfunctions corresponding to states in the energy continuum, like the bound
states, can be separated into radial and angular parts. The radial parts of the spherically
symmetric eigenfunctions at two nonnegative energies are given in Fig. 4-9. Note that
the rate of oscillation of these functions is greatest at the nucleus, where the local kinetic
energy is largest, in accord with the ideas presented in Chapters 1 and 2. Unbound-state

Figure 4-9 � Radial part of unbound H-atom states (timesr) versusr at two energies: (a)E =
13.6eV; (b)E = 0.
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wavefunctions are not used in most quantum chemical applications, so we will not
discuss them further in this book.

EXAMPLE 4-5 A nodal plane is one through which a wavefunction is antisymmetric
for reflection. Consider the 3dxy and 3dyz orbitals of Fig. 4-8. Through which
planes do these two orbitals have different reflection symmetries?

SOLUTION � 3dxy is antisymmetric for reflection only through thex, z andy, z planes. 3dyz

is antisymmetric for reflection only through thex, z andx, y planes. Hence, these orbitals differ
in their symmetries for reflection through they, z andx, y planes. �

4-2 Separation of Variables

We shall indicate in some detail the way in which the Schr¨odinger equation (4-6) is
solved. Recall the strategy of separating variables which we used in Section 2-7:

1. Expressψ as a product of functions, each depending on only one variable.

2. Substitute this product into the Schr¨odinger equation and try to manipulate it so that
the equation becomes a sum of terms, each depending on a single variable. These
terms must sum to a constant.

3. Since terms for different variables are independent of each other, the terms for each
variable must equal a constant. This enables one to set up an equation in each
variable. If this can be done, the initial assumption (1) is justified.

In this case we begin by assuming that

ψ(r, θ,φ) = R(r)	(θ)
(φ) (4-31)

Substituting into Eq. (4-6) gives

−h2

8π2µr2

[
	


d

dr

(
r2 dR

dr

)
+ R


1

sinθ

d

dθ

(
sinθ

d	

dθ

)
+ R	

1

sin2 θ

d2


dφ2

]

− Ze2

4πε0r
R	
 = ER	
 (4-32)

Since each derivative operator now acts on a function of a single coordinate, we use
total, rather than partial, derivative notation.

Let us first see if we can isolate theφ dependence. Multiplying Eq. (4-32) by
(−8πµr2 sin2 θ/h2R	
) and rearranging gives

sin2 θ

R

d

dr

(
r2 dR

dr

)
+ 8π2µr2 sin2 θ

h2

(
E + Ze2

4πε0r

)

+ sinθ

	

d

dθ

(
sinθ

d	

dθ

)
+ 1




d2


dφ2 = 0 (4-33)

Ther andθ dependence is still mixed in the first two terms, but we now have a rather
simple term in the coordinateφ. Now we can argue, as in Section 2-7, that, asφ alone
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changes, the first three terms in Eq. (4-33) do not change. That is, if onlyφ changes,
Eq. (4-33) may be written

constant+ constant+ constant+ (1/
)(d2
/dφ2) = 0 (4-34)

so that

(1/
)(d2
/dφ2) = −m2 (a constant) (4-35)

We call the constant−m2 for future mathematical convenience. We can rearrange
Eq. (4-35) into the more familiar form for an eigenvalue equation:

d2
/dφ2 = −m2
 (4-36)

We arrived at Eq. (4-36) by assuming that onlyφ changes whiler andθ are constant.
However, it should be obvious that the behavior of the term inφ is uninfluenced by
changes inr andθ since it has no dependence on these coordinates. Thus, by estab-
lishing that this term is constant under certain circumstances, we have actually shown
that it must be constant under all circumstances, and we have produced an eigenvalue
equation for
.

We can now proceed with further separation of variables. Since we know that the
last term in Eq. (4-33) is a constant, we can write

1

R

d

dr

(
r2 dR

dr

)
+ 8π2µr2

h2

(
E + Ze2

4πε0r

)
+ 1

	sinθ

d

dθ

(
sinθ

d	

dθ

)
− m2

sin2 θ
= 0

(4-37)

Note that we have separated theθ andr dependences by dividing through by sin2 θ .
We now have two terms wholly dependent onr and two wholly dependent onθ , their
sum being zero. Hence, as before, the sum of the twor-dependent terms must equal a
constant,β, and the sum of theθ -dependent terms must equal−β. Thus

d

dr

(
r2 dR

dr

)
+ 8π2µr2

h2

(
E + Ze2

4πε0r

)
R = βR (4-38)

1

sinθ

d

dθ

(
sinθ

d	

dθ

)
− m2	

sin2 θ
= −β	 (4-39)

where we have multiplied through byR in the first equation and by	 in the second.
The assumption thatψ = R	
 has led to separate equations forR, 	, and
. This

indicates that the assumption of separability was valid. However, there is some linkage
betweenR and	 via β, and between	 and
 via m.

4-3 Solution of the R, �, and � Equations

4-3.A The � Equation

The solution of Eq. (4-36) is similar to that of the particle in a ring problem of
Section 2-6. The normalized solutions are


 = (1/
√

2π)exp(imφ), m = 0,±1,±2, . . . (4-40)

As shown in Section 2-6, the constantm must be an integer if
 is to be a single-valued
function.
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4-3.B The � Equation

There is great similarity between the mathematical techniques used in solving theR and
	 equations and those used to solve the one-dimensional harmonic oscillator problem
of Chapter 3. Hence, we will only summarize the steps involved in these solutions and
make a few remarks about the results. More detailed treatments are presented in many
texts.5

The	 equation can be solved as follows:

1. Change the variable to obtain a more convenient form for the differential equation.

2. Express the solution as a power series and obtain a recursion relation.

3. Observe that the series diverges for certain values of the variables, producing
nonsquare-integrable wavefunctions. Correct this by requiring that the series termi-
nate. This requires that the truncated series be either symmetric or antisymmetric
in the variable and also thatβ of Eq. (4-38) and (4-39) be equal tol(l + 1) with l

an integer.

4. Recognize these truncated series as being the associated Legendre functions.

5. Return to the original variable to obtain an expression for	 in terms of the starting
coordinate.

Reference to the end of Section 3-4 will illustrate the similarity between this and the
harmonic oscillator case.

The final result form � 0 is

	l,m(θ) = (−1)m

[
(2l + 1)

2

(l − |m|)!
(l + |m|)!

]1/2

P
|m|
l (cosθ) (4-41)

For m < 0 the phase factor(−1)m should be omitted.6 The term in square brackets
is a normalizing function, andP |m|

l (cosθ) represents some member of the series of
associated Legendre functions. Whenm = 0, these become the ordinary Legendre
polynomials. The first few ordinary Legendre polynomials are

P0(x) = 1, P1(x) = x, P2(x) = 1

2
(3x2 − 1)

P3(x) = 1

2
(5x3 − 3x) (4-42)

The first few associated Legendre functions are

P 1
1 (x) = (1− x2)1/2, P 1

2 (x) = 3(1− x2)1/2x,

P 2
2 (x) = 3(1− x2), P 1

3 (x) = 3
2(1− x2)1/2(5x2 − 1),

P 2
3 (x) = 15(1− x2)x, P 3

3 (x) = 15(1− x2)3/2
(4-43)

It is also true that

P
|m|
l (x) = 0 if |m| > l (4-44)

5See, e.g., Pauling and Wilson [3, Chapter 5].
6This is the same phase factor that we saw earlier forψ2p±1.
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Thus,	(θ), and henceψ(r, θ,φ), vanishes unless|m|≤ l, giving us one of our quantum
number rules [Eq. (4-19)].

The associated Legendre functions satisfy an orthogonality relation:

∫ +1

−1
P

|m|
l (x)P

|m|
l′ (x) dx = 2

(2l + 1)

(l + |m|)!
(l − |m|)!δll′ (4-45)

For a further discussion of these functions, the reader should consult a more advanced
text on quantum mechanics.

4-3.C The R Equation

TheR equation can be solved as follows:

1. Assume thatE is negative (this restricts us to bound states), and note thatβ = l(l + 1)

from the previous solving of the	 equation.

2. Change variables for mathematical convenience.

3. Find the asymptotic solution pertaining to the larger limit, where theR equation
becomes simplified.

4. Express the wavefunction as a product of the asymptotic solution and an unknown
function. Express this unknown function as a power series and (after dealing with
some singularities) obtain a recursion relation.

5. Note that the power series overpowers the asymptotic part of the solution unless the
series is truncated. This leads to the requirement thatn be an integer and hence that
E be quantized. It also requires thatn > l.

6. Recognize the truncated series to be associated Laguerre polynomials timesρl ,
whereρ is defined below.

The resulting solution is, ifµ = me,

Rnl = −
[(

2Z

na0

)3
(n − l − 1)!

2n [(n + l)!]3
]1/2

exp(−ρ/2) ρlL2l+1
n+l (ρ) (4-46)

whereρ =2Zr/na0 anda0 =ε0h2/πmee
2=5.2917706×10−11 m. The term in brack-

ets is a normalizing function. The exponential term is the asymptotic solution and it
guarantees thatR(r) will approach zero asr approaches infinity. The third term,ρl , is
produced in the course of removing singularities (i.e., places where parts of a differen-
tial equation become infinite). The last term,L(ρ), symbolizes the various members
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of the set of associated Laguerre polynomials. Like the Legendre functions, these
are mathematically well characterized. A few of the low-index associated Laguerre
polynomials are

L1
1(ρ) = 1, L1

2(ρ) = 2ρ − 4,

L1
3(ρ) = −3ρ2 + 18ρ − 18, L3

3(ρ) = −6
(4-47)

4-4 Atomic Units

It is convenient to define a system of units that is more natural for working with atoms
and molecules. The commonly accepted system of atomic units for some important
quantities is summarized in Table 4-1. [Note: the symbolh̄ (“h-cross or h-bar”) is
often used in place ofh/2π .] Additional data on values of physical quantities, units,
and conversion factors can be found in Appendix 10.

In terms of these units, Schr¨odinger’s equation and its resulting eigenfunctions and
eigenvalues for the hydrogenlike ion become much simpler to write down. Thus, the

TABLE 4-1 � Atomic Units

Quantity Atomic unit in cgs or other units

Values of some atomic
properties in atomic units

(a.u.)

Mass me = 9.109534× 10−28g Mass of electron= 1 a.u.
Length a0= 4πε0h̄2/mee

2 Most probable distance of 1s
= 0.52917706× 10−10m electron from nucleus of H

(= 1 bohr) atom = 1 a.u
Time τ0= a0h̄/e2 Time for 1s electron in H

= 2.4189× 10−17s atom to travel one bohr
= 1 a.u.

Charge e= 4.803242× 10−10 esu Charge of electron=−1 a.u.
= 1.6021892

×10−19 coulomb
Energy e2/4πε0a0= 4.359814× 10−18J Total energy of 1s electron in

(= 27.21161 eV≡ 1 hartree) H atom= −1/2 a.u.
Angular h̄= h/2π Angular momentum for

momentum = 1.0545887× 10−34J s particle in ring= 0, 1,
2, . . . a.u.

Electric field
strength

e/a2
0 = 5.1423× 109 V/cm Electric field strength at

distance of 1 bohr from
proton= 1 a.u.
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TABLE 4-2 � Eigenfunctions for the Hydrogenlike Ion in Atomic Units

Spectroscopic symbol Formula

1s (1/
√

π)Z3/2 exp(−Zr)

2s (1/4
√

2π)Z3/2(2− Zr)exp(−Zr/2)

2px (1/4
√

2π)Z5/2r exp(−Zr/2)sinθ cosφ
2py (1/4

√
2π)Z5/2r exp(−Zr/2)sinθ sinφ

2pz (1/4
√

2π)Z5/2r exp(−Zr/2)cosθ
3s (1/81

√
3π)Z3/2(27− 18Zr + 2Z2r2)exp(−Zr/3)

3px (
√

2/81
√

π)Z5/2r(6− Zr)exp(−Zr/3)sinθ cosφ
3py (

√
2/81

√
π)Z5/2r(6− Zr)exp(−Zr/3)sinθ sinφ

3pz (
√

2/81
√

π)Z5/2r(6− Zr)exp(−Zr/3)cosθ
3dz2(≡ 3d3z2−r2) (1/81

√
6π)Z7/2r2 exp(−Zr/3)(3 cos2 θ − 1)

3dx2−y2 (1/81
√

2π)Z7/2r2 exp(−Zr/3)sin2 θ cos 2φ
3dxy (1/81

√
2π)Z7/2r2 exp(−Zr/3)sin2 θ sin 2φ

3dxz (1/81
√

2π)Z7/2r2 exp(−Zr/3)sin 2θ cosφ
3dyz (1/81

√
2π)Z7/2r2 exp(−Zr/3)sin 2θ sinφ

Schrödinger equation in atomic units is (assuming infinite nuclear mass, so thatµ=me)
(

−1

2
∇2 − Z

r

)
ψ = Eψ (4-48)

The energies are

En = − Z2

2n2 (4-49)

The lowest-energy solution is

ψ1s=
√

Z3/π exp(−Zr) (4-50)

The formulas for the hydrogenlike ion solutions (in atomic units) of most interest
in quantum chemistry are listed in Table 4-2. The tabulated functions are all in real,
rather than complex, form. Problems involving atomic orbitals are generally far easier
to solve in atomic units.

4-5 Angular Momentum and Spherical Harmonics

We have now discussed three problems in which a particle is free to move over the
entire range of one or more coordinates with no change in potential. The first case
was the free particle in one dimension. Here we found the eigenfunctions to be simple
trigonometric or exponential functions ofx. The trigonometric form is identical to the
harmonic amplitude function of a standing wave in an infinitely long string. We might
refer to such functions as “linear harmonics.” The second case was the particle-in-a-
ring problem, which again has solutions that may be expressed either as sine-cosine or
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exponential functions of the angleφ. By analogy with linear motion, we could refer
to these as “circular harmonics.” Finally, we have described the hydrogenlike ion,
where the particle can move over the full ranges ofθ andφ (i.e., over the surface of a
sphere) with no change in potential. The solutions we have just described—the prod-
ucts	l,m(θ )
m(φ)—are calledspherical harmonicsand are commonly symbolized
Yl,m(θ,φ). Thus form � 0

Yl,m(θ,φ) = (−1)m

[
(2l + 1)

4π

(l − |m|)!
(l + |m|)!

]1/2

P
|m|
l (cosθ)exp(imφ) (4-51)

and form < 0 the factor(−1)m is omitted. Because so many physical systems have
spherical symmetry, spherical harmonics are very important in classical and quantum
mechanics.

Closely linked with spherical harmonics isangular momentum. Angular momentum
is an important physical property because it is conserved in an isolated dynamical
system; it is aconstant of motionfor the system. Angular momentum is described by
magnitude and direction, so it is a vector quantity.7 The classical system, in the absence
of external forces, is constrained to move in such a way as to preserve both the direction
and the magnitude of this vector. For a mass ofm kg moving in a circular orbit of
radiusr m with an angular velocity ofω radians per second, the angular momentum
has magnitudemr2ω kg m2/s (or, alternatively, joule seconds). The direction of the
vector is given by the right-hand rule: the index finger of the right hand points along the
particle trajectory and the extended thumb points along the angular momentum vector
(see Fig. 4-10). (Alternatively, in a right-handed coordinate system, motion of a mass
in thexy plane from+x toward+y produces angular momentum in the+z direction.)
In vector notation,L = r × p, whereL is angular momentum,r is the position vector,
andp is the linear momentum.

Some of the more interesting properties of angular momentum relate to the situation
where circular motion occursin the presence of an external field. A familiar example
is a gyroscope mounted on a pivot and experiencing the gravitational field of the earth.
The gyroscope flywheel is usually started with the gyroscope in an almost vertical
position. After release, the gyroscope precesses about the axis of field direction. As
time passes, the tilt of the gyroscope away from the field direction (which we take to be
thez direction) increases (see Fig. 4-11). If there were no friction in the bearings, the
angle of tilt would not change, and the gyroscope would precess aboutz indefinitely,
maintaining whatever angle of tilt it found itself with initially. Notice that, in such

Figure 4-10 � The angular momentum vectorL for a particle of massm moving with angular
velocityω about a circular orbit of radiusr in the direction indicated.

7Strictly speaking, angular momentum is a pseudovector—it is dual to a second order antisymmetric tensor.
However, for the remainder of this book, we can and shall ignore this distinction.
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a case, the angular momentum due to the flywheel,L f , is conservedin magnitude
only. Its direction is constantly changing. Thus,L f is not a constant of motion in the
presence of az-directed field. Neither are the componentsL fx andL fy , which change
in magnitude as the gyroscope precesses. However,L fz is a constant of motion if the
angle of tilt does not change. If we add on toL f the angular momentumLg due to the
precession of the gyroscope as a whole (including the center of mass of the flywheel
but ignoring its rotation), we find that the total angular momentum for the gyroscope
(including flywheel motion),L and its componentsLx , Ly , andLz behave similarly
to L f and its components (see Fig. 4-12). We may summarize these observations from
classical physics as follows: a rotating rigid body conservesL (hence,Lx , Ly , Lz)
in the absence of external forces. In the presence of az-directed, time-independent
external force,Lz and |L |, the magnitude ofL (but not its direction) are conserved.
Furthermore, in a system comprising several moving parts, the total angular momentum
is the sum of the individual angular momenta, and thez component is the sum of the
individual z components:

L =
∑

i

L i (4-52)

Lz =
∑

i

Lzi (4-53)

Many characteristics of the classical situation are maintained in quantum mechan-
ics. In particular, it can be shown that a hydrogenlike ion eigenfunction can always
be associated with “sharp” values forLz , but not forLx or Ly , and that themag-
nitude of L is sharp, but not its direction. We have indicated several times in this
book that a sharp value (i.e., a constant of motion) exists when a state function is an
eigenfunction for an operator associated with the property. For example, all of our
hydrogenlike ion wavefunctions are eigenfunctions for the hamiltonian operator, so all
are associated with sharp energies. We introduced the operator for thez-component of
angular momentum, in Section 2-6, as(h/2πi)d/dφ. Generalizing to situations with
several variables requires switching to partial derivative notation. Then our operator,

Figure 4-11 � A gyroscope with the angular momentum of theflywheel, L f , together withx, y,
andz components ofL f , at a given instant.
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Figure 4-12 � The total angular momentum of the gyroscopeL is shown as the sum ofL f , the
angular momentum of the flywheel, andLg, the angular momentum of the gyroscope.L precesses,
so onlyLz and the magnitude ofL are constants of motion.

symbolizedL̂z , is (h̄/i)∂/∂φ. In atomic units,L̂z is (1/i)∂/∂φ. This operator was
introduced in Section 2-6, where it was given the symbolpφ . (A general discussion on
operators will be given in Chapter 6. The carat symbol is frequently used to denote an
operator.) Our statement that hydrogenlike eigenfunctions have sharpLz means that
we expectL̂zψn,l,m(r, θ,φ)= constant· ψn,l,m(r, θ,φ). Since all these eigenfunctions
have exp(imφ) as their onlyφ-dependent term, it follows immediately that

L̂zψn,l,m = mh̄ψn,l,m (4-54)

or, equivalently,

L̂zYl,m (θ,φ) = mh̄Yl,m (θ,φ) (4-55)

Hence, the quantum numberm is equal to thez component of angular momentum in
units ofh̄ for the state in question. This means that the angular momentum associated
with an s state (l = 0, som = 0) has a zeroz component, while a p state (l = 1, so
m = −1,0,+1) can have az component of−h̄, 0, orh̄.

The other quantity that we have stated is conserved in these systems is the magnitude
of L . In quantum mechanics, it is convenient to deal with the square of this magnitude
L2. The quantum-mechanical operator associated with this quantity is

L̂2 = −h̄2 [
(∂2/∂θ2) + cotθ(∂/∂θ) + (1/sin2 θ)(∂2/∂φ2)

]

= −h̄2 [
(1/sinθ)(∂/∂θ)sinθ(∂/∂θ) + (1/sin2 θ)(∂2/∂φ2)

]
(4-56)

The result of operating onYl,m(θ,φ) with this operator is

L̂2Yl,m (θ,φ) = l(l + 1)h̄2Yl,m (θ,φ) (4-57)

This means that thesquareof the magnitude of the total angular momentum equals
l(l +1)h̄2. Hence, for an s state it is zero, for a p state it is 2̄h2, for a d state it is 6̄h2, etc.

One can construct vector diagrams to parallel these relationships. A few of these are
sketched in Fig. 4-13.

Operators forL̂x andL̂y can also be constructed. They are

L̂x = ih̄[sinφ(∂/∂θ) + cotθ cosφ(∂/∂φ)] (4-58)

L̂y = −ih̄[cosφ(∂/∂θ) − cotθ sinφ(∂/∂φ)] (4-59)
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Figure 4-13 � Vector relationships that satisfy the following rules:L2 = l(l + 1),Lz = m,
m = −l,−l + 1, . . . ,0, . . . , l − 1, l. The quantum rules correspond to a classical analog where the
gyroscope can have only certain discrete angles of tilt. (a) s;l = 0; l(l + 1) = 0; m = 0. (b) p;
l = 1; l(l + 1) = 2; m = −1,0,+1. (c) d; l = 2; l(l + 1) = 6; m = −2,−1,0,+1,+2. (all in atomic
units)

The hydrogenlike eigenfunctions are not necessarily eigenfunctions for either of these
operators (Problem 4-23).

It is interesting to consider the physical meaning of these results. If a quantity has a
sharp value, it means that we will always get that value no matter when we measure that
property for systems in the state being considered. Thus, thez component of angular
momentum for hydrogen atoms in the 2p+1 state will always be measured to be+1h̄,
or one atomic unit. For thex or y component, however, repeated measurements (on an
ensemble of 2p+1 atoms) will yield a spread of values. We can measure (or compute)
anaveragevalue ofLx or Ly but not a sharp value. In terms of our mental model (a
gyroscope) this seems sensible enough except for one thing. Our hydrogenlike eigen-
functions are solutions for a central field potential withno external field. Under such
conditions,L , Lx , Ly , andLz are classically all constants of motion. Why, then, are
they not all sharp quantum mechanically? The answer is that quantum-mechanical state
functions never contain more information than is, in principle, extractable by measure-
ment. To measure a component of angular momentum in a system always means, in
practice, subjecting the system to some sort of external force. Furthermore, this system
must obey the limitations decreed by the uncertainty principle. The hydrogenlike ion
wavefunctions cannot simultaneously be eigenfunctions forL̂x , L̂y , andL̂z because
that would give simultaneous sharp values (i.e., no uncertainty) for the conjugate vari-
ables angular momentum vector length and angular momentum vector orientation. This
would violate the uncertainty principle, which is in turn a reflection of limitations on
our ability to measure one variable without affecting another (see Section 1-8).

It is possible, working only with the quantum-mechanical operators, to generate
the eigenvalues of̂Lz and L̂2. This approach is a deviation from our main line of
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development and is contained in Appendix 4. (It is recommended that Chapter 6 be
completed before reading Appendix 4.) We give only the results. They are

L̂zfl,m = mh̄fl,m, m = −l,−l + 1, . . . , l − 1, l (4-60)

L̂2fl,m = l (l + 1) h̄2fl,m (4-61)

These look like the results already given in Eqs. (4-55) and (4-57). There is a difference,
however. Here there is no indication thatm is an integer, whereas in Eq. (4-55)m

must be an integer, as indicated by the presence of zero in its value list. There are two
ways in which we can have a sequence of the form−l,−l + 1, . . . , l − 1, l. One way
is to have an integer series, for example,−2,−1,0,+1,+2, which must contain zero.
The other way is to have a half-integer series, for example,−3

2,−1
2,+1

2,+3
2, which

skips zero. If we work only with the properties of the operators, we find that either
possibility is allowed. But if we assume that the as-yet-unspecified eigenfunctionsfl,m

are separable intoθ - andφ-dependent parts, we find ourselves restricted to the integer
series. Fororbital angular momentum (due to motion of the electron in the atomic
orbital), thez component must be (in atomic units) aninteger, for we have seen that
the state functionsψ contain the spherical harmonicsYl,m, which are indeed separable.
Spinangular momentum for an electron (to be discussed in more detail in the next
chapter), has half-integerz components of angular momentum, and the eigenfunctions
corresponding to spin cannot be expressed with spherical harmonics.

4-6 Angular Momentum and Magnetic Moment

If a charged particle is accelerated, a magnetic field is produced. Since circular motion
of constant velocity requires acceleration (classically) it follows thata charged particle
having angular momentum will also have a magnetic moment. The magnetic moment
is proportional to the angular momentum, colinear with it, and oriented in the same
direction if the charge is positive. For an electron, the magnetic moment is given by

µ = −βeL (4-62)

whereβe, theBohr magneton, has a value of 9.274078× 10−24 J T−1 (equal to1
2a.u.),

where T is magnetic field strength in Tesla. (βe is defined to contain thēh that belongs
to L , so it is only the

√
l(l + 1) part of L that is used in the calculation.)

EXAMPLE 4-6 What is the magnitude of the orbital magnetic moment for an elec-
tron in a 3d state of a hydrogen atom? In a 4d state of He+?

SOLUTION � For any d state,l = 2, so, in a.u., |µ| = βeL = βe
√

l(l + 1) = √
6βe =

2.27× 10−23JT−1. (Since we want magnitude, we can ignore the minus sign.) The value does
not depend on the quantum numbern nor on atomic number Z, so it is the same for He+. �

Applying a magnetic field of strengthB defines az-direction about which the mag-
netic moment vector precesses. Thez-component,µz , of the precessing vector interacts
with the applied fieldB. The interaction energy is

E = −µzB = βeLzB = βemB (4-63)
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This means that some of the degeneracies among the energy levels of the hydrogenlike
ion will be removed by imposing an external magnetic field. For instance, the 2p+1
and 2p−1 energy levels will be raised and lowered in energy, respectively, while 2s and
2p0 will be unaffected (see Fig. 4-14). This, in turn, will affect the atomic spectrum
for absorption or emission. The splitting of spectral lines due to the imposition of an
external magnetic field is known asZeeman splitting. Because the splitting of levels
depicted in Fig. 4-14 is proportional to thez component of orbital angular momentum,
given bymh̄, it is conventional to refer tom as themagneticquantum number.

In the absence of external fields, eigenfunctions having the samen but differentl
andm are degenerate. We have seen that this allows us to take linear combinations
of eigenfunctions, thereby arriving at completely real eigenfunctions like 2px and 2py ,
instead of 2p+1 and 2p−1. When a magnetic field is imposed, the degeneracy no longer
exists, and we are unable to perform such mixing. Under these conditions, 2px , 2py ,
3dxy , etc. arenot eigenfunctions, and we are restricted to the purem = 0,±1,±2 . . .

type solutions.
Thus far we have indicated that the stationary state functions for the hydrogenlike

ions are eigenfunctions for̂L2 andL̂z , and we have compared this to the fact that|L |
andLz are constants of motion for a frictionless gyroscope precessing about an external
field axis. But how about atoms with several electrons? And how about molecules? Are
their stationary state functions also eigenfunctions forL̂2 andL̂z? A general approach
to this kind of question is discussed in Chapter 6. For now we simply note that the
spherical harmonics are eigenfunctions ofL̂2 and L̂z [Eqs. (4-55) and (4-57)] and
that any state function of the formψ(r, θ,φ) = R(r)Yl,m(θ,φ) will necessarily be an
eigenfunction of these operators. But the spherical harmonics are solutions associated
with spherically symmetric potentials. Therefore, it turns out that eigenfunctions of
the time-independent hamiltonian operator are also eigenfunctions forL̂2 andL̂z only
if the potential is spherically symmetric. In the more restricted case in whichψ has

Figure 4-14 � Energy levels of a hydrogenlike ion in the absence and presence of az-directed
magnetic field.
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the formψ(r, θ,φ) = f (r, θ)exp(imφ), ψ will still be an eigenfunction of̂Lz but not
of L̂2. This situation applies in systems having cylindrically symmetric potentials,
dependent onr andθ but notφ (e.g., H+

2 , N2). We discuss such cases in more detail in
Chapter 7.

4-7 Angular Momentum in Molecular
Rotation—The Rigid Rotor

We have seen that the two-particle system of an electron and a nucleus rotating about a
center of mass (COM) can be transformed to the one-particle system of a reduced mass
rotating about a fixed point. However, this transformation can be made foranytwo-mass
system, and so it applies also to the case of thenucleiof a rotating diatomic molecule.
As we now show, the mathematical outcome for the rotating diatomic molecule is
strikingly similar to that for the hydrogenlike ion.

The simplest treatment of molecular rotation ignores vibrational motion by assuming
that the distance between the nuclei is fixed. The resulting model is therefore called
therigid-rotor model. Let there be two nuclear masses,m1 andm2, separated from the
COM by distancesr1 andr2, respectively. Then, because of the way that the COM is
defined, we have that

m1r1 = m2r2 (4-64)

The moment of inertia,I , is

I = m1r2
1 + m2r2

2 (4-65)

It is not difficult to show (Problem 4-35) that the same moment of inertia results from
a reducedmassµ rotating about a fixed point at a distancer = r1 + r2. That is, if

µ = m1m2

m1 + m2
(4-66)

then

I = µr2 (4-67)

Therefore, solving the problem of a reduced massµ rotating about a fixed point at the
fixed distancer = r1 + r2 is equivalent to solving the two-mass rigid-rotor problem. In
effect, the rotating-diatomic problem is transformed to a particle-on-the-surface-of-a-
sphere problem.

As usual, we write the Schr¨odinger equation by starting with the general prescription
[(−h̄2/2µ)∇2 + V ]ψ = Eψ . Then we recognize thatV is constant over the spherical
surface (corresponding to the diatomic molecule having no preferred orientation), so
we can setV = 0. Sincer is a constant, the first term in∇2 [Eq. (4-7)] vanishes due to
the∂/∂r operators. The resulting Schr¨odinger equation is [using Eq. (4-67)]

[(1/sinθ)(∂/∂θ)sinθ(∂/∂θ) + (1/sin2 θ)(∂2/∂φ2)]ψ(θ,φ) = (−2IE/h̄2)ψ(θ,φ)

(4-68)
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Equation (4-68) is the same as the	, 
 equations seen earlier [(4-36) and (4-39)]
with β = 2IE/h̄, and so we already know the eigenvalues and eigenfunctions. We
noted earlier thatβ = l(l + 1). For molecular rotation it is conventional to symbolize
the	 quantum number asJ , rather thanl. This leads to

J (J + 1) = 2IE/h̄2 (4-69)

or

E = J (J + 1)h̄2/2I J = 0,1,2, . . . (4-70)

SinceV =0,E is entirely kinetic energy. Becauser is not a variable, there is no analog
to the principal quantum numbern, andJ is not limited in its highest value. (Note also
that atomic units, which are designed to simplifyelectronicproblems, are not normally
used for molecular rotation or vibration.)

The eigenfunctions are, as before, the spherical harmonicsYJ,mJ
(θ,φ), with mJ =

0,±1,±2, . . . ,±J . Thus we have an s-type solution (J =0,mJ =0) that has constant
value over the spherical surface, three p-type solutions (J = 1,mJ = +1,0,−1), five
d-type solutions, etc. For each value ofJ , there are 2J + 1 eigenfunctions.

The s-type solution has zero energy. One can imagine that the reduced mass is
motionless on the surface of the sphere and has equal probability for being found
anywhere. This transforms back to a picture where the diatomic molecule is not
rotating and where there is no preferred orientation. SinceE = 0 whenJ = 0, we
conclude that there is no zero-point energy for free rotation. (However, if rotation is
restrictedso that some orientations becomepreferred, the zero-point energy becomes
finite.)

The three p-type solutions are degenerate, hence can be mixed to give real functions
analogous to px , py , pz . We could represent the pz function by taking a globe and
marking a circular region of positive phase around the northern polar region, with a
matching region of negative phase around the southern pole. Clearly, these rigid-rotor
wavefunctions have the same symmetries as their hydrogenlike counterparts. A pz

rotational state corresponds to a molecule (or ensemble of molecules) rotating with
kinetic energy 2̄h2/2I (sinceJ = 1) with little likelihood of finding the reduced mass
near the equator (i.e., with little probability of finding the diatomic molecule oriented
nearly perpendicular to thez axis.)

Angular momentum for the rigid rotor also follows the hydrogenlike system rules.
The square of the total angular momentum equalsJ (J + 1)h̄2, and thez component
equalsmJ h̄.

Transitions between rotational energy levels can be detected spectroscopically. Once
such energy differences are identified with specific changes inJ , it becomes a simple
matter to solve forr, the internuclear distance in the rigid rotor.

For example, suppose an absorption peak for H81Br seen at 101.58 cm−1 is
assigned to theJ = 6 ← 5 transition. Since the energies of these levels are
42h̄2/2I and 30̄h2/2I , respectively, their difference is 12h̄2/2I . This energy is
equal to that of the photons of light at 101.58 cm−1. Solving this relation gives
I = 3.3069× 10−47 kg m2. We know that this equalsµr2, and we know how to get
µ from mH and mBr [Eq. (4-46)]. So we can solve forr, finding r = 141.44 pm
(Problem 4-37).
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4-8 Summary

1. The motion of two masses moving about a center of mass can be transformed to
motion of a singlereducedmass moving about a fixed point. The radius of rotation
for the reduced mass is identical to the distance of separation of the original two
masses. For hydrogenlike ions, the nuclear mass is so much greater than the electron
mass that the reduced mass is almost identical to the electron mass.

2. The bound-state energies for time-independent states of the hydrogenlike ion depend
on only the atomic numberZ and the quantum numbern (a positive integer) and
vary as−Z2/2n2. This means that the energies get closer together asn increases
and that there is an infinite number of such negative energy levels. Each such energy
level has degeneracyn2. A continuum of energies exists for unbound (E > 0) states.

3. Each stationary state wavefunction is characterized by three quantum numbers,n,
l, andm, all integers, withl ranging from 0 ton − 1 andm ranging from−l to
+l. If l = 0, we have an s state andψ is spherically symmetric with a cusp at the
nucleus. Ifl = 1,2, . . . we have a p, d,. . . state, andψ vanishes at the nucleus and
is not spherically symmetric. In all states there is a finite probability for finding the
electron beyond the classical turning point.

4. EigenfunctionsRn,l(r)	l,m(θ)
m(φ) with m �= 0 are complex but can be mixed to
form real eigenfunctions. However, if an external field causes states of differentm

to be nondegenerate, such mixing will produce noneigenfunctions.

5. All the stationary state eigenfunctions are orthogonal to each other, and radial and/or
angular (usually planar) nodes are instrumental in this. The effect of a radial node
on energy is the same as that of an angular node, so that all eigenfunctions with,
say, three nodes (all radial, all angular, or a combination) are degenerate. This is
peculiar to the−r−1 potential.

6. Separation of variables is not “perfectly clean” since the differential equations forR

and	 (Eqs. (4-38) and (4-39)), are linked throughβ and those for	 and
 (Eq. 4-40)
are linked throughm. This leads to interdependencies in the values ofn, l, andm.

7. Spherical harmonics are the angular parts of solutions to Schr¨odinger equations for
systems having spherically symmetric potentials. These functions are eigenfunc-
tions ofL̂z andL̂2 as well asĤ , so such states have sharp values ofLz , L2, andE.
The value ofLz is mh̄, and forL2 it is l(l + 1)h̄2, wherel andm must be integers.
In atomic units the quantitȳh does not appear in these formulas.

8. Thez component of the magnetic moment due to orbital motion of a charged particle
is proportional tomh̄, and som is called the magnetic quantum number. This
magnetic moment contributes to the Zeeman splitting seen in spectra of hydrogenlike
ions in magnetic fields.

9. Eigenfunctions other than spherical harmonics exist forL̂2 andL̂z , but these are not
separable intoθ - andφ-dependent functions. In these cases,l andm can be half-
integers. These cases do not arise in orbital motion, but do arise in spin problems.
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10. If V is cylindrically symmetric [i.e.,V =V (r, θ)], the eigenfunctions of the hamil-
tonian are still eigenfunctions for̂Lz but not forL̂2. Hence,mh̄ still equals thez
component of angular momentum for such a system. Here,z is the direction of the
axis of rotational symmetry, i.e., the internuclear axis of the molecule.

11. The rules for allowed angular momentum magnitudes and orientations are the
same for the rigid rotor as for the hydrogenlike ion. This leads to the following
relationships in terms of the rotational quantum numbersJ = 0,1,2, . . . , mJ =
0,±1, . . . ,±J :

Length of angular momentum vector =
√

J (J + 1)h̄.

Component of angular momentum perpendicular to internuclear axis =mJ h̄.

Kinetic energy of rotation:TJ = J (J + 1)h̄2/2I.

Degeneracy of level:gJ = 2J + 1.

4-8.A Problems

4-1. An observed spectroscopic transition in the hydrogen atom involves the 2p ← 1s

transition. Using Eq. (4-8), evaluate this energy difference in units of hertz (Hz).
(1 Hz=1 s−1.) Do the calculation using bothme andµ. (See Appendix 10 for
constants and conversion factors.) How much error in this calculation, in parts
per million, is introduced by ignoring the finite mass of the nucleus (i.e., using
me instead ofµ)?

4-2. Sketchqualitatively, on the samer axis, ψ2(r) for a 1s state and 4πr2 for the
variation ofdv with r. Sketch the radial distribution function, which is theproduct
of these two functions, and explain why it vanishes atr = 0,∞.

4-3. For a hydrogen atom in the 1s state,ψ = (1/
√

π)exp(−r), in atomic units.

a) Calculate the value ofr (in a.u.) at the classical turning point.
b) Calculate the percentage of the electronic charge that is predicted to be beyond

the classical turning point. (See Appendix 1 for useful integrals.)

4-4. Using atomic units, compute for a 1s electron of the hydrogenlike ion [ψ =
(
√

Z3/π)exp(−Zr)]. (See Appendix 1 for useful integrals.)

a) themost probable distanceof the electron from the nucleus,
b) theaverage distanceof the electron from the nucleus,
c) the distance from the nucleus ofmaximum probability density,
d) theaverage valueof the potential energy (V =−Z/r). Note how these quanti-

ties depend on atomic numberZ. Also, why do you think that, whenZ =1, (d)
is not minus the reciprocal of (b)? Why is (d)lower than minus the reciprocal
of (b)?

4-5. Demonstrate by integration that the 1s and 2s orbitals of the hydrogen atom are
orthogonal. (See Appendix 1 for useful integrals.)
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4-6. Normalize the functionr exp(−r)cosθ .

4-7. Obtain the average value of positionx̄, for a particle moving in a one-dimensional
harmonic oscillator potential in a state with the normalized wavefunction

ψ = (β/482π)1/4
[
(2

√
βx)3 − 12

√
βx

]
exp(−βx2/2)

[There is an easy way to do this problem.]

4-8. For a particle in a one-dimensional box with boundaries atx = 0 andL and for
any quantum numbern:

a) Show how you would set up the calculation for the mean square deviation of
the particle from its average position.

b) Explain qualitatively how you would expect the value of (a) to vary with
quantum numbern.

c) Evaluate the expression from part (a) in terms ofn andL. Calculate the value
for n = 1,2. Discuss the relative values of these numbers for reasonableness.

4-9. Sketch the 2pz and the 3dxy wavefunctions. Demonstrate, without explicitly
integrating, that these are orthogonal.

4-10. Repeat Problem 4-4, but for the 2p0 wavefunction.

4-11. Find an expression for the classical turning radius for a hydrogenlike ion in terms
of n, l,m, andZ.

4-12. Show that the sum of the charge distributions of all five 3d orbitals is spherically
symmetric.

4-13. Try to answer the following questions without looking up formulas or using
pencil and paper. Use atomic units.

a) What is the energy of the hydrogen atom in the 1s state?
b) What is the energy of He+ whenn = 1? n = 2?
c) What is the degeneracy of then = 5 energy level of hydrogen?
d) How many planar nodes does the 4dxz orbital have? How many radial nodes?
e) What is the potential energy in a hydrogen atom when the electron is 0.50 a.u.

from the nucleus?

4-14. You should be able to answer the following questions (use a.u.) in your head or
with trivial calculations.
An unnormalized eigenfunction for the hydrogen atom is

ψ = (27− 18r + 2r2)exp(−r/3)

a) What are thel andm quantum numbers for this state?
b) How many radial nodes does this function possess?
c) What is the energy of this state?
d) What is the classical turning radius for this state?
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4-15. ψ = N(6r − r2)exp(−r/3)sinθ sinφ is an eigenfunction, in a.u., for the hydro-
gen atom hamiltonian.N is the normalizing constant. Without looking at
formulas in the text, answer the following questions by inspection:

a) Is there a node in ther coordinate? If so, where?
b) Which state is this? (Give orbital symbol—e.g., 1s, 2pz , etc.)

4-16. Without comparing to tabulated formulas, state whether each of the following
could reasonably be expected to be an eigenfunction (unnormalized) of the hamil-
tonian for a hydrogenlike ion. Explain why.

a) (27− 18Zr + 2Z2r2)exp(−2Zr/3)

b) r exp(Zr/2)sinθ cosφ
c) r sinθ exp(−iφ).

4-17. Calculate the average value ofx for the 1s state of the hydrogen atom. Explain
why your result is physically reasonable.

4-18. a) Calculate the most probable value ofθ in the 2pz state of the hydrogen atom.
b) Calculate the values ofθ corresponding to nodal cones in the 3dz2 orbital.

4-19. Demonstrate that Eq. (4-30) for 3dxy has the same angular dependence as the
functionxy.

4-20. Verify Eq. (4-45) usingP1(x) with P1(x) and with P3(x) [from Eq. (4-42)].
What does Eq. (4-45) imply for the integral over all space ofψ3p0ψ3d−1?

4-21. Using Eqs. (4-51) and (4-43), write the normalized spherical harmonic function
Y3,−2(θ,φ). For which type of hydrogenlike AO does this function give the
angular dependence?

4-22. Verify Eq. (4-55).

4-23. Test the 2p0 eigenfunction to see if it is an eigenfunction forL̂x or L̂y , [Eqs.
(4-58) and (4-59)]. Show that the 1s function is an eigenfunction ofL̂x , L̂y ,
L̂z , andL̂2. Explain, in terms of the vector model, this seeming violation of the
discussion in the text.

4-24. Work out the value of̂L2ψ2p0
by brute force and show that the result agrees with

Eq. (4-57).

4-25. Sketch the vector diagram (as in Fig. 4-13) for the 4f orbitals of hydrogen. How
does this compare to the diagram for the 6f orbitals of He+?

4-26. Sometimes eigenfunctions for an operator can be mixed together to produce
new functions that are still eigenfunctions. Listed below are some operators
with pairs of their eigenfunctions. Indicate in each case whether mixtures of
these pairs will or will not continue to be eigenfunctions for the operator shown.
(You should be able to do this by inspection, using your knowledge of these
systems.)
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Operator Eigenfunctions

a) Ĥ (1 dim. box) ψ1 ψ3

b) Ĥ (ring) sin 3φ cos 3φ
c) L̂z(ang. mom.) exp(3iφ) exp(−3iφ)
d) Ĥ (cubical box) ψ1,2,3 ψ2,2,2

e) Ĥ (H atom) ψ2s ψ2p0

f) Ĥ (H atom) ψ3s ψ4s

4-27. A hydrogenlike ion is in a state having az-component of angular momentum
equal to−2 a.u.

a) What is the smallest possible value of thelengthof the angular momentum
vector for this state?

b) What symbol describes the state corresponding to your answer to part (a)?

4-28. Calculate the average angular momentum,L̄z , for a particle in a ring of constant
potential having wavefunction

a) (1/
√

π)sin 3φ
b) (1/

√
2π)exp(−3iφ)

4-29. Evaluate each of the following integrals. Look for labor-saving approaches.
Integrals are over all space unless otherwise indicated.

a)
∫

ψ2px
L̂zψ2px

dv

b)
∫

ψ2px
L̂2ψ2px

dv

c)
∫

ψ2px
L̂xψ2px

dv

d)
∫

ψ3d
x2−y2 ψ2px

dv

e)
∫ 2π

0 exp(2iφ)exp(−3iφ) dφ

4-30. Evaluate each of the following in a.u. (You should be able to answer these by
inspection.) Note:ψn,l,m stands for a hydrogen atom eigenfunction ofĤ .

a) L̂2ψ3,2,1

b) L̂2ψ2px

c) Ĥψ3px

d) (1/i) (∂/∂φ)ψ2p−1

4-31. For each of the following operators, indicate by “yes” or “no” whetherψ3px

(with Z = 1) is an eigenfunction. If it is, then also give the eigenvalue in a.u.

a) −1
2∇2 − 1/r

b) −1
2∇2 − 3/r

c) L̂z

d) −1
2∇2

e) L̂x

f) L̂2
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g) r

h) 1/r

4-32. For the 3s state of the hydrogen atom, estimate the amount of electronic charge
between 211 pm and 213 pm.

4-33. Calculate in hertz the splitting between 2p0 and 2p+1 of a hydrogen atom by a
magnetic field of 2 tesla. Compare this with the 2p ←− 1s transition energy (in
parts per million).

4-34. Try to answer (by inspection) the following questions about then = 4 states of
the hydrogen atom.

a) What is the energy of the level, in a.u.?
b) What is the degeneracy of the level?
c) What values for the length of the orbital angular momentum vector (in a.u.)

are possible?
d) Into how many sublevels (of energy) is then = 4 level split by imposition of

a magnetic field?
e) What is the degeneracy of theunshiftedportion of the sublevels referred to

in (d)?

4-35. Show that the moment of inertia for two masses,m1 andm2, moving on a rigid
massless bar about the center of mass at distancesr1 and r2, respectively, is
identical to that of a reduced massµ = m1m2/(m1 + m2) moving about a point
at a distance ofr = r1 + r2.

4-36. Show that Eq. (4-68) can be written, usingL̂2, in a form that is analogous to the
classical relation for a freely rotating mass,L2/2I = T .

4-37. Using thatmH =1.0078 a.m.u. andmBr = 80.9163 a.m.u., calculateµ and verify
the value ofr given at the end of Section 4-7.

4-38. Assuming an internuclear distance of 127.5 pm in D35Cl, compute the expected
positions in cm−1 for the absorption peaks corresponding toJ = 1← 0, 2← 1,

3← 2 (D = 2.0141 a.m.u.,35Cl = 34.9688 a.m.u.).

4-39. TheJ = 1← 0 transition in12C16O occurs at 3.86 cm−1. Calculate the internu-
clear distance. (12C = 12 a.m.u. by definition,16O = 15.9949 a.m.u.)

4-40. HCl has a permanent electric dipole moment, which means that thereduced
mass has a partial electric charge in the transformed version of the system.
This in turn means that there is a magnetic moment vector parallel to the total
angular momentum vector. Describe qualitatively what happens to the ener-
gies of theJ = 3 rotational states when HCl is subjected to a uniform magnetic
field.

4-41. Uncertainty in position in one dimension,�x, is defined as
[
x2 − x̄2

]1/2
That is,

it is the square root of the difference between the average squared position and
the square of the average position. Calculate�r for the 1s state of the hydrogen
atom.
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Multiple Choice Questions

(Try to answer these without referring to the text or using pencil and paper.)

1. A particle on the surface of a sphere has quantum numberJ = 7. The energy level
to which this state belongs has a degeneracy of

a) 56
b) 49
c) 42
d) 14
e) None of these.

2. A particle on the surface of a sphere in the state havingJ = 4, mJ = 4

a) hasE = 16h̄2/2I.

b) has az-component of angular momentum of 4h̄.
c) doesn’t exist because this state violates quantum number rules.
d) has a degeneracy of 20.
e) None of the above is a true statement.

3. HI and DI are made to undergo the same transition (sayJ = 11←− J = 10, but the
particularJ values are not important). The light frequency inducing the transition
for HI is equal toν. Approximately which frequency would you expect to induce
the same transition for DI?

a) 2ν
b) ν/2
c)

√
2ν

d) ν/
√

2
e) None of these.

4. The electronic energy of Li2+ in the 2s state is

a) the same as that of H in the 1s state.
b) nine times that of H in the 1s state.
c) one-fourth that of H in the 1s state.
d) four-ninths that of H in the 1s state.
e) nine-fourths that of H in the 1s state.

5. Consider the following expressions, whereψ is a hydrogen-atom wavefunction.

1)
∫ allspace

ψ∗rψ dv 2) d
dr

ψ∗ψr2 sinθ = 0
3) d

dr
ψ∗ψ = 0 4) d

dr
ψ = 0

Which one of the following is a true statement?

a) Expression 1 is equal to unity ifψ is normalized.
b) Expression 4 is true whenr is the position of a radial node.
c) Expression 3 is true everywhere becauseψ∗ψ is a constant.
d) Expression 2 is true whenr is at its most probable value.
e) Expression 3 is true whenr is at its most probable value.
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6. A 5dxy atomic orbital has

a) 2 planar and 1 radial nodes.
b) 2 planar and 3 radial nodes.
c) 3 planar and 1 radial nodes.
d) 5 nodes all together.
e) None of the above is correct.

7. For a hydrogen atom in ann = 4 state, the maximum possiblez-component of orbital
angular momentum is

a) 2h̄
b) 3h̄

c)
√

12h̄

d)
√

6h̄

e) None of the above is correct.

8. The following is an eigenfunction for the hydrogen atom:

ψ =
[
1/

√
32πa3

0

]
(r/a0)exp(−r/2a0)cosθ

Which one of the following statements aboutψ is true?

a) The term on the left, up to the exponential, is the normalizing constant.
b) Thisψ has a nonzero value at the nucleus.
c) For this state,l = 1 andml = 0.

d) This state has a spherical electron cloud distribution.
e) None of the above statements is true.

9. The radial distribution function for a 1s state, 4πr2ψ2
1s , indicates that

a) the most probable value of the distance from the nucleus is zero.
b) the average value ofr is zero.
c) the average value ofr is greater than the most probable value.
d) the average value ofr is equal to the most probable value.
e) the electron cloud density per cubic picometer is greatest at a radius other

than zero.
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Chapter 5

Many-Electron Atoms

5-1 The Independent Electron Approximation

In previous chapters we have dealt with the motion of a single particle in various
potential fields. When we deal with more than one particle, new problems arise and
new techniques are needed. Some of these are discussed in this chapter.

In constructing the hamiltonian operator for a many electron atom, we shall assume
a fixed nucleus and ignore the minor error introduced by using electron mass rather
than reduced mass. There will be a kinetic energy operator for each electron and
potential terms for the various electrostatic attractions and repulsions in the system.
Assumingn electrons and an atomic number ofZ, the hamiltonian operator is (in atomic
units)

H(1,2,3, . . . , n) = −1

2

n∑

i=1

∇2
i −

n∑

i=1

(Z/ri) +
n−1∑

i=1

n∑

j=i+1

1

rij

(5-1)

The numbers in parentheses on the left-hand side of Eq. (5-1) symbolize the spatial
coordinates of each of then electrons. Thus, 1 stands forx1, y1, z1, or r1, θ1, φ1,
etc. We shall use this notation frequently throughout this book. Since we are not here
concerned with the quantum-mechanical description of the translational motion of the
atom, there is no kinetic energy operator for the nucleus in Eq. (5-1). The indexi refers
to the electrons, so we see that Eq. (5-1) provides us with the desired kinetic energy
operator for each electron, a nuclear electronic attraction term for each electron, and an
interelectronic repulsion term for eachdistinct electron pair. (The summation indices
guarantee that 1/r12 and 1/r21 will not bothappear inH . This prevents counting the
same physical interaction twice. The indices also prevent nonphysical self-repulsion
terms, such as 1/r22, from occurring.) Frequently used alternative notations for the
double summation in Eq. (5-1) are12

∑n
i �=j 1/rij , which counts each interaction twice

and divides by two, and
∑n

i<j or
∑′

i,j which is merely a shorthand symbol for the
expression in Eq. (5-1). In each of these alternative notations, the summation is still
over two indices, but the second

∑
symbol is “understood.”

For the helium atom, Eq. (5-1) becomes (see Figure 5-1)

H(1,2) = −1

2
∇2

1 − 1

2
∇2

2 − (2/r1) − (2/r2) + (1/r12) (5-2)

The helium hamiltonian (5-2) can be rewritten as

H(1,2) = h(1) + h(2) + 1/r12 (5-3)

127
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Figure 5-1 � Interparticle coordinates for a three-particle system consisting of two electrons and
a nucleus.

where

h(i) = −1

2
∇2

i − 2/ri (5-4)

In Eq. (5-3) we have merely groupedH into two one-electron operators and one two-
electron operator. There is no way to separate this hamiltoniancompletelyinto a sum
of one-electron operators without loss of rigor. However, if we wish toapproximatethe
hamiltonian for helium in such a way that it becomes separable, we might try simply
ignoring the interelectronic repulsion term:

Happrox= h(1) + h(2) (5-5)

If we do this, our approximate hamiltonianHapprox treats the kinetic and potential
energies of each electroncompletely independentlyof the motion or position of the
other. For this reason, such a treatment falls within the category of “independent
electron approximations.”

Notice that each individual one-electron hamiltonian (5-4) is just the hamiltonian for
a hydrogenlike ion, so it has as eigenfunctions the 1s, 2s, 2p, etc., functions of Chapter 4
with Z =2. Such one-electron functions are referred to asatomic orbitals.1 Represent-
ing them with the symbolφi (e.g.,φ1 = 1s,φ2 = 2s,φ3 = 2px , φ4= 2py , etc.) we have,
then,

h(1)φi(1) = εiφi(1) (5-6)

whereεi is referred to as theorbital energy, or one-electron energyfor atomic orbital
φi . As we saw in Chapter 4,εi is given in atomic units by

εi = −1

2
Z2/n2 (5-7)

wheren is the principal quantum number forφi , andZ is the nuclear charge. The “1” in
Eq. (5-6) indicates thatφi(1) is a function whose variable is the position of electron 1.

We will now show thatproducts of the atomic orbitalsφ are eigenfunctions of
Happrox. Let the general product of atomic orbitals for helium be writtenφi(1)φj (2).
Then

Happroxφi(1)φj (2) = (h(1) + h(2))φi(1)φj (2) (5-8)

= h(1)φi(1)φj (2) + h(2)φi(1)φj (2) (5-9)

1The term “atomic orbital” is used for any one-electron function used to describe the electronic distribution
about an atom.
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Buth(1) does not contain any of the variables inφj (2), and so they commute. Similarly,
h(2) andφi(1) commute, and

Happroxφi(1)φj (2) = φj (2)h (1)φi(1) + φi(1)h (2)φj (2)

= φj (2)εiφi(1) + φi(1)εj φj (2) [from Eq. (5-6)]

= (
εi + εj

)
φi(1)φj (2) = Eφi(1)φj (2). (5-10)

Thus,φi(1)φj (2) is an eigenfunction ofHapprox, and the eigenvalueE is equal to
the sum of the orbital energies. These results are yet another example of the general
rules stated in Section 2-7 for separable hamiltonians. Indeed, once we recognized that
Happroxis separable, we could have written these results down at once.

Since the above terminology and results are so important for understanding many
quantum-chemical calculations, we will summarize them here:

1. The hamiltonian for a multielectron system cannot be separated into one-electron
parts without making some approximation.

2. Ignoring interelectron repulsion operators is one way to allow separability.

3. The one-electron operators in the resulting approximate hamiltonian for an atom are
hydrogenlike ion hamiltonians. Their eigenfunctions are calledatomic orbitals.

4. Simple products of atomic orbitals are eigenfunctions for the approximate hamilto-
nian.

5. In this approximationthe total energy is equal to the sum of the one-electron energies.

EXAMPLE 5-1 What electronic energy is predicted by the above approximation for
the lithium atom in its ground state? What is the experimental value for the total
electronic energy, given that the first and second ionization energies are 0.198 a.u.
and 2.778 a.u.?

SOLUTION � The ground state configuration for lithium is 1s22s, soEapprox = 2ε1s + ε2s =
2(−1

2 · 32

12 a.u.) + (−1
2 · 32

22 a.u.) = −10.125 a.u. The experimental value of E equals minus the
sum of all three ionization energies. The first two values are given, and the third can be calculated

using the formula for one-electron ions:IE3 = −ELi2+ = −(−1
2 · 32

12 ) = 4.500 a.u. Therefore,
Eexp=−(0.198+2.778+4.500)a.u.=−7.476 a.u. Clearly, the approximate hamiltonian predicts
an electronic energy that is much lower than the experimental value. �

5-2 Simple Products and Electron Exchange Symmetry

In the independent particle model just described, the wavefunction for the lowest-energy
state for helium is 1s(1)1s(2) since this has the lowest possible sum of one-electron
energies. Theelectronic configurationfor this state is symbolized 1s2, the superscript
telling us how many electrons are in 1s orbitals. What might we expect for the electronic
configuration of the lowest excited state? The answer is 1s2s (superscript “ones” are
implicit). (At this point there is no reason for preferring this configuration to, say,
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1s2px , but we shall show later that, in multielectronic systems, the 2s orbital has a
lower energy than does a 2p orbital, even though they have the same principal quantum
number.) Thus, we might write

ψ(1,2) = 1s(1)2s(2) ≡ √
8/π exp(−2r1)︸ ︷︷ ︸

He+ 1s

√
1/π(1− r2)exp(−r2)︸ ︷︷ ︸

He+ 2s

(5-11)

If one were to calculatēr1, the average distance from the nucleus for electron 1, using this
wavefunction, one would obtain a value of3

4 a.u., consistent with the 1s state of a helium
ion. For electron 2 one would find an average value,r̄2, of 3 a.u., characteristic of the 2s
state (Problem 5-2). How does this correspond to what we would find experimentally?

Before answering this question, we must recall that there are special problems asso-
ciated with measuring the properties of an atomic system. The process of “seeing”
electrons in atoms well enough to pinpoint their positions perturbs an atom so strongly
that it cannot be assumed to be in the same state after the measurement. To get around
this problem, we can assume that we have a very large number of identically prepared
helium atoms, and that a single measurement of electronic positions will be made on
each atom. It is assumed that the average of the instantaneousr values for a billion
systems is identical to the averager value for a billion instants in a single undisturbed
system.

When we consider the measurement of average values forr1 andr2 in helium, we
immediately encounter another problem. Say we can effect a simultaneous measure-
ment of the two electronic distances in the first He atom. We call theser1 andr2 and
tabulate them for future averaging. Then we move on to a new helium atom and mea-
surer1 andr2 for it. But we clearly have no way of identifying a particular one of these
electrons with a particular one of the earlier pair. There is no connection betweenr1
for one atom andr1 for the next since all electrons are identical. If we want to knowr̄,
we can only average them all together and leave it at that.

Thus, the wavefunction (5-11) does not seem to be entirely satisfactory since it
enables us to calculatēr1 �= r̄2, something that isin principle impossible to measure.
We need to modify the wavefunction so that it yields an average value forr1 andr2
(or for any quantity) that is independent of our choice of electron labels. This means
that the electron density itself, given byψ(1,2)2, must be independent of our electron
labeling scheme.

In a two-electron system like helium, there are only two ways to arrange the labels
“1” and “2” in a single product function. For example, the product 1s2s can be written

1s(1)2s(2) or 2s(1)1s(2) (5-12)

Squaring these gives two different functions, namely,

1s2(1)2s2(2) = (8/π)exp(−4r1)(1/π)(1− 2r2 + r2
2)exp(−2r2)

2s2(1)1s2(2) = (8/π)exp(−4r2)(1/π)(1− 2r1 + r2
1)exp(−2r1)

(5-13)

These are different since they predict, for instance, different distributions for electron 1.
The functions (5-12) are said to differ by an interchange of electron indices, or coor-
dinates. (Since electron labels denote position coordinates, interchange of labels in
the mathematical formula corresponds to interchanging positions of electrons in the
physical model.) Forψ2 to be invariant under such an interchange, it is necessary that
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ψ itself be either symmetric or antisymmetric under the interchange. That is, ifP is
an interchange operator such thatPf (1,2) = f (2,1) then we need aψ such that

P ψ = ±ψ (5-14)

since then

P (ψ2) = (P ψ)2 = (±ψ)2 = ψ2

One such wavefunction is given by thesumof eigenfunctions (5-12),

ψs= (1/
√

2)[1s(1)2s(2) + 2s(1)1s(2)] (5-15)

since

P ψs= (1/
√

2)[1s(2)2s(1) + 2s(2)1s(1)] = ψs

(the factor 1/
√

2 keeps the wavefunction normalized). Wavefunction (5-15) is thus
symmetric under electron interchange. Is Eq. (5-15) still an eigenfunction forHapprox?
Yes, because the eigenfunctions (5-12) are degenerate (both haveE = ε1s+ ε2s) and
can therefore be mixed together in any way we choose and still be eigenfunctions. The
antisymmetric combination is

ψa= (1/
√

2)[1s(1)2s(2) − 2s(1)1s(2)] (5-16)

Thus far we have shown that simple products of atomic orbitals give us two degen-
erate eigenfunctions ofHapproxfor the configuration 1s2s and that these eigenfunctions
fail to have the required symmetry properties for interchange of electron coordinates.
But we have shown that, by taking the sum and difference of these simple products, we
can form new eigenfunctions ofHapprox that are respectively symmetric and antisym-
metric with respect to the interchange of electron coordinates, so thatψ2 is invariant
to electron interchange.

There is another way we can demonstrate that the helium atom eigenfunctions ought
to be symmetric or antisymmetric for electron exchange: We can examine the hamilto-
nian operator. We have shown in Chapter 2 that nondegenerate eigenfunctions must be
symmetric or antisymmetric for any operation that leaves the hamiltonian unchanged
and that degenerate eigenfunctions may always be mixed together in some combina-
tion so that they too are symmetric or antisymmetric. This suggests that, for the case
under discussion (the helium atom), the hamiltonian operator might be unchanged by
an exchange of electrons. First we examineHapprox:

P Happrox= P [h(1) + h(2)] = h(2) + h(1) = Happrox (5-17)

Our approximate hamiltonian is invariant to electron exchange, so anynondegenerate
eigenfunctions must be symmetric or antisymmetric for interchange of electron labels
(or positions). Only because the 1s2s configuration leads todegenerateeigenfunctions
were we able to find unsymmetric2 eigenfunctions like Eq. (5-12). This situation is
reminiscent of the particle-in-a-ring system discussed in Chapter 2, where degenerate,

2A function is unsymmetric for any operation that produces neither plus nor minus that function; i.e., ifPf = y

andy �= ±f, thenf is unsymmetric under the operationP .
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symmetric exponential eigenfunctions could be mixed to form degenerate unsymmetric
trigonometric eigenfunctions. Let us now examine thefull hamiltonianH :

P H(1,2) = P [h(1) + h(2) + 1/r12] = h(2) + h(1) + 1/r21= H(1,2) (5-18)

Sincer12 andr21 are the same distance, it is evident that the exactH is likewise invariant
to interchange of electron labels. Thus, we see that appeal either to physical argument
or to the invariance ofH and ofHapproxto exchange of electrons leads us to recognize
the need to impose symmetry conditions on the wavefunctions.

We now summarize the points we have tried to convey in this section.

1. A simple product function of the type 1s(1)2s(2) enables one to calculate different
values ofr̄ for electrons 1 and 2. This makes no physical sense since the electrons
areidentical particlesand hence are not physically distinguishable.

2. Wavefunctions that overcome this difficulty must be either symmetric or antisym-
metric with respect to exchange of electron labels (coordinates).

3. The fact that this kind of “exchange symmetry” must be present is also (or alter-
natively) seen from the fact thatH (and alsoHapprox) is invariant under such an
exchange operation.

EXAMPLE 5-2 Given the functionsf (x1)=x2
1 andg(x2)=exp(x2), show that, for

x1 = 1, x2 = 2, f (x1)g(x2) is unsymmetric for exchange of the twox positions,
f (x1)g(x2)+g(x1)f (x2) is symmetric, andf (x1)g(x2) − g(x1)f (x2) is antisym-
metric.

SOLUTION � Forfg, we are examining what happens whenx2
1 exp(x2) turns intox2

2 exp(x1).

That is, we are comparing 12 exp(2) to 22 exp(1). The resulting values are 7.389 and 10.873—
obviously neither plus or minus times each other.fg + gf equals 12 exp(2) + 22 exp(1), or
7.389+ 10.873. After switching positions, we get 10.873+ 7.389, which is obviously the same
thing. fg −gf gives 7.389−10.873. After switching, it gives 10.873−7.389, which is obviously
minus one times the first value. �

5-3 Electron Spin and the Exclusion Principle

Chemical and spectral evidence indicates that metals in Groups IA and IB of the periodic
table are reasonably well represented by an electron configuration wherein one loosely
held “valence” electron occupies an s orbital and all other electrons occur in pairs in
orbitals of lower principal quantum number. Thus, lithium has a ground-state electronic
structure approximated by the configuration 1s22s, sodium by 1s22s22p63s, copper by
1s22s22p63s23p63d104s, etc. (A configuration indicating that all orbitals of givenn

andl are doubly occupied, leaving no other electrons, is often called aclosed shell. Thus,
the above-cited examples each consist of a closed shell plus one s valence electron.)
The observation that each atomic orbital in such configurations is occupied by no more
than two electrons was without a theoretical explanation for some time.
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When an atom like sodium is placed in an external magnetic field, what should
be the magnetic moment of the atom due to orbital motion of the electrons? The
s electrons should contribute nothing since, by definition of s, l = 0 and hence the
magnetic quantum numberm = 0 for such electrons. An electron in a p orbital may
have an orbital magnetic moment, but if all p levels (l = 1,m =+1,0,−1) are equally
occupied, the net magnetic moment should be zero. It is clear, then, that we might
expect atoms in Groups IA and IB to possess no magnetic moment due to electron
orbital motion. Nevertheless, Gerlach and Stern [1, 2] found that, when a beam of
unexcited silver atoms is passed through an inhomogeneous magnetic field, it splits
into two components as though each silver atom possesses a small magnetic moment
capable of taking on either of two orientations in the applied field. (In ahomogeneous
magnetic field, the north and south poles of a magnetic dipole experience equal but
oppositely directed forces, causing the dipole to becomeoriented. An example is a
magnetic compass in the magnetic field of the earth. In aninhomogeneousmagnetic
field the poles experience opposite but unequal forces, causing the entire dipole to be
accelerated through spacein addition to being oriented.) Uhlenbeck and Goudsmit
[3] and Bichowsky and Urey [4] independently suggested that the electron behaves
as though it were a particle of finite radius spinning about its center of mass. Such a
spinning particle would classically have angular momentum and, since it is charged,
an accompanying magnetic moment.3

If we accept the model of electron spin, then we can rationalize our experimental
facts if we assume each electron is capable of being in one of but two possible states of
opposite spin. This is done in the following way. If we attributeoppositespins to the
two 1s electrons in, say, silver, their spin moments should cancel. Similarly, all other
orbital-sharing electrons would contribute nothing if their spins were opposed. Only
the outermost (5s) electron would have an uncanceled spin moment. Its two possible
orientations would cause the beam to split into two components as is observed.4

The evident need for the introduction of the concept of electron spin means that our
wavefunctions of earlier sections are incomplete. We need a wavefunction that tells us
not only the probability that an electron will be found at givenr, θ , φ coordinates in
three-dimensional space, but also the probability that it will be in one or the other spin
state. Rather than seeking detailed mathematical descriptions of spin state functions,
we will simply symbolize themα andβ. Then the symbolφ(1)α(1) will mean that
electron number 1 is in a spatial distribution corresponding to space orbitalφ, and that
it has spinα. In the independent electron scheme, then, we could write thespin orbital
(includes space and spin parts) for the valence electron of silver either as 5s(1)α(1) or
5s(1)β(1). These two possibilities both occur in the atomic beam and interact differently
with the inhomogeneous magnetic field.

We now focus on the manner in which spin considerations affect wavefunction
symmetry. The electrons are still identical particles, so our particle distribution must be

3This classical model, developed in the 1920s, is pedagogically useful and is responsible for the termspin, which
is still employed to describe the fourth quantum number. However, it was not until 1948 and 1967 that mathematical
studies of the properties of linearized equivalents of the Sch¨odinger equation revealed the mathematical connection
to this quantum number. For an entry to the literature, see Roman [10].

4Actually, other experimental evidence, such as splitting of atomic spectral lines due to applied magnetic fields,
was also available. Furthermore, experience with the quantum theory of orbital angular momentum played a role
in the treatment of electron spin. The reader should not think that the historical development of quantum theory
of spin was as naive or simple as we make it appear here.
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insensitive to our choice of labels. This last statement is equivalent to saying thatψ must
be symmetric or antisymmetric for interchange of electronspace and spin coordinates.
Let us examine this situation in the case of ground state helium and lithium atoms.

In the independent electron approximation, the lowest-energy configuration for
helium is 1s2. Let us write the various conceivable spin combinations for this config-
uration. They are

1s(1)α(1)1s(2)α(2)










α(1)α(2) (5-19)
1s(1)α(1)1s(2)β(2) = 1s(1)1s(2)

α(1)β(2) (5-20)
1s(1)β(1)1s(2)α(2) β(1)α(2) (5-21)
1s(1)β(1)1s(2)β(2) β(1)β(2) (5-22)

It is easy to see that the common space term 1s(1)1s(2) is symmetric for electron inter-
change. Likewise,α(1)α(2) andβ(1)β(2) are each symmetric, so Eqs. (5-19) and
(5-22) are totally symmetric wavefunctions. The spin parts of Eqs. (5-20) and (5-21) are
unsymmetric (not antisymmetric) for interchange, so these wavefunctions are not satis-
factory. However, we can take the sum and difference of Eqs. (5-20) and (5-21) to obtain

1s(1)1s(2)

{
(1/

√
2)[α(1)β(2) + β(1)α(2)] (5-23)

(1/
√

2)[α(1)β(2) − β(1)α(2)] (5-24)

The 2−1/2 serves to maintain normality if we assumeα andβ to be orthonormal:

∫
α*(1)α(1)dω(1) =

∫
β*(1)β(1) dω(1) = 1 (5-25)

∫
α*(1)β(1)dω(1) =

∫
β*(1)α(1) dω(1) = 0 (5-26)

Here we use integrals and a differential elementdω in a “spin coordinateω.” This is
notationally convenient but not, for our purposes, worth delving into. We can interpret
integration overω to be in effect equivalent to summing over the possible electron
indices. If, for a particular electron index, the spins agree, then the integral equals unity.
If they disagree, the integral vanishes. Wavefunction (5-23) consists of symmetric space
and spin parts, so it is overall symmetric. Wavefunction (5-24) contains a symmetric
space part times an antisymmetric spin part, so it is overall antisymmetric. We have
succeeded, then, in writing down four wavefunctions for the configuration 1s2 having
proper symmetry for electron interchange. Three of these, Eqs. (5-19), (5-22), (5-23),
are symmetric and one, Eq. (5-24), is antisymmetric. Experimentally, we know that
the ground state of helium is asinglet, that is, there is but one such state.This suggests
that the wavefunction must be antisymmetric for exchange of electron space and spin
coordinates.

EXAMPLE 5-3 We have just shown four wavefunctions resulting from four spin
functions times a symmetric space part (1s2). Can we manipulate the 1s2 configu-
ration to obtain anantisymmetric space part, as we did for the 1s2s configuration?
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SOLUTION � We can try to produce an antisymmetric space function by taking the product
difference 1s(1)1s(2)-1s(2)1s(1). Since these two products are really the same, this combination
equals zero. Thus, whereas two different orbitals can be arranged in two product combinations, one
symmetric and the other antisymmetric, we find that a single orbital, doubly occupied, can appear
only in one simple product, which must be symmetric for electron exchange. �

Now let us try lithium. The lowest-energy configuration should be 1s3, and we can
write eight unique space-spin orbital products:

1s(1)1s(2)1s(3)






α(1)α(2)α(3) (5-27)
α(1)α(2)β(3) (5-28)
α(1)β(2)α(3) (5-29)
β(1)α(2)α(3) (5-30)
α(1)β(2)β(3) (5-31)
β(1)α(2)β(3) (5-32)
β(1)β(2)α(3) (5-33)
β(1)β(2)β(3) (5-34)

Of these, the first and last are totally symmetric for all electron interchanges. The
remaining six are unsymmetric for two out of three possible interchanges. Can we
make appropriate linear combinations of these as we did for helium? Let us try. The
problem is simplified by recognizing that, if we start with, say, twoα’s and oneβ,
we still have that number ofα’s andβ ’s after interchange of electron labels. Hence,
we mix together only functions that agree in total numbers ofα’s andβ ’s, i.e., (5-28),
(5-29), (5-30) with each other, or (5-31), (5-32), (5-33) with each other. Let us try the
sum of (5-28), (5-29), and (5-30). Ignoring normalization, this gives the spin function

α(1)α(2)β(3) + α(1)β(2)α(3) + β(1)α(2)α(3) (5-35)

Interchanging electron spin coordinates 1 and 2 gives

α(2)α(1)β(3) + α(2)β(1)α(3) + β(2)α(1)α(3)

which, upon reordering each product, is easily seen to be identical to (5-35). The same
result arises from interchanging 1 and 3 or 2 and 3, and so (5-35) is symmetric for all
interchanges. The sum of (5-31), (5-32), and (5-33) is likewise symmetric. Can we find
any combinations that are totally antisymmetric? A few attempts with pencil and paper
should convince one that it is impossible to find a combination that is antisymmetric
for all interchanges. Experimentally, we know that no state of lithium corresponds to
a 1s3 configuration.

To summarize, we have found that for the configuration 1s2 we can write three wave-
functions that are symmetric and one that is antisymmetric under exchange of electron
space and spin coordinates, while for the configuration 1s3 we can construct symmetric
or unsymmetric wavefunctions, but no antisymmetric ones. The physical observation
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is that atoms exist in onlyonestate having an electronic structure approximately repre-
sented by the configuration 1s2, but that there are no atoms having any state represented
by 1s3. This and other physical evidence has led to the recognition of theexclusion prin-
ciple: Wavefunctions must beantisymmetricwith respect to simultaneous interchange
of spaceand spin coordinates of electrons.5 In invoking the exclusion principle, we
exclude all of the 1s3 wavefunctions and three out of the four wavefunctions we were
able to construct for the ground state of helium, leaving (5-24) as the only acceptable
wave-function.

We have seen that the ground state configuration of lithium cannot be 1s3. Can we
satisfy the exclusion principle with the next-lowest energy configuration 1s22s? We
will try to find a satisfactory solution, but our manipulations will be simplified if we
streamline our notation. We will write a function such as 1s(1)1s(2)2s(3)α(1)β(2)α(3)

as 1s1s2sαβα, allowingpositionin the sequence to stand for the electron label. Inter-
changing electrons 1 and 2 is then represented by switching the order of space functions
in positions 1 and 2 and spin functions in positions 1 and 2 thus

1s1s2sαβα
1�2−→ 1s1s2sβαα (5-36)

This interchange produced a new function rather than merely reversing the sign
of our starting function. But if we take the difference between the two products
in Eq. (5-36), we will have a function that is antisymmetric to 1, 2 interchange:
1s1s2s(αβα − βαα). Now we subject this to a 1, 3 interchange and the new products
produced are subtracted to give a function that is antisymmetric to 1, 3 interchange:
1s1s2s(αβα − βαα)−2s1s1s(αβα − ααβ). The first pair of terms is still not antisym-
metric to 2, 3 interchange, and the second pair is not antisymmetric to 1, 2 interchange.
We can use either one of these interchanges to produce two new terms to subtract.
Either way, the resulting wavefunction, antisymmetric for all interchanges, is

1√
6
[1s1s2s(αβα − βαα) + 1s2s1s(βαα − ααβ) + 2s1s1s(ααβ − αβα)] (5-37)

The factor 6−1/2 normalizes (5-37) since all of the six space-spin products are normal-
ized and orthogonal to each other product by virtue of either space-orbital or spin-orbital
disagreement, or both. Note that, whereas the two-electron wavefunction for helium
was separable into a single space function times a spin function, the lithium wavefunc-
tion must be written as a linear combination of such products. This is usually true when
we deal with more than two electrons.

Since 1s22s is the lowest-energy configuration for which we can write an anti-
symmetrized wavefunction, this is the ground state configuration for lithium in this
independent-electron approximation.

In summary, phenomenological evidence suggests that an electron can exist in either
of two “spin states” in the presence of a magnetic field. Writing wavefunctions including
spin functions and comparing these with experimental facts indicates that states exist
only for wavefunctions that satisfy the exclusion principle.

5A broader statement is: Wavefunctions must be antisymmetric (symmetric) with respect to simultaneous
interchange of space and spin coordinates of fermions (bosons). A fermion is characterized by half-integral
spin quantum number; a boson is characterized by integral spin quantum number. Electrons have spin quantum
number1

2 and are therefore fermions.
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5-4 Slater Determinants and the Pauli Principle

It was pointed out by Slater [5] that there is a simple way to write wavefunctions
guaranteeing that they will be antisymmetric for interchange of electronic space and spin
coordinates: one writes the wavefunction as a determinant. For the 1s22s configuration
of lithium, one would write

ψ = 1√
6

∣∣∣∣∣∣∣

1s(1)α(1) 1s(2)α(2) 1s(3)α(3)

1s(1)β(1) 1s(2)β(2) 1s(3)β(3)

2s(1)α(1) 2s(2)α(2) 2s(3)α(3)

∣∣∣∣∣∣∣
(5-38)

Expanding this according to the usual rules governing determinants (seeAppendix 2)
gives

ψ = 1√
6
[1s(1)α(1)1s(2)β(2)2s(3)α(3) + 2s(1)α(1)1s(2)α(2)1s(3)β(3)

+1s(1)β(1)2s(2)α(2)1s(3)α(3) − 2s(1)α(1)1s(2)β(2)1s(3)α(3)

−1s(1)β(1)1s(2)α(2)2s(3)α(3) − 1s(1)α(1)2s(2)α(2)1s(3)β(3)] (5-39)

This can be factored and shown to be identical to wavefunction (5-37) of the preceding
section.

A simplifying notation in common usage is to delete theα, β symbols of the spin-
orbitals and to let a bar over the space orbital signifyβ spin, absence of a bar being
understood to signifyα spin. In this notation, Eq. (5-38) would be written

ψ = 1√
6

∣∣∣∣∣∣∣

1s(1) 1s(2) 1s(3)
1s̄(1) 1s̄(2) 1s̄(3)
2s(1) 2s(2) 2s(3)

∣∣∣∣∣∣∣
(5-40)

The general prescription to follow in writing a Slater determinantal wavefunction is
very simple:

1. Choose the configuration to be represented. 1s1¯s2s was used above. (Here we write
1s1s̄2s rather than 1s22s to emphasize that the two 1s electrons occupy different spin-
orbitals.) For our general example, we will letUi stand for a general spin-orbital
and take a four-electron example of configurationU1U2U3U4.

2. For n electrons, set up ann × n determinant with (n!)−1/2 as normalizing factor.
Every position in the first row should be occupied by the first spin-orbital of the
configuration; every position in the second row by the second spin-orbital, etc. Now
put in electron indices so that all positions incolumn1 are occupied by electron 1,
column 2 by electron 2, etc.

In the case of our four-electron configuration, the recipe gives

ψ = 1√
4!

∣∣∣∣∣∣∣∣∣

U1(1) U1(2) U1(3) U1(4)

U2(1) U2(2) U2(3) U2(4)

U3(1) U3(2) U3(3) U3(4)

U4(1) U4(2) U4(3) U4(4)

∣∣∣∣∣∣∣∣∣

(5-41)
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Notice that the principal diagonal (top left to bottom right) contains our original con-
figurationU1U2U3U4. Often, the Slater determinant is represented in a space-saving
way by simply writing the principal diagonal between short vertical bars. The nor-
malizing factor is deleted. Thus, Eq. (5-41) would be symbolized as|U1(1)U2(2)

U3(3)U4(4)|.
We have indicated the general recipe for writing down a Slater determinant, and we

have seen that, for the configuration 1s1¯s2s, this gives an antisymmetric wavefunc-
tion. Now we will give a general proof of the antisymmetry of such wavefunctions
for exchange of electrons. We have already seen that interchanging the space and spin
coordinates of electrons 1 and 2 corresponds to going through the wavefunction and
changing all the 1s to 2s and vice versa; i.e., electronlabelsdenote coordinates. In
a Slater determinant, interchanging electron labels 1 and 2 is the same thing as inter-
changing columns 1 and 2 of the determinant. [See Eq. (5-41) and note that columns 1
and 2 differ only in electron index.] But a determinant reverses sign upon interchange
of two rows or columns. (See Appendix 2 for a summary of the properties of determi-
nants.) Hence, any Slater determinant reverses sign (i.e., is antisymmetric) upon the
interchange of space and spin coordinates of any two electrons.

Suppose we tried to put two electrons into the same space-orbital with the same spin.
This would require that the same spin-orbital be written twice in the configuration,
causing two rows of the Slater determinant to be identical. [If both 1s electrons in
Eq. (5-40) hadα spin, the bars would be absent from row 2.] We just stated that
the determinant must reverse sign upon interchange of two rows. If we interchange
two identical rows, we change nothing yet the sign must reverse: the determinant
must be equal to zero. Thus, the determinantal wavefunction vanishes when we try
to put more than one electron into the same spin-orbital, indicating that this is not a
physically allowed situation. This is a generalization of our earlier discovery that no
1s3 configuration is allowed by the exclusion principle, such a configuration requiring
at least two electrons to have the same space and spin functions.

This restriction on allowable electronic configurations is more familiar to chemists as
the Pauli principle:In assigning electrons to atomic orbitals in the independent electron
scheme, no two electrons are allowed to have all four quantum numbers (n, l,m, spin)
the same. The Pauli principle is a restatement of the exclusion principle as it applies in
the special case of an orbital approximation to the wavefunction.

5-5 Singlet and Triplet States for the 1s2s Configuration
of Helium

We showed in Section 5-2 that twospacefunctions having proper space symmetry
could be written for the configuration 1s2s. One was symmetric (Eq. 5-15) and one
was antisymmetric (Eq. 5-16). Now we find that spin functions must be included in
our wavefunctions, and in a way that makes the final result antisymmetric when space
and spin coordinates are interchanged. We can accomplish this by multiplying the
symmetric space function by an antisymmetric spin function, calling the resultψs,a.
Thus,

ψs,a(1,2) = (1/
√

2)
[
1s(1)2s(2)+ 2s(1)1s(2)

]
(1/

√
2)

[
α(1)β(2) − β(1)α(2)

]
(5-42)
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Alternatively, we can multiply the antisymmetric space term by any one of the three
possible symmetric spin terms:

ψa,s(1,2) = (1/
√

2)
[
1s(1)2s(2)− 2s(1)1s(2)

]





α(1)α(2) (5-43a)
(1/

√
2)

[
α(1)β(2) + β(1)α(2)

]
(5-43b)

β(1)β(2) (5-43c)

All four of these wavefunctions satisfy the exclusion principle and each is linearly
independent of the others, indicating that four distinct physical states arise from the
configuration 1s2s.

There are a number of important points that can be illustrated using these wave-
functions. The first has to do with Slater determinants. Let us write down a Slater
determinantal expression corresponding to wavefunction (5-43a). The configuration is
1s(1)α(1)2s(2)α(2), giving the Slater determinant (where absence of a bar indicates
α spin)

ψa,s(1,2) = 1√
2

∣∣∣∣∣
1s(1) 1s(2)
2s(1) 2s(2)

∣∣∣∣∣ (5-44)

which, upon expansion, gives us Eq. (5-43a). If we attempt the same process to
obtain Eq. (5-43b), we encounter a difficulty. The configuration 1s(1)α(1)2s(2)β(2)

leads to a 2× 2 determinant, which, upon expansion, gives two product terms,
whereas Eq. (5-43b) involves four product terms. The Slater determinantal functions
corresponding to Eqs. (5-42) and (5-43b) are, in fact,

ψs,a
a,s

(1,2) = 1√
2

{
1√
2

∣∣∣∣∣
1s(1) 1s(2)

2s̄(1) 2s̄(2)

∣∣∣∣∣ ∓
1√
2

∣∣∣∣∣
1s̄(1) 1s̄(2)

2s(1) 2s(2)

∣∣∣∣∣

}
(5-45)

The lesson to be gained from this is that asingle Slater determinant does not always
display all of the symmetry possessed by the correct wavefunction. (In this particular
case, a single determinant restricts one of the AOs toα spin and the other toβ, which
is an artificial limitation.)

Next we will investigate the energies of the states as they are described by these
wavefunctions. We have already pointed out that they are degenerate eigenfunctions
of Happrox, but we will now examine their interactions with the full hamiltonian (5-2).
Since our wavefunctions are not eigenfunctions of this hamiltonian, we cannot compare
eigenvalues. Instead we must calculate the average values of the energy for each
wavefunction, using the formula

Ē =
∫

ψ*Hψ dτ∫
ψ*ψ dτ

(5-46)

The symbol “dτ ” stands for integration over space and spin coordinates of the electrons:
dτ = dv dω. Since both space and spin parts of our wavefunctions are normalized
[cf. Eqs. (5-25) and (5-26)], the denominator of Eq. (5-46) is unity and may be ignored.
The energy thus is given by the expression

Ē =
∫

ψ*

[
−1

2
∇2

1 − 1

2
∇2

2 − (2/r1) − (2/r2) + (1/r12)

]
ψ dτ (5-47)
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Notice that the energy operatorH contains no terms that would interact with spin
functionsα andβ. (Such terms do arise at higher levels of refinement, but we ignore
them for now.) Hence, the spin terms ofψ can be integrated separately, and, since all
spin factors in Eqs. (5-42) and (5-43) are normalized, this gives a factor of unity in all
four cases. This means that the average energies will be entirely determined by the
space parts of the wavefunctions. This, in turn, means that all three states (5-43), which
have the same space term, will have the same energy but that the state approximated by
the function (5-42) may have a different energy. If our approximate representation of
the exact eigenfunctions is physically realistic, we expect helium to display two excited
state energies in the energy range consistent with a 1s2s configuration. Furthermore,
we expect one of these state energies to be triply degenerate.

Which of these two state energies should be higher? To determine this requires that
we expand our energy expression (5-47) for each of the two space functions (5-42)
and (5-43).

Ē1
3
= 1

2

∫∫
[1s*(1)2s*(2) ± 2s*(1)1s*(2)]

[
−1

2
∇2

1 − 1

2
∇2

2 − (2/r1)

− (2/r2) + (1/r12)

]
[1s(1)2s(2) ± 2s(1)1s(2)]dv(1)dv(2) (5-48)

(The subscript on̄E refers to the degeneracy of whichever energy level we are consider-
ing.) This expands into a large number of terms. Integrals over one-electron operators
may be written as products of two integrals, each over a different electron.6 Thus, the
expansion over the kinetic energy operators gives

(5-49)
6We have already shown that, if the 1/r12 term is absent, the energy is equal toE1s+ E2s, for He+, which is

equal to−2.5 a.u. Therefore, the detailed breakdown leading to Eqs. (5-49)–(5-51) is not necessary. However, we
will present it in detail in the belief that some students will benefit from another specific example of integration
of two-electron products over one-electron operators.
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The orthogonality of the 1s and 2s orbitals causes the terms preceded by± to vanish.
Furthermore, integrals that differ only in the variable label [such as those in the second
and third terms of (5-49)] are equal, so that this expansion becomes

∫
1s*(1)

[
−1

2
∇2

1

]
1s(1)dv(1) +

∫
2s*(1)

[
−1

2
∇2

1

]
2s(1) dv(1) (5-50)

Expansion of Eq. (5-48) over (−2/r1 − 2/r2) proceeds analogously to give
∫

1s*(1)(−2/r1)1s(1) dv(1) +
∫

2s*(1) (−2/r1)2s(1) dv(1) (5-51)

The final term in the hamiltonian, 1/r12, occurs in four two-electron integrals:

1

2

{∫∫
1s*(1)2s*(2)(1/r12)1s(1)2s(2) dv(1) dv(2)

+
∫∫

2s*(1)1s*(2)(1/r12)2s(1)1s(2) dv(1) dv(2)

±
∫∫

1s*(1)2s*(2)(1/r12)2s(1)1s(2) dv(1) dv(2)

±
∫∫

2s*(1)1s*(2)(1/r12)1s(1)2s(2) dv(1) dv(2)

}
(5-52)

The first two integrals of (5-52) differ only by an interchange of labels “1” and “2 ,” and
so they are equal to each other. The same is true of the second pair. Thus, the average
value of the energy is

Ē1
3

=
{∫

1s*(1)

[
−1

2
∇2

1

]
1s(1) dv(1) +

∫
1s*(1) [−2/r1] 1s(1) dv(1)

+
∫

2s*(1)

[
−1

2
∇2

1

]
2s(1) dv(1) +

∫
2s*(1) [−2/r1] 2s(1)dv(1)

+
∫∫

1s*(1)2s*(2)(1/r12)1s(1)2s(2) dv(1) dv(2)

±
∫∫

1s*(1)2s*(2)(1/r12)2s(1)1s(2) dv(1) dv(2)

}
(5-53)

Notice that, since−1
2∇2 − 2/r is the hamiltonian for He+, the first two integrals of

Eq. (5-33) combine to give the average energy of He+ in its 1s state. The second pair
gives the energy for He+ in the 2s state. Thus, Eq. (5-53) can be written

Ē1
3
= E1s+ E2s+ J ± K (5-54)

whereJ andK represent the last two integrals in Eq. (5-53). No bars appear onE1s
or E2s because these “average energies” are identical to the eigenvalues for the He+
hamiltonian (Problem 5-15).

The integralJ denotes electrons 1 and 2 as being in “charge clouds” described by
1s*1s and 2s*2s, respectively. The operator 1/r12 gives the electrostatic repulsion
energy between these two charge clouds. Since these charge clouds are everywhere neg-
atively charged, all the interactions are repulsive, and it is necessary that this “coulomb
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Figure 5-2 � The function produced by multiplying together hydrogenlike 1s and 2s orbitals.R

is the radius of the spherical nodal surface.

integral” J be positive. Alternatively, we can argue that the functions 1s*1s, 2s*2s,
and 1/r12 are everywhere positive, so the integrand ofJ is everywhere positive andJ
must be positive.

The integralK is called an “exchange integral” because the two product functions in
the integrand differ by an exchange of electrons. This integral gives the net interaction
between an electron “distribution” described by 1s*2s, and another electron in the same
distribution. (These distributions are mathematical functions, not physically realizable
electron distributions.) The 1s2s function is sketched in Fig. 5-2. Because the 2s orbital
has a radial node, the 1s2s function (which is the same as 1s*2s since the 1s function
is real) also has a radial node. Now the function 1s(1)2s(1)1s(2)2s(2) will be positive
wheneverr1 andr2 are either both smaller or both larger than the radial node distance
(R in Figure 5-2). But when oner value is smaller thanR and the other is greater,
corresponding to the electrons being on opposite sides of the nodal surface, the product
1s(1)2s(1)1s(2)2s(2) is negative. These positive and negative contributions toK are
weighted by the function 1/r12, which is always positive and hence unable to affect
the sign of the integrand. But 1/r12 is smallest when the electrons are far apart. This
means that 1/r12 tends to reduce the contributions where the electrons are on opposite
sides of the node (i.e., the negative contributions), and so the value ofK turns out to be
positive (although not as large in magnitude asJ , which has no negative contribution
at all).

Since the integralK is positive, we can see from Eq. (5-54) that thetriply degenerate
energy level lies below the singly degenerate one, the separation between them being
2K. (We note in passing that these independent-electron wavefunction energies are not
simply the sum of one-electron energies as was the case when we usedHapprox, thereby
ignoring interelectronic repulsion.)

The experimental observation agrees qualitatively with these results. There are two
state energies associated with the 1s2s configuration. When the atom is placed in an
external magnetic field, the lower-state-energy-level splits into three levels. The state
having the higher energy has a “multiplicity” of one and is called a singlet. The lower-
energy with multiplicity three is called a triplet. (The reference to a “triplet state”
should not be construed to mean that this is one state. It is a triplet of states.)

It is possible to use vector arguments similar to those presented in Chapter 4 to under-
stand why the triply degenerate level splits into three different levels in the presence of
a homogeneous magnetic field. Let us first consider the case of a single electron. We
have already indicated that two spin states are possible, which we have labeledα andβ.
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In a magnetic field the angular momentum vectors precess about the field axisz, as
depicted in Figure 5-3. Thez components of the angular momentum vectors are con-
stant but thex andy components are not. Because theallowed z components must
in general differ by one atomic unit (stated but not proved in Chapter 4), and because
there are but two allowed values (inferred from observations such as the splitting of
a beam of silver atoms into two components), and because the two kinds of state are
oppositelyaffected by magnetic fields, it is concluded that thez components of angular
momentum (labeledms) are equal to+1

2 and−1
2 a.u. forα andβ, respectively. Fol-

lowing through using orbital angular momentum relations as a model, we postulate an
electron spin quantum numbers equal to the maximumz-component of spin angular
momentum in a.u.,12, and a spin angular momentum vectorshaving length

√
s(s + 1)

a.u. The degeneracy,gs = 2s + 1, equals 2, in agreement with the two orientations in
Fig. 5-3.

As noted in Chapter 4, half-integer quantum numbers correspond to eigenfunctions
that cannot be expressed as spherical harmonics. We will not pursue the question
of detailed expressions forα andβ here. (However, see the problems at the end of
Chapter 9.)

Now let us turn to the two-electron system. We will assume that the magnetic
moments of the two electrons interact independently with the external field. This
ignores the fact that each electron senses a small contribution to the magnetic field
resulting from the magnetic moment of the other electron.

Another factor that could affect the magnetic field sensed by the spin moment is the
magnetic moment resulting from theorbital motions of the electrons, although this is
not present if both electrons are taken to be in s atomic orbitals (AOs). For two electrons,
we can imagine four situations:αα, αβ, βα, andββ. We pointed out earlier (Section
4-5) that, for a system composed of several moving parts, the total angular momentum
is the sum of the individual angular momenta, and thez component is the sum of the
individual z components. For the four spin situations listed above, this means that the
net z components of spin angular momentum (labeledMs) are+1,0,0, and−1 a.u.,
respectively. The spin combinationsαβ + βα [from the triplet (5-43b)] andαβ − βα

Figure 5-3 � The angular momentum vectors forα andβ precess around the magnetic field axis
z. Thez components of these vectors are constant and have values of +1

2 and−1
2 a.u. respectively.
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Figure 5-4 � Energy levels for singlet and triplet levels of 1s2s helium in (a) absence, and
(b) presence of an external magnetic field.

[from the singlet (5-42)] are linear combinations ofαβ andβα. However, since these
two functions have the same value for thez component of angular momentum (zero),
their linear combinations will also have that value. It follows that thez components
of the spin angular momenta of the triplet of states (5-43) are+1,0, and−1 a.u., and
for the singlet (5-42) it is zero. Because the electrons are charged, these spin angular
momenta correspond to spin magnetic moments, which interact differently with the
applied magnetic field to give splitting of the triplet (see Figure 5-4). It is customary
to refer to all three spin states in (5-43) as havingparallel spins even though the vector
diagram for the (5-43b) state is not particularly in accord with this terminology. For
the singlet state, the spins are said to beopposed, or antiparallel.

5-6 The Self-Consistent Field, Slater-Type Orbitals,
and the Aufbau Principle

Up to now we have used wavefunctions that, while not being eigenfunctions of the
hamiltonian, are eigenfunctions of an “effective hamiltonian” obtained by ignoring the
interelectronic repulsion operator 1/rij . That is, these wavefunctions would be exactly
correct if the electrons in helium were attracted by the nucleus, but did not repel each
other. For this reason, we have referred to this as an independent electron approxi-
mation. Because we have neglected interelectronic repulsion, we cannot expect such
a wavefunction to give very good numerical predictions of charge density or energy.
We can compare the energy of He in the 1s2 (ground) state as predicted by our inde-
pendent electron wavefunction and Happrox(−108.84 eV) with the experimental value
(−79.0143 eV). (See Table 5-1.) This shows that the predicted energy is much too low,
which is understandable since we have neglected an important repulsive (hence positive)
interaction energy. But we can account for much of this neglected energy by calculating
theaveragevalue of the energy using H (with 1/r12 included) instead of Happrox . This
gives a value of−74.83 eV—much better, though now too high by more than 4 eV. Even
though we have now accounted for interelectronic repulsion, there is still a problem:
Because we ignored interelectronic repulsion in arriving at these wavefunctions, they
predict electron densities that are too large near the nucleus. In reality, interelectronic
repulsion prevents so much build-up of charge density. Methods have been devised that
partially overcome this problem by retaining the convenient form of orbital products
but modifying the formulas for the orbitals themselves to make them more diffuse.
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TABLE 5-1 � Average Values for Energy Calculated from Helium Atom Ground State
Approximate Wavefunctionsa

Wavefunction description Ē(eV)

1) Product of He+ orbitals −74.83
2) Product of hyrdrogenlike orbitals withζ fixed by SCF

method −77.48
3) Best product-type wavefunction −77.870917
4) Nonorbital wavefunction of Pekeris [9]. This wavefunction

uses functions ofr1, r2 andr12 as coordinates and has
the form of an exponential times a linear combination of
1078 terms −79.00946912

aĒ = ∫
ψ∗Hψdτ/

∫
ψ∗ψdτ , whereH is given by Eq. (5-2).

Let the ground state of helium be our example. We take the ordinary independent-
electron wavefunction as our initial approximation:

1s(1)1s(2) ≡ √
8/π exp(−2r1)

√
8/π exp(−2r2) (5-55)

These atomic orbitals are correct only if electrons 1 and 2 do not “see” each othervia
a repulsive interaction. They really do repel each other, and we canapproximatethis
repulsion by saying that electron 2 “sees” electron 1 as a smeared out, time-averaged
charge cloud rather than the rapidly moving point charge that is actually present. The
initial description for this charge cloud is just the absolute square of the initial atomic
orbital occupied by electron 2: [1s(2)]2. Our approximation now has electron 1 moving
in the field of a positive nucleus embedded in a spherical cloud of negative charge.
Thus, for electron 1, the positive nuclear charge is “shielded” or “screened” by electron
2. Hence, electron 1 should occupy an orbital that is less contracted about the nucleus.
Let us write this new orbital in the form

1s′(1) =
√

ζ 3/π exp(−ζ r1) (5-56)

whereζ is related to the screened nuclear charge seen by electron 1. The mathematical
methods used to evaluateζ will be described later in this book.

Next we turn to electron 2, which we now take to be moving in the field of the
nucleus shielded by the charge clouddue to electron1, now in its expanded orbital.
Just as before, we find a new orbital of form (5-56) for electron 2. The value ofζ

that we calculate for electron 2, however, will be different from what we found for
electron 1 because the shielding of the nucleus by electron 1 is different from what it
was by electron 2 in our previous step. We now have a new distribution for electron
2, but this means that we must recalculate the orbital for electron 1 since this orbital
was appropriate for the screening due to electron 2 in its old orbital. After revising
the orbital for electron 1, we must revise the orbital for electron 2. This procedure
is continued back and forth between electrons 1 and 2 until the value ofζ converges
to an unchanging value (under the constraint that electrons 1 and 2 ultimately occupy
orbitals having the same value ofζ ). Then the orbital for each electron is consistent
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with the potential due to the nucleus and the charge cloud for the other electron: the
electrons move in a “self-consistent field” (SCF).

The result of such a calculation is a wavefunction in much closer accord with the
actual charge density distributions of atoms than that given by the complete neglect of
interelectron repulsion.7 A plot of the electron density distribution in helium as given
by wavefunction (5-55) and by a similar wavefunction with optimizedζ is given in
Fig. 5-5. Because each electron senses only the time-averaged charge cloud of the
other in this approximation, it is still an independent-electron treatment. The hallmark
of the independent electron treatment is a wavefunction containing only a product of
one-electron functions. It will not contain functions of, say,r12, which would makeψ
depend on the instantaneous distance between electrons 1 and 2.

Atomic orbitals that are eigenfunctions for the one-electron hydrogenlike ion (for
integral or nonintegralZ) are calledhydrogenlike orbitals. In Chapter 4 we noted that
many hydrogenlike orbitals have radial nodes. In actual practice, this mathematical
aspect causes increased complexity in solving integrals in quantum chemical calcula-
tions. Much more convenient are a class of modified orbitals calledSlater-type orbitals
(STOs). These differ from their hydrogenlike counterparts in that they have no radial
nodes. Angular terms are identical in the two types of orbital. The unnormalized radial
term for an STO is

R(n,Z, s) = r(n−1) exp[−(Z − s)r/n] (5-57)

Figure 5-5 � Electron distribution in helium as given by SCF and unshielded independent electron
approximations.

7In practice, mathematical techniques have been found that lead to a self-consistent solution without explicit
iteration between evolving AOs that converge to some final optimizedζ . Examples are described in Chapters 7
and 12. A thorough discussion of the SCF and related methods is given in Chapter 11.
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whereZ is the nuclear charge in atomic units, n is the principal quantum number, and
s is a “screening constant” which has the function of reducing the nuclear chargeZ

“seen” by an electron. Slater [7] constructed rules for determining the values ofs

that will produce STOs in close agreement with those one would obtain by an SCF
calculation. These rules, appropriate for electrons up to the 3d level, are

1. The electrons in the atom are divided up into the following groups: 1s|2s,2p|3s,
3p|3d.

2. The shielding constants for an orbital associated with any of the above groups is
the sum of the following contributions:

a) Nothing from any electrons in groups to the right (in the above list) of the group
under consideration

b) 0.35 from each other electron in the group under consideration (except 0.30 in
the 1s group)

c) If the orbital under consideration is an s or p orbital, 0.85 for each electron with
principal quantum number less by 1, and 1.00 for each electron still “farther in”;
for a d orbital, 1.00 for all electrons farther in

For example, nitrogen, with ground state configuration 1s22s2 2p3, would have the
same radial part for the 2s and 2p STOs. This would be given by the formula (n = 2,
Z = 7, s = 4× 0.35+ 2× 0.85= 3.1)

R2s,2p(2,7,3.1) = r(2−1) exp[−(7− 3.1)r/2] = r exp(−1.95r)

For the 1s level,n = 1,Z = 7, s = 0.30, and

R1s= exp(−6.7r)

Comparing orbital exponents, we see that the 1s charge cloud is compressed much
more tightly around the nucleus than are the 2s and 2p “valence orbital” charge clouds.
Slater-type orbitals are very frequently used in quantum chemistry because they provide
us with very good approximations to self-consistent field atomic orbitals (SCF–AOs)
with almost no effort.

Clementi and Raimondi [8] have published a refined list of rules for the shielding
constant, which extends to the 4p level. Their rules include contributions to shielding
due to the presence of electrons in shells outside the orbital under consideration. Such
contributions are not large, and, up to the 3d level, there is reasonably good agreement
between these two sets of rules.

The fact that STOs have no radial nodes results in some loss of orthogonality. Angular
terms still give orthogonality between orbitals having differentl orm quantum numbers,
but STOs differing only in theirn quantum number are nonorthogonal. Thus, 1s, 2s,
3s,. . . are nonorthogonal. Similarly 2pz , 3pz , . . . or 3dxz , 4dxy, . . . are nonorthogonal.
In practice, this feature is handled easily. The only real problem arises if oneforgets
about this nonorthogonality when making certain calculations.

When carrying out SCF calculations on multielectronic atoms, one finds that the
orbital energies for 2s and 2p functions are not the same. Similarly, 3s 3p, and 3d orbitals
are nondegenerate. Yet these orbitals were degenerate in the one-electron hydrogenlike
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system in which energy was a function ofn but not ofl or m. Why are these orbital
energies nondegenerate in the many-electron calculation? A reasonable explanation can
be found by considering the comparative effectiveness with which a pair of 1s electrons
screen the nucleus from a 3s or a 3p electron. Comparing the 3s, 3p, and 3d hydrogenlike
orbital formulas in Table 4-2 shows that the 3s orbital is finite at the nucleus, decreasing
proportionally tor for smallr. The 3p orbitals vanish at the nucleus but grow asr for
smallr. The 3d orbitals vanish at the nucleus but grow asr2 for smallr. The result of
all this is that an s electron spends a larger amount of its time near the nucleus than a p
electron of the same principal quantum number, the p electron spending more time near
the nucleus than the d, etc. Hence, the s electron penetrates the “underlying” charge
clouds more effectively and is therefore less effectively shielded from the nucleus.
Since the s electron sees a greater effective nuclear charge, its energy is lower than
that of the p electron. (This effect is not obvious in STOs since the 3s and 3p STOs
have the same radial function which vanishes at the nucleus. However, the STO for 3d
does reflect the nondegeneracy since Slater’s rules give it a different screening constant
from 3s or 3p.)

The tendency for higherl values to be associated with higher orbital energies leads
to the following orbital ordering:

1s 2s 2p 3s 3p 4s 3d 4p 5s 4d 5p 6s 5d 4f 6p 7s 6d 5f. . . (5-58)

When we get to principal quantum numbers of 3 and higher, the energy differences
between differentl values for the samen become comparable to the differences between
differentn levels. Thus, in some atoms, the 4s level is almost the same as the 3d level,
etc.

In compiling data on ground states of atoms, Hund noticed thatgreatest stability
results if the AOs in a degenerate set are half-filled with electrons before any of them
are filled. This generalization, calledHund’s rule, is sometimes stated in an alternative
form: Of the states associated with the ground state configuration of an atom or ion,
those with greatest spin multiplicity lie deepest in energy. Chemists generally find the
former version to be more convenient, spectroscopists the latter. The reason for the
equivalence of these statements will emerge later in this chapter.

EXAMPLE 5-4 An unexcited Fe atom has an electronic configuration of
1s22s22p63s23p64s23d6. What is its spin multiplicity?

SOLUTION � All electrons below 3d6 are spin-paired in orbitals, hence contribute nothing to
MS . In 3d6, we have 4 electrons that can each occupy a 3d AO alone. If we follow Hund’s
rule and seek maximum spin multiplicity, we make all their spins the same (α). Then maximum,
MS =4 · 1

2 =2, soS =2, and spin multiplicity is 2S +1=5. The atom has a quintet ground “state”
(really five states). �

The energy-ordering scheme (5-58) coupled with the Pauli or exclusion principle
and Hund’s rule leads us to a simple prescription for “building up” the electronic con-
figurations of atoms. Thisaufbauprinciple is familiar to chemists and leads naturally
to a correlation between electronic structure and the periodic table. The procedure is to
place all the electrons of the atom into atomic orbitals, two to an orbital, starting at the
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low-energy end of the list (5-58) and working up in energy. In addition, when filling a
set of degenerate levels like the five 3d levels, one half-fills all the levels with electrons
of parallel spin before filling any of them. This prescription enables one to guess the
electronic configuration of any atom, once its atomic number is known, unless it hap-
pens to put us into a region of ambiguity, where different levels have almost the same
energy. (Electronic configurations for such atoms are deduced from experimentally
determined chemical, spectral, and physical properties.) The configuration for carbon
(atomic number 6) would be 1s22s22p2, with the understanding that p electrons occupy
differentp orbitals and have parallel spins. (Recall that we expect the most stable of all
the states arising from the configuration 1s22s22p2 to be the one of highest multiplicity.
The 2p electrons can produce either a singlet or a triplet state just as could the two
electrons in the 1s2s configuration of helium. The triplet should be the ground state and
this corresponds to parallel spins, whichrequiresdifferent p orbitals by the exclusion
principle.)

It is important to realize that the orbital ordering (5-58) used in theaufbauprocess
is not fixed, but depends on the atomic numberZ. The ordering in (5-58) cannot be
blindly followed in all cases. For instance, the ordering shows that 5s fills before 4d.
It is true that element 38, strontium, has a· · ·4p65s24d0 configuration. But a later
element, palladium, number 46, has· · ·4p64d105s0 as its ground state configuration.
The effect of adding more protons and electrons has been to depress the 4d level more
than the 5s level.

5-7 Electron Angular Momentum in Atoms

Most of our attention thus far has been with wavefunction symmetry and energy.
However, understanding atomic spectroscopy or interatomic interactions (in reactions
or scattering) requires close attention to angular momentum due to electronic orbital
motion and “spin.” In this section we will see what possibilities exist for the total
electronic angular momenta of atoms and how these various states are distinguished
symbolically.

We encountered earlier (Section 4-5) the notion that the total angular momentum for
a classical system is the vector sum of the angular momenta of its parts. If the system
interacts with az-directed field, the total angular momentum vector precesses about
thez axis, so thez component continues to be conserved and continues to be equal to
the sum ofz components of the system’s parts. Since quantum hydrogenlike systems
obey angular momentum relations analogous to aprecessingclassical system, it is this
z-axis behavior that we focus on as we seek to construct the nature of the total angular
momentum from the orbital and spin parts we already understand.

Because it is thetotal angular momentum that is conserved in a multicomponent
classical system, it is the total angular momentum that obeys the quantum rules we have
previously described for separate spin and orbital components. If we consider a one-
electron system, the combined spin-orbital angular momentum can be associated with
a quantum number symbolized byj (analogous tos andl). Then we can immediately
say that the allowedz components of total angular momentum are, in a.u.,mj = ±j,

±(j − 1), . . . and that the length of the vector is
√

j (j + 1) a.u.
The implication of accepting total angular momentum as the fundamental quantized

quantity is that the spin and orbital angular momenta do not individually obey the
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quantum rules we have so far applied to them—s andl are not “good” quantum numbers.
However, for atoms of low atomic number they are in fact quite good, especially for
low-energy states, and we can continue to refer to thes andl quantum numbers in such
cases with some confidence. (Classically, this corresponds to cases where there is little
transfer of angular momentum between modes.)

5-7.A Combined Spin-Orbital Angular Momentum for
One-Electron Ions

The key to understanding the following discussion is to remember that a quantum
numberl, s, or j really tells usthreethings:

1. It equals themaximumvalue ofml , ms , ormj . If l =2, the maximum allowed value
of ml is 2, and the maximumz component of orbital angular momentum is 2 a.u.

2. It allows us to know thelengthof the related angular momentum vector,l, s, or j ,
in a.u. Forj , this is given by

√
j (j + 1). If j = 2, the length of the total angular

momentum vectorj is
√

6 a.u.

3. It allows us to know thedegeneracy, g, of the energy level due to states having this
angular momentum. Fors, this is 2s + 1. If s = 1/2, gs = 2. The correspondingl
degeneracies produce the s, p, d, f degeneracies of 1,3,5,7.

Using the hydrogen atom as our example, let us consider what thetotal electronic
angular momentum is in the ground (1s) state. For an s AO,l = 0, and so there is no
orbital angular momentum. This means that thetotal angular momentum is the same
as the spin angular momentum, soj = s =1/2,mj =±1/2. The diagram for the vector
j , then, looks just like that fors (Fig. 5-3).

Figure 5-6 � (a) Maximumz components of orbital and spin angular momenta for a p electron
leading to atotal z component of 3/2. (b) The four states corresponding to thej =3/2 vector assuming
its possiblez intercepts (3/2,1/2, −1/2,−3/2).
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Figure 5-7 � (a)j =1/2, resulting whenl is oriented with its maximumz intercept andsis oriented
in its other orientation (other than as in Fig. 5-6). (b) The two states corresponding to theJ = 1/2
vector assuming its possiblez intercepts(1/2,−1/2).

More interesting is an excited state, say 2p. Nowl = 1 ands = 1/2. Froml = 1 we
can say that the maximum orbitalz component of angular momentum is 1 a.u.s = 1/2
tells us that there is an additional maximum spinz component of 1/2. The maximum
sum, then, is 3/2 for thez component ofj . But, if this is the maximummj , thenj

itself must be 3/2 and the length ofj must be
√

(3/2)(5/2) = 1.94 a.u. There must be
2j + 1= 4 allowed orientations ofj , with z intercepts at 3/2,1/2, −1/2, −3/2 in a.u.
(Fig. 5-6).

We are not yet finished with the 2p possibilities. The total angular momentum is
the sum of its orbital and spin parts, and we have so far found the way they combine
to give themaximumz component. But this is not theonly way they can combine. It
is possible to haveml = 1 andms = −1/2. Then the maximummj = 1/2, soj = 1/2,
giving us a vectorj of length

√
(1/2)(3/2) a.u. and two orientations (Fig. 5-7).

So far we have identified six states, four withj = 3/2 and two withj = 1/2. This
is all we should expect since we have three 2p AOs and two spins, giving a total
of six combinations. It seems, though, that we could generate some more states by
now letting ml = 0 or −1 and combining these withms = ±1/2. However, these
possibilities are already implicitly accounted for in the multiplicity of states we rec-
ognize to be associated with thej = 3/2, 1/2 cases already found. This illustrates
the general approach to be taken when combining two vectors: Orient the larger
vector to give maximumz projection, and combine this projection witheachof the
allowedz components of the smaller vector. This gives all of the possiblemj (max)
values, hence all of thej values. In other words, it gives us all of the allowed vec-
tors, j , each oriented with maximumz component, and it remains only to recognize
that these can have certain other orientations corresponding toz intercepts ofmj − 1,
mj − 2, . . . ,−mj .

States can belabeledto reflect all of the angular momentum parts they possess. The
main symbol is simply s, p, d, f, g, etc. depending on thel value as usual. A superscript
at left gives spin multiplicity (2s + 1) for the states. A subscript at right tells thej

quantum number for the states. If an individual member of the group of states having
the samej value is to be cited, it is identified by placing itsmj value at upper right.
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Thus, all six of the states discussed above can be referred to as2p states. The two
groups having different total angular momentum are distinguished as2p3/2 and2p1/2.

One of the four states in the former group is the2p−1/2
3/2 state.

The general form of the symbol is2s+1l
mj

j . Such symbols are normally calledterm
symbols, and the collection of states they refer to is called aterm (except when an
individual state is denoted by inclusion of themj value).

The reason for distinguishing between the2p3/2 and2p1/2 terms is that they occur
at slightly different energies. This results from the different energies of interaction
between the magnetic moments due to spin and orbital motions. For instance, ifl and
s are coupled so as to give the maximumj , their associated magnetic moments are
oriented like two bar magnets side by side with north poles adjacent. This is a higher-
energy arrangement than the other extreme, wherel ands couple to give minimumj ,
acting as a pair of parallel bar magnets with the north pole of each next to the south
pole of the other. So2p1/2 should be lower in energy than2p3/2 for hydrogen.

EXAMPLE 5-5 For a hydrogen atom havingn = 3, l = 2, what are the possible
j values, and how many states are possible? Indicate the lengths of thej vectors
in a.u. What term symbols apply?

SOLUTION � If l = 2 (d states), there are five AOs and two possible spins, so we expect a total
of ten possible states. The maximum possible values of thez-component of angular moment for
orbital and spin respectively are 2 and 1/2. So the maximum value is 5/2 giving a vector length
of

√
35/4 a.u. and six possiblez projections, hence six states. The term symbol is2d5/2. The

remaining possiblej value is 2− 1/2= 3/2, accounting for four more states and giving a vector
length of

√
15/4 a.u. and a term symbol of2d3/2. �

5-7.B Spin-Orbital Angular Momentum for Many-Electron Atoms

Much of what we have seen for one-electron ions continues to hold for many-electron
atoms or ions. All the symbolism is the same, except that capital letters replace low-
ercase: The quantum numbers areL, S, andJ , and the main symbol becomes S, P, D,
F, G, etc. There is a total orbital angular momentum vectorL with quantum number
L that equals the maximum value ofML. The length ofL is

√
L(L + 1) a.u., and it

has 2L + 1 orientations. VectorsS andJ behave analogously. When constructing the
vectorsJ, we continue to place the larger ofL andS to give maximumz intercept,
and add to this the possiblez intercepts of the smaller vector. The situation, then, is
just as before except that we need to figure out the possible values forML andMS by
combining the allowed values ofml(1),ml(2), . . . andms(1),ms(2), . . . .8

8This procedure of first combining individual orbital contributions to findL and spin contributions to findS
and then combining these to getJ is referred to as “L–S coupling,” or “Russell–Saunders coupling.” The other
extreme is to first combinel ands for the first electron to givej(1), l ands for the second electron to givej(2), . . .

and then combine these individual-electronj ’s to giveJ. This is more appropriate for atoms having high atomic
number (in which electrons move at relativistic speeds in the vicinity of the nucleus), and is referred to as “j–j

coupling.” We will not describej–j coupling in this text. The reader should consult Herzberg [6] for a fuller
treatment.
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For example, if we have found thatML(max) = 2 (which meansL = 2) and
Ms(max) = 1 (which meansS = 1), we have thatMJ (max) can be 2+ 1,2+ 0, and
2+ (−1), or 3,2, and 1. This means that the possible values ofJ are 3,2,1, giving
three differentJ vectors. SinceL = 2 andS = 1, the term symbols for these threeJ

cases are3D3, 3D2, and3D1. Notice that the multiplicities of these three terms—7,
5, and 3, respectively, obtained from 2J + 1—total 15 states, which is just what we
should expect for the3D symbol (spin multiplicity of 3, orbital multiplicity of 5). The
15 triplet-D states are found in three closely spaced levels, differing in energy because
of different spin-orbital magnetic interactions.

The problem remains, how do we find theML andMs values that allow us to construct
term symbols? There are two situations to distinguish in this context, and a different
approach is taken for each.

1. Nonequivalent Electrons. The first situation is exemplified by carbon in its
1s22s22p3p configuration. It is not difficult to show that the electrons in the 1s and
2s AOs contribute no net angular momentum and can be ignored: The spins ofpaired
electrons are opposed, hence cancel, and the s-type AOs have no angular momentum,
hence cannot contribute. However, even p, d, etc. sets of AOs cannot contributeif they
are filledbecause then any orbital momentum havingz interceptml is canceled by one
with −ml . The important result is thatfilled subshells do not contribute to orbital or
spin angular momentum. The remaining 2p and 3p electrons occupy different sets of
AOs, hence are callednonequivalentelectrons.

Since these electrons are never in the sameAO, they are not restricted to have opposite
spins at any time—their AO and spin assignments are independent. There are three AO
choices (p1, p0, p−1) and two spin choices—six possibilities—foreachelectron, hence
36 unique possibilities. We should expect, therefore, 36 states to be included in our
final set of terms.

We first find the possibleL values.ml for each electron is 1,0, or−1. We orient the
larger of thel vectors to give the maximumml(1) = +1 and orient the secondl in all
possible ways, givingml(2) = +1,0,−1. (Since the vectors have equal length in this
case there is no “larger–smaller” choice to make.) The netML values are+2,+1,0,
and this tells us that the possibleL values are 2,1,0.

Treatingms values similarly givesMs = 1,0, soS = 1,0.
Thus, we have threeL vectors and twoSvectors. We now combine every one of the

L , S pairs. In each case, we again take the longer in its position of greatestz overlap
and combine it with the shorter inall of its orientations. This gives theJ values shown
in Table 5-2. The appropriate term symbols follow fromL, S, andJ in each case.
Thus, our term symbols are3D3, 3D2, 3D1, 1D2, 3P2, 3P1, 3P0,1P1, 3S1 and1S0 for a
total of 7+ 5+ 3+ 5+ 5+ 3+ 1+ 3+ 3+ 1= 36 states.

In the absence of external fields, these 36 states occur in 10 energy levels, one for
each term. These lie at different energies for several reasons. We have already seen,
in our discussion of 1s2s helium states, that different spin multiplicities are associated
with different symmetries of the spin wavefunction, meaning that the space part of
the wavefunctions also differ in symmetry. This has a significant effect on energy, so
1S and3S, for example, have rather different energies. DifferentL values amount to
different occupancies of AOs, which also has an effect on the spatial wavefunctions, so
3P and3S have different energies. Finally, we have already seen that differentJ values
correspond to different relative orientations of orbital and spin angular momentum
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TABLE 5-2 � L and S Values for Two
Nonequivalent Electrons and ResultingJ Values
and Term Symbols

L S J Term

2 1






3
2
1

3D3
3D2
3D1

2 0 2 1D2

1 1






2
1
0

3P2
3P1
3P0

1 0 1 1P1

0 1 1 3S1

0 0 0 1S0

vectors, hence of magnetic moments. For light atoms, this is a relatively small effect,
so 3P2, 3P1, and3P0 have only slightly different energies. The resulting energies for
states of carbon in 1s22s22p2, 1s22s22p3p, and 1s22s22p4p configurations are shown
in Fig. 5-8. Only the major term-energy differences are distinguishable on the scale of
the figure. The line for3D is really three very closely spaced lines corresponding to
3D3, 3D2, and3D1 terms.

2. Zeeman Effect. It was pointed out in Section 4-6 that the orbital energies of
a hydrogen atom corresponding to the samen but differentml undergo splitting when
a magnetic field is imposed. Now we have seen that spin angular momentum is also
present. Therefore, a proper treatment of the Zeeman effect requires that we focus on
total angular momentum, not just the orbital component. Since there are 2J + 1 states
with different MJ values in a given term, we expect each term to split into 2J + 1
evenly separated energies in the presence of a magnetic field, and this is indeed what
is seen to happen (through its effects on lines in the spectrum). For example, a3P2
term splits into five closely spaced energies, corresponding toMJ = 2,1,0,−1,−2,

and a1P1 term splits into three energies.
A surprising feature of this phenomenon is that the amount of splitting is not the

same for all terms, despite the fact that adjacent members of any term always differ by
±1 unit of angular momentum on thez axis. For instance, the spacing between adjacent
members of the3P2 term mentioned above is 1.50 times greater than that in the1P1
term. It was recognized that terms whereinS = 0, so thatJ is entirely due to orbital
angular momentum (J = L), undergo “normal splitting”—i.e., equal to what classical
physics would predict for the amount of angular momentum and charge involved. On
the other hand, terms whereinJ is entirely due to spin (L = 0, soJ = S) undergo
twice the splitting predicted from classical considerations. [This extra factor of two
(actually 2.0023) was without theoretical explanation until Dirac’s relativistic treatment
of quantum mechanics.]

Terms whereinJ contains contributions from bothL andS have Zeeman splittings
other than one or two times the normal value, depending on the details of the wayL and
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Figure 5-8 � Energy levels for carbon atom terms resulting from configurations 1s22s22p2,
1s22s22p3p, and 1s22s22p4p.

S are combined. The extent to which a term member’s energy is shifted by a magnetic
field of strengthB is

�E = gβeMj B (5-59)

whereβe is the Bohr magneton (Appendix 10) andg is the Landé g factor, which
accounts for the different effects ofL andS on magnetic moment that we have been
discussing:

g = 1+ J (J + 1) + S(S + 1) − L(L + 1)

2J (J + 1)
(5-60)

It is not difficult to see that this formula equals one whenS = 0, J = L, and equals two
whenL = 0, J = S. For the3P2 term,S = 1, L = 1, J = 2, andg equals 1.5, indicating
that, in this state, half of thez-component of angular momentum is due to orbital
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motion, and half is due to spin (which is double-weighted in its effect on magnetic
moment).

3. Equivalent Electrons. Observe that the energy-level diagram for carbon
(Fig. 5-8) shows the 10 expected terms for the excited 2p3p and 2p4p configurations,
but not for the ground 2p2 configuration. There are no new terms for the latter case,
but some of the terms present for 2p3p or 2p4p are gone, namely3D, 3S, and1P. The
remaining terms account for 15 states. Evidently 21 states that are possible for a pair
of nonequivalent p electrons are not allowed for a pair ofequivalentelectrons in a p2

configuration. We will see that some of the states that are different for nonequivalent
electrons become one and the same for equivalent electrons and must be excluded.
Others are excluded by the Pauli exclusion principle because they would require two
electrons to be in the same AO with the same spin.

We now demonstrate the method for discovering the terms that exist for equivalent
electrons. This is more difficult than for nonequivalent electrons, even though there are
fewer terms. We first list all the orbital-spin combinations (called microstates), strike
out those that are redundant or that violate the Pauli exclusion principle, and then infer
from the remaining microstates what terms exist.

Taking the p2 case for illustration, we begin with the 36 microstates listed in
Table 5-3. Some of these microstates are equivalent to others. For instance,
2p1(1)2p1(2)α(1)β(2) is not a different state from 2p1(1)2p1(2)β(1)α(2). These both
correspond to a pair of electrons in the same pair of spin orbitals, 2p1 and2p1. Since
electrons are indistinguishable, we cannot expect wavefunctions differing only in the
order of electron labels to correspond to different physical states. [The single state that
does exist would be accurately represented by 2p1(1)2p1(2)(α(1)β(2) − β(1)α(2)),
which is a linear combination of the microstates. But we do not need to go to this level
of detail when finding terms. We only need to recognize that there is but one state here
and omit one of the microstates as superfluous.] Accordingly, we strike out rows 3, 19,
and 35 from Table 5-3, labeling them “R” for redundant.

Another way to recognize this equivalence is to observe that the microstates deemed
redundant differ only by an interchange of a pair of electrons. This reveals that the
set of four microstates with 2p1(1)2p0(2) is equivalent to the set with 2p0(1)2p1(2).
Therefore, we can strike out rows 13–16. A similar argument removes rows 25–32.
Already we have removed 15 microstates.

Next we look for violations of the Pauli exclusion principle. This leads us to strike
out rows 1, 4, 17, 20, 33, and 36, labeling them “P” for Pauli. Our remaining microstates
number 15 and are reassembled in Table 5-4, along with values of the quantum numbers
for z components of the relevant angular momentum vectors for individual electrons as
well as for their sum.

At this stage of the argument, the final column of Table 5-4 (the term symbols) is not
yet known. We are about to fill out this column by making use of a simple rule that is
based on the diagrammatic device described earlier—placing the larger vector so that
it has the maximumz extension and then placing the shorter vector in all its allowed
orientations. It is not difficult to see that the maximum resultantz component (MJ ) can
be achieved in one and only one way, namely whenbothvectors give their maximum
z projection. This means that the maximum-MJ -member of a given set of states in
the same term should be recognized as corresponding to one and only one microstate,
because there is only one way to achieve this orientation. So we look for this maximum
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TABLE 5-3 � Unrestricted List of Space–Spin Combinations for a
Pair of Electrons (Same Subshell). R = “Redundant,” P = “Pauli”

Electron number

Row number 1 2 1 2 Comment

1 p1 p1 α α P
2 p1 p1 α β

3 p1 p1 β α R
4 p1 p1 β β P
5 p1 p0 α α

6 p1 p0 α β

7 p1 p0 β α

8 p1 p0 β β

9 p1 p−1 α α

10 p1 p−1 α β

11 p1 p−1 β α

12 p1 p−1 β β

13 p0 p1 α α R
14 p0 p1 α β R
15 p0 p1 β α R
16 p0 p1 β β R
17 p0 p0 α α P
18 p0 p0 α β

19 p0 p0 β α R
20 p0 p0 β β P
21 p0 p−1 α α

22 p0 p−1 α β

23 p0 p−1 β α

24 p0 p−1 β β

25 p−1 p1 α α R
26 p−1 p1 α β R
27 p−1 p1 β α R
28 p−1 p1 β β R
29 p−1 p0 α α R
30 p−1 p0 α β R
31 p−1 p0 β α R
32 p−1 p0 β β R
33 p−1 p−1 α α P
34 p−1 p−1 α β

35 p−1 p−1 β α R
36 p−1 p−1 β β P
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TABLE 5-4 � Allowed Space-Spin Combinations andM Quantum Numbers for a Pair of
p Electrons (Same Subshell)

Microstate ml(1) ml(2) ms(1) ms(2) ML MS MJ State term

p1p1αβ 1 1 1/2 −1/2 2 0 2 1D2
2

p1p0αα 1 0 1/2 1/2 1 1 2 3P2
2

p1p0αβ 1 0 1/2 −1/2 1 0 1 (1D2
1)

p1p0βα 1 0 −1/2 1/2 1 0 1 (3P2
1)

p1p0ββ 1 0 −1/2 −1/2 1 −1 0 (3P2
0)

p1p−1αα 1 −1 1/2 1/2 0 1 1 (3P1
1)

p1p−1αβ 1 −1 1/2 −1/2 0 0 0 (1D2
0)

p1p−1βα 1 −1 −1/2 1/2 0 0 0 (3P1
0)

p1p−1ββ 1 −1 −1/2 −1/2 0 −1 −1 (3P2
−1)

p0p0αβ 0 0 1/2 −1/2 0 0 0 1S0
0

p0p−1αα 0 −1 1/2 1/2 −1 1 0 (3P0
0)

p0p−1αβ 0 −1 1/2 −1/2 −1 0 −1 (1D2
−1)

p0p−1βα 0 −1 −1/2 1/2 −1 0 −1 (3P1
−1)

p0p−1ββ 0 −1 −1/2 −1/2 −1 −1 −2 (3P2
−2)

p−1p−1αβ −1 −1 1/2 −1/2 −2 0 −2 (1D2
−2)

MJ and, from its microstate, get theL andS values that go with it. That gives us the
information we need to establish the term symbol.

We start, then, by seeking the maximumMJ value in Table 5-4. This isMJ =2, and
it occurs twice (in the first two rows). The first of these goes withML = 2, MS = 0.
Since these result whenL andSare giving their maximumz component, we conclude
thatL = 2, S = 0. This, then, is a member of the1D2 term. (It is the1D2

2 member of
that term, sinceMJ = 2.) We label this row1D2

2 and proceed to select microstates that
can account for the other four members of this term. Our choice is controlled by the
requirements that (1) theMJ values for the other members must be 1,0,−1,−2, and
(2) we cannot have an|Ms | value larger than zero or an|ML| value larger than 2. (That
would be impossible for states resulting from vectors havingL = 2 andS = 0.) Our
selections are indicated in Table 5-4, with parentheses to indicate that these assignments
follow from recognition of the leading member1D2

2. (All are symbolized as1D2.)
There issomearbitrariness inselecting the“inner”members, forwhich|MJ |<J : The

parenthetical term1D2
2 could just as easily be assigned to p1p0βα as p1p0αβ. (Actually,

neither of these microstates is a correct wavefunction for1D2
2. A linear combination of

them is. But, if we only wish to designate term symbols, we need not worry about this.)
We have accomplished already the identification of a term1D2 and the elimination of

five microstates from our list. The other microstate havingMJ = 2 hasML = MJ = 1,
so we know this goes withL = 1, S = 1 and has the symbol3P2

2. Again, four other
members exist down the table, and we select them, being careful that|ML| and|Ms |
do not exceed 1, whileMJ = 1,0,−1,−2.

At this point, we must recognize that we are not through with the3P family. The
existence of the3P part of the symbol implies the existence of nine states, but3P2
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accounts for only five of them. The others come from3P1 and 3P0, resulting from
ML = 1 with Ms = 0,−1. (We did not worry about this for the1D2 term because only
five states are implied by1D.) So we seek the microstates associated with these terms
and label them as shown in the table.

Only one microstate remains. For thisML = Ms = 0, so this is a state labeled1S0
0.

The term symbols for the p2 configuration, then, are1D2, 3P2, 3P1, 3P0, 1S0, for a
total of 15 states. The energies for these terms are shown in Fig. 5-8. The five terms
fall into three energy groups, since the3P terms are found to be very close in energy.
High resolution spectra can be used to see the slight energy differences between terms
that appear to be at the same level at the energy scale used in Fig. 5-8. Delving further,
the degenerate energies of microstates in the same term can be made to separate by
imposing a magnetic field (Zeeman effect).

Based on spectroscopic assignments of energy levels for large numbers of atoms,
Hund proposed a set of rules enabling one to predict the energy ordering for terms
associated withequivalentelectrons. These rules are, in order of decreasing influence:

1. Terms having greater spin multiplicity lie lower in energy.

2. Within each spin multiplicity, terms having greaterL lie lower.

3. Within the sameL and S, levels of differentJ behave oppositely, according to
whether the subshell is more or less than half-filled: If less than half-filled, terms
with lowerJ lie lower.

According to these rules, the five levels for carbon in its 1s22s22p2 configuration
should be, in order of increasing energy,3P0, 3P1, 3P2 (closely spaced) followed by1D0,
followed by1S0. The actual energies (in cm−1) are, respectively, 0, 16.4, 43.5, 10194.8,
21647.7 (Fig. 5-8). The order of states for the excited 2p3p and 2p4p configurations
is different. This is not a breakdown of Hund’s rules because these are not equivalent-
electron cases.

Hund’s first rule is the source of the aufbau rule, cited earlier, that each AO of a
subshell becomes half-filled before any of them become filled with electrons. The
equivalence of these statements is easily demonstrated (Problem 5-30).

One can use Hund’s rules to find thelowest-energy state term symbol without going
through the tedious microstate process just described. For an atom having an outer
subshell configuration of p2 we would first recognize that we seek maximumS, so the
electrons must have parallel spin, givingS = 1. (We use Hund’s most influential rule
first.) Subject to this constraint, we seek maximumL. Since the electrons cannot both
be in p1 with the same spin, p1p0 is next best, giving maximumML = 1, so L = 1.

S = 1,L = 1 givesJ = 2,1,0, so we know the corresponding terms are3P2, 3P1, 3P0.
Since the 2p subshell is less than half- filled,3P0 is the ground term.

5-8 Overview

This chapter describes the new features that appear when we deal with systems having
more than one electron. One of these features, interelectron repulsion, is easy to
understand in its manifestation as operators in the hamiltonian and as coulomb repulsion
integrals,J , in the average energy expression. Another feature, antisymmetry for
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electron exchange and the resulting existence of exchange integrals,K, is unfamiliar
and unintuitive, without a classical counterpart, yet is enormously important in its effect
on electronic structure.

In addition to these features, we have noted the importance of recognizing that atomic
states conserve magnitude andz component of total angular momentum. Using this
permits us to characterize states in terms ofJ , L, andS (even though the latter two are
not “good” quantum numbers) for ground and excited configurations. This is essential
in atomic spectroscopy (a topic we do not pursue in this book) and also allows one,
with the assistance of Hund’s rules, to predict the energy order for states associated
with the ground configuration of any atom.

In closing this chapter, we should emphasize again a point frequently forgotten by
chemist. In the orbital approach to many-electron systems we have a convenientapprox-
imation. This is an imperfect but useful way to describe atomic structure. There are
more accurate ways to approximate eigenfunctions of many-electron hamiltonians, but
this usually involves more difficulty in interpretation. The orbital representation ofψ

appears to be the best compromise between accuracy and convenience for most chemical
purposes.

5-8.A Problems

5-1. Write down the hamiltonian operator for the lithium atom, in a.u.

5-2. Calculate the values of̄r1and r̄2 consistent with the He wavefunctionψ(1,2) =
1s(1)2s(2) . . . (Eq. 5-11).

5-3. Calculate the energy in electron volts of a photon with associated wavelength
0.1 a.u. Compare this result with the ionization energy in electron volts of the
hydrogen atom in its ground state. Why is this comparison relevant?

5-4. Show that the wavefunction (5-15) is normalized if the 1s and 2s orbitals are
orthonormal.

5-5. Show that the wavefunction (5-16) is antisymmetric with respect to exchange of
electron coordinates.

5-6. Show that the wavefunction (5-37) would vanish if 2s were replaced throughout
by 1s, giving a 1s3configuration.

5-7. Produce a totally antisymmetric wavefunction starting from the configuration
1s(1)α(1)2p(2)β(2)1s(3)β(3). Use the method described for Eq. (5-37) and use
a determinantal function as a check.

5-8. Set up the integral of the product between (1s1s2sαβα)* and 2s1s1sααβ. (Use
symbols rather than explicit atomic orbital formulas.) Factor the integral into
a product of integrals over one-electron space functions and one-electron spin
functions. Indicate the value of each of the resulting six integrals and of their
product.

5-9. a) Write down the Slater determinantal wavefunction for the configuration
1s1s̄2pz .
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b) Expand this determinant into a linear combination of products.
c) Write down the nonzero part of expansion (b) whenr3 = 0, r1 = 1 a.u.,r2 = 2

a.u. [Do not evaluate the expression; just use symbols like 1s (r = 1).] Also
write down the nonzero part of (b) whenr2 = 0, r1 = 1, r3 = 2, and when
r1=0, r2=2, r3=1. Is there any physical difference between saying “electron
3 is at the nucleus” and saying “an electron is at the nucleus?” Explain.

5-10. Wavefunction (5-38) describes a member of adoublet. Write the wavefunction
for the other member.

5-11. A particle is capable of being in any one ofthreespin states. Call themα, β,
andγ . Suppose you have two such particles in a molecule.

a) Write down all the spin functions you can that are symmetric for exchange
of these two particles. (Do not worry about normalization.)

b) Write down all the antisymmetric cases.

5-12. The following wavefunction is proposed for an excited state of the lithium atom

ψ = 1√
6

∣∣∣∣∣∣∣

1s(1) 1s(2) 1s(3)

2s(1) 2s(2) 2s(3)

3s(1) 3s(2) 3s(3)

∣∣∣∣∣∣∣

Here 1s, 2s, and 3s are eigenfunctions for the Li2+ hamiltonian.

a) Does this wavefunction satisfy the Pauli exclusion principle? Explain.
b) Write the exactH for the lithiumatomin atomic units.
c) Isψ an eigenfunction for the exact hamiltonian?
d) If interelectronic repulsion terms are neglected inH , what energy, in a.u., is

associated withψ?
e) Whatz component of spin and orbital angular momentum (in atomic units)

would you expect for the atom in this state, ignoring any nuclear contribution?

5-13. Write the normalized Slater determinantal wavefunction for beryllium in the
1s22s2 configuration. Donot expand the determinant.

5-14. Write down the ground state configuration for the fluorine atom. Use Slater’s
rules to find the orbital exponentsζ = (Z − s)/n for 1s and 2s, 2p orbitals.

5-15. Show that the average value of an operator for a state described by aneigenfunc-
tion for that operator is identical to the eigenvalue associated with that eigen-
function.

5-16. Explain briefly the observation that the energy difference between the
1s22s1(2S1/2) state and the 1s22p1(2P1/2) state for Li is 14,904 cm−1, whereas
for Li2+ the 2s1(2S1/2) and 2p1(2P1/2) states are essentially degenerate. (They
differ by only 2.4 cm−1.)

5-17. In Chapter 4 it was stated that the magnitude of the square of the angular momen-
tum is given byl(l + 1) a.u., and thatz components can be any of the values
−l,−l + 1, . . . l − 1, l a.u. Similar relations hold for spin. From this fact plus
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the knowledge that the possiblez components of spin angular momentum are
±1

2 a.u., calculate the length of the spin angular momentum vector.

5-18. It has been shown that, for a single spinning electron, two spin states are possible
havingz components of spin angular momentum of+1/2 and−1/2 a.u. For two
unpaired electrons, the state of greatest multiplicity is a triplet (Ms =+1,0,−1).
Show that, in general, the maximum spin multiplicity resulting fromn unpaired
electrons equalsn + 1.

5-19. You have been shown symbolically that 1s(1)2s(2) ± 2s(1)1s(2) andα(1)β(2) ±
β(1)α(2) are symmetric or antisymmetric for exchange of electron labels (elec-
tron coordinates). For a more concrete and familiar example, take two functions:
f (x) = exp(x) andg(y) = y3. Construct combinations of these functions that
are symmetric and antisymmetric for exchange ofx andy coordinates. Setx =1
andy = 2 and evaluate each function. Now setx = 2 andy = 1 and evaluate
again. Compare results.

5-20. Give all the allowed term symbols for a hydrogen atom (a) in then = 1 level,
(b) in then = 2 level. In each case, total up the states to see whether you have
the expected number.

5-21. Consider the following helium atom wavefunction:

ψ = 1s(1)3d+2(2)α(1)α(2)

a) Is this a satisfactory wavefunction in the sense of meeting general symme-
try conditions resulting from particle indistinguishability and the exclusion
principle? If not, how would you modify it to make it satisfactory?

b) Identify the term to which this state (modified if necessary) belongs.

5-22. How manystatesexist for the configuration spd?

5-23. A group of related terms has the common symbol2P. (This is called a term
multiplet.)

a) What are the full term symbols for this multiplet?
b) How many energy levels exist (in the absence of a magnetic field) for this

multiplet?
c) Indicate into how many levels each member of the multiplet splits in the

presence of an external magnetic field.

5-24. Given the following space part of an approximate wavefunction for a Li+ ion:
(1/

√
2)[1s(1)2p1(2) + 2p1(1)1s(2)],

a) Write a physically possible spin part for this wavefunction.
b) What energy would this state have (in a.u.) if the 1/r12 term in H did not

exist?
c) Whataverageenergy (expressed in terms of symbols likeJ ) would this state

have using the correctH (including 1/r12)?
d) You have not been shown the rules for operating withS2, the operator for the

square of total spin angular momentum, but you can nevertheless guess what
the result would be ifS2 operates on this state function. What is your guess?
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5-25. A state in the term3D3 is described by the wavefunctionψ . What is the value of
x in each of the expressions Opψ = xψ , where Op is as given below? (Assume
L–S coupling to be valid. If more than onex is possible, list them all.) (a)L2

(b) S2 (c) J 2 (d) Lz (e)Sz (f) Jz .

5-26. Carbon (1s22s22p2) and oxygen (1s22s22p4) have a “symmetrical” relation in
their 2p occupancy: C has one electronlessthan a half-filled subshell, O has one
electronmore. Another way of stating this is to note that C has 2 electrons and
4 holes in its 2p shell, while O has 2 holes and 4 electrons.

a) Show that this leads to the same lowest-energy family (or “multiplet”) of term
symbols,3P2,0,1.

b) How do these atomsdiffer in the energy-ordering of these three terms?
c) Show that this agreement in lowest-energy multiplet terms holds in general

for atoms having this symmetrical occupation relation.

5-27. Predict the ground state term symbol for each of the following atoms.

a) Na (1s22s22p63s)
b) P (1s22s22p63s23p3)
c) Ne (1s22s22p6)
d) Ti (1s22s22p63s23p64s23d2)

5-28. Calcium atoms are excited to the [Ar]4s4p configuration.

a) How many states are there?
b) What are the term symbols?

5-29. a) Find all the terms for boron in its ground configuration, 1s22s22p, and order
these terms according to energy.

b) Repeat for phosphorus, [Ne]3s23p3.

5-30. Explain how Hund’s first rule is equivalent to the aufbau rule that degenerateAOs
half-fill with electrons before any are filled, when forming the lowest-energy
state(s).

5-31. How many states exist for each of the following term multiplets?

a) 3D
b) 5F

5-32. For a given electron configuration, are all of the following terms possible?
Explain your reasoning.2P3/2, 2P1/2, 1S0.

5-33. How many states exist for each of the following configurations? (a) sd (b) sp
(c) s2p (d) pd (e) dd (nonequivalent)

5-34. a) How many states are associated with the4F term multiplet?
b) Write down the term symbols included in this multiplet.

5-35. By inspection, what is the term symbol with the maximumJ value we can
have for the configuration sd? What other terms would be included in the same
multiplet?
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5-36. Derive a formula for the number of states that exist for twoequivalentelectrons
in a subshell having degeneracyg. How many states does this predict for p2?
for d2?

5-37. Evaluate the splitting between adjacent lines in Zeeman-split terms3D3, 3D2,
3D1, 1D2, whenB equals 1 tesla.

Multiple Choice Questions

(Try to answer these without referring to the text.)

1. Which one of the following is an acceptable (unnormalized) approximate wavefunc-
tion for a state of the helium atom?

a) [1s(1)1s(2) − 1s(1)1s(2)]α(1)α(2)

b) 1s(1)1s(2)[α(1)β(2) + β(1)α(2)]
c) [1s(1)2s(2) + 2s(1)1s(2)]α(1)α(2)

d) [1s(1)2s(2) + 2s(1)1s(2)][α(1)β(2) − β(1)α(2)]
e) None of the above is acceptable.

2. The spin multiplicity of an atom in its ground state and having the outer-shell con-
figuration 4s23d7 is

a) 19
b) 15
c) 7
d) 5
e) None of the above.

3. Which one of the following statements is NOT true for the ground state of the helium
atom?

a) The atom’s size (measured byrav) is larger than the size of He+ in its 1s state.
b) The ground state is a singlet.
c) The energy of the 2p0 orbital is above that of the 2s orbital.
d) The effective nuclear charge seen by both electrons is less than 2.
e) The atom’s electronic energy is equal to−108.8eV.

4. The crudest orbital model for the ground state of He uses the 1s atomic orbitals for
He+, for which Z = 2. Which of the following statements describes correctly the
situation that pertains to a change to a more appropriate value?

a) The improvedZ value is larger than 2, and the orbitals become more contracted.
b) The improvedZ value is larger than 2, and the orbitals become more expanded.
c) The improvedZ value is smaller than 2, and the orbitals become more contracted.
d) The improvedZ value is smaller than 2, and the orbitals become more expanded.
e) The improvedZ value is smaller than 2, but this only affects the computed energy,

and not orbital size.
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Chapter 6

Postulates and Theorems
of Quantum Mechanics

6-1 Introduction

The first part of this book has treated a number of systems from a fairly physical view-
point, using intuition as much as possible. Now, armed with the concepts already
developed, the reader should be in a better position to understand the more formal foun-
dation to be described in this chapter. This foundation is presented as a set of postulates.
From these follow proofs of various theorems. The ultimate test of the validity of the
postulates comes in comparing the theoretical predictions with experimental data. The
extra effort required to master the postulates and theorems is repaid many times over
when we seek to solve problems of chemical interest.

6-2 The Wavefunction Postulate

We have already described most of the requirements that a wavefunction must satisfy:ψ

must be acceptable (i.e., single-valued, nowhere infinite, continuous, with a piecewise
continuous first derivative). For bound states (i.e., states in which the particles lack the
energy to achieve infinite separation classically) we require thatψ be square integrable.
So far we have considered only cases where the state of the system does not vary with
time. For much of quantum chemistry, these are the cases of interest, but, in general, a
state may change with time, andψ will be a function oft in order to follow the evolution
of the system.

Gathering all this together, we arrive at

Postulate I Any bound state of a dynamical system ofn particles is described as
completely as possible by an acceptable, square-integrable function
�(q1, q2, . . . q3n,ω1,ω2, . . . ,ωn, t), where the q’s are spatial coordi-
nates, ω’s are spin coordinates, andt is the time coordinate. �∗� dτ is
the probability that the space-spin coordinates lie in the volume element
dτ(≡ dτ1dτ2 · · ·dτn) at timet , if � is normalized.

For example, suppose we have a two-electron system in a time-dependent state
described by the wavefunction�(x1, y1, z1,ω1, x2, y2, z2,ω2, t). The spin coordinates
ω would each be some combination of spin functionsα andβ. If we integrate�∗�

over the spin coordinates of both electrons, we are left with a spin-free density function.
Call it ρ(x1, y1, z1, x2, y2, z2, t) ≡ ρ(v1, v2, t). We interpretρ(v1, v2, t) dv1 dv2 as

166
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the probability that electron 1 is indv1 (i.e., betweenx1 andx1 + dx, y1 andy1 +
dy, andz1 and z1 + dz) and electron two is indv2 at time t . If we now integrate
over the coordinates of electron 2, we obtain a new density function,ρ′(v1, t), which
describes the probability of finding electron 1 in various volume elements at various
times regardless of the position of electron 2.

6-3 The Postulate for Constructing Operators

Much of the substance of the second postulate is already familiar. We earlier used
arguments based on de Broglie waves to construct hamiltonian operators. We then
noted that the kinetic energy part of the operators can be identified with a classical
term like p2

x/2m through the relationpx ↔ (h̄/i)∂/∂x. The potential energy terms
in the hamiltonian operators are completely classical, however. Thus, we could have
constructed the quantum mechanical hamiltonians by writing down theclassicalenergy
expressions in terms of momenta and position, and then replacing every momentum term
by the appropriate partial differential operator. This is an example of the use of partc of:

Postulate II To every observable dynamical variableM there can be assigned a linear
hermitian operatorM̂. One begins by writing the classical expression,
as fully as possible in terms of momenta and positions. Then:

a) If M is q or t , M̂ is q or t . (q andt are space and time coordinates.)

b) If M is a momentum, pj , for the j th particle, the operator is
(h̄/i)∂/∂qj , whereqj is conjugate topj (e.g., xj is conjugate topxj ).

c) If M is expressible in terms of theq ’s, p’s and t , M̂ is found by
substituting the above operators in the expression forM in such a way
that M̂ is hermitian.

The reason for specifying that̂M must be hermitian is that the eigenvalues of a
hermitian operator must be real numbers.1 We shall discuss this and other aspects of
hermiticity (including its definition) later in this chapter.

As an explicit example of this procedure, we reconsider the hydrogen atom. Assum-
ing a fixed nucleus (infinite inertia), the classical expression for the total energy of the
system is

Eclassical= (1/2me)(p
2
x + p2

y + p2
z ) − e2/

[
4πε0(x2 + y2 + z2)1/2]

where the first term is just the kinetic energy of the electron and the second term is the
electrostatic potential energy. The coordinate origin is on the nucleus. Application of
postulate II retains the position variablesx, y, andz of the potential term unchanged,
but replacespx by (h̄/i) ∂/∂x, etc.:

1

2me

(
p2

x + p2
y + p2

z

)
⇒ 1

2me

{(
h

2πi

∂

∂x

)2

+
(

h

2πi

∂

∂y

)2

+
(

h

2πi

∂

∂z

)2
}

= −h2

8π2me
∇2

1In this text (and in quantum chemistry in general) a caret indicates an operator and not a unit vector quantity
as in classical physics.
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Thus, we arrive at

Ĥ = −h2

8π2me
∇2 − e2

4πε0(x2 + y2 + z2)1/2

and we are now free to transform̂H to other coordinate systems (such asr, θ,φ) if
we wish.

6-4 The Time-Dependent Schr ¨odinger Equation Postulate

We have discussed only cases where neither the hamiltonianĤ norψ is time dependent.
In those cases we required thatψ be an eigenfunction of̂H . In the more general case
in which� andĤ are time dependent,2 a different requirement is imposed by

Postulate III The state functions (or wavefunctions) satisfy the equation

Ĥ � (q, t) = −h̄

i

∂

∂t
� (q, t) (6-1)

whereĤ is the hamiltonian operator for the system.

We should check to see if this is consistent with the time-independent Schr¨odinger
equation we have been using. Suppose that the hamiltonian is time independent. Let
us see if a solution to Eq. (6-1) exists when�(q, t) is separated into a product of space-
and time-dependent functions:�(q, t) = ψ(q)f (t). Inserting this into Eq. (6-1) gives

Ĥψ(q)f (t) = −h̄

i

∂

∂t
ψ(q)f (t) (6-2)

Dividing by ψ(q)f (t) gives

Ĥψ(q)

ψ(q)
= (−h̄/i)(∂/∂t)f (t)

f (t)
(6-3)

Since each side of Eq. (6-3) depends on a different variable, the two sides must equal
the same constant, which we callE. This gives

Ĥψ(q) = Eψ(q) (6-4)

and

−h̄

i

d

dt
f (t) = Ef (t) (6-5)

The first of these equations is just the time-independent Schr¨odinger equation we have
been using. The second equation has the solutionf (t)=Aexp(−iEt/h̄). Hence,f ∗f

equals a constant, and so�∗� =ψ∗ψf ∗f ∝ψ∗ψ . Sincef has no effect on energy or
particle distribution, we can ignore it in dealing with stationary states. The situation is
analogous to the case of standing waves discussed in Chapter 1.

2Hˆ and� symbolize time dependence;Ĥ andψ symbolize time independence.
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Note that while we have shown that solutions may exist in which� is separable, this
does not mean that every solution of Eq. (6-1) withĤ = Ĥ is separable (i.e., stationary).
We can imagine a situation where a system in a stationary state is suddenly perturbed
to produce a new time-independent hamiltonian.� will change as the system adjusts
to this new situation, giving us a case where the hamiltonian is time-independent (after
the perturbation, at least) but� is not a stationary state function. The way in which�

evolves in time is governed by Eq. (6-1).

EXAMPLE 6-1 Show that the average energy for a nonstationary state of the hydro-
gen atom is conserved as the system evolves, ifĤ is not time-dependent.

SOLUTION � We choose a simple example:

ψ = 1√
2
{ψ1s exp(it/2h̄) + ψ2s exp(it/8h̄)}

where each exponential equals exp(−iEt/h̄). Then

〈E〉 =
∫

ψ∗Ĥψ dv dt = 1

2

∫
ψ∗

1s exp(−it/2h̄)Ĥψ1s exp(it/2h̄) dv dt

+ the analogous 2s2s term+1s2s and 2s1s cross terms. SincêH does not operate on functions
of t, the exponentials in each of the first two integrals can join together, giving exp(0)=1. So time-
dependence disappears from the first two integrals, and they become respectively equal to−1

2 a.u.,

and−1
8 a.u. Dependence on time does not disappear from the cross-term integrals, but that doesn’t

matter because the integration over space gives zero in each case, due to orbital orthogonality.
Thus,< E >= 1

2(−1
2 a.u.) + 1

2(−1
8 a.u.) = − 5

16 a.u., which has no time-dependence. �

6-5 The Postulate Relating Measured Values
to Eigenvalues

The second postulate indicated that every observable variable of a system (such as
position, momentum, velocity, energy, dipole moment) was associated with a hermitian
operator. The connection between the observed value of a variable and the operator is
given by

Postulate IV Any result of a measurement of a dynamical variable is one of the eigen-
values of the corresponding operator.

Any measurement always gives a real number, and so this postulate requires that
eigenvalues of the appropriate operators be real. We will prove later that hermitian
operators satisfy this requirement.

If we measured the electronic energy of a hydrogen atom (the negative of its ion-
ization energy), we could get any of the allowed eigenvalues (−1/2n2 a.u.) but no
intermediate value. What if, instead, we measured the distance of the electron from the
nucleus. By postulate II, the operator for this property is just the variabler itself. That
is, r̂ = r. Hence, we need to consider the eigenvalues ofr in the equation

r δ(r, θ,φ) = λδ(r, θ,φ) (6-6)
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whereδ is an eigenfunction andλ is a real number (corresponding to the distance of
the electron from the nucleus). We can rewrite this equation as

(r − λ)δ(r, θ,φ) = 0 (6-7)

This form makes it more apparent that the functionδ must vanish at all points in space
except those wherer = λ. But λ is an eigenvalue ofr and hence is a possible result
of a measurement. Thus, we see that postulate IV implies some connection between
a measurement of, say,r = 2 a.u. and an eigenfunction ofr that is finite only at
r = 2 a.u. We symbolize this eigenfunctionδ(r − 2 a.u.), this “delta function” being
zero whenever the argument isnot zero. If we measured the electron’s position to be
at r = 5.3 a.u., the corresponding eigenfunction would beδ(r − 5.3 a.u.)—a function
that is zero everywhere except in a shell of infinitesimal thickness atr = 5.3 a.u. If
instead we measured thepoint in space of the electron, rather than just the distance
from the nucleus, and found it to ber0, θ0, φ0, then the corresponding eigenfunction
of the position operator would beδ(r − r0)δ(θ − θ0)δ(φ − φ0). This function vanishes
everywhere except atr0, θ0, φ0.

It is evident that any value ofλ from zero to infinity in Eq. (6-7) may be chosen
without spoiling the ability ofδ to serve as an eigenfunction ofr. This means that,
unlike the energy measurement, the measurement of the distance of the electron from
the nucleus can have any value.

The eigenfunctions of the position operator are calledDirac delta functions. They
are “spike” functions having infinitesimal width. They are normalized through the
equation

∫
δ (x − x0) dx = 1 (6-8)

where the integration range includesx0.3 On first acquaintance, these functions seem
mathematically peculiar, but they make physical sense in the following way. One can
interpret the actual measurement of position as a process that forces the particle to
acquire a certain position at some instant. At that instant,ψ2 for the system (now
perturbed by the measuring process) ought to give unit probability for finding the
particle at that point (where it definitely is) and zero probability elsewhere, and this is
just what the Dirac delta function does.4

Postulate IV, then, is in accord with a picture wherein the process of measurement
forces the measured system into an eigenstate for the appropriate operator, giving the
corresponding eigenvalue as the measurement. This definition of “measurement” is
somewhat restrictive and can be deceptive. Often scientists refer to measurements
that are really measurements of average values rather than eigenvalues. This point is
discussed further below.

3The reader should avoid confusing the Dirac delta functionδ(x −x0) with the Kronecker deltaδi,j encountered
earlier. They are similar in that both vanish unlessx = x0 in the former andi = j in the latter. But they differ
in that thevalueof δi,j is definite (unity) while the value ofδ(x0 − x0) is not defined. The Dirac delta function
has definite value only in integrated expressions like Eq. (6-8). The spin functionsα andβ may be thought of as
Dirac delta functions in the spin “coordinate”ω. The Dirac delta function is admittedly unusual, and one tends to
be uneasy with it at first. This function is important and useful in quantum mechanics. However, since we will
make almost no use of it in this text, we will not develop the topic further.

4Notice that Eq. (6-8) does not involveδ∗δ, but merelyδ. Becauseδ is nonzero only at one point,δ∗δ is likewise
nonzero only at the same point.δ andδ∗δ are therefore not independent functions. It is convenient to view the
δ function as both the eigenfunction for the position operator and also as the probability distribution function for
the particle.



Section 6-7 Hermitian Operators 171

6-6 The Postulate for Average Values

Suppose that we had somehow prepared a large number of hydrogen atoms so that they
were all in the same, known, stationary state. Then we could measure the distance of
the electron from the nucleus once in each atom and average these measurements to
obtain an average value. We have already indicated that this average would be given
by the sum of all ther values, each multiplied by its frequency of occurrence, which is
given byψ2 dv if ψ is normalized. Sincer is a continuous variable, the sum becomes
an integral. This is the content of

Postulate V When a large number of identical systems have the same state function
ψ , the expected average of measurements on the variableM (one mea-
surement per system) is given by

Mav=
∫

ψ∗M̂ψ dτ

/∫
ψ∗ψ dτ (6-9)

The denominator is unity ifψ is normalized.
It is important to understand the distinction between average value and eigenvalue

as they relate to measurements. A good example is the dipole moment. The dipole
moment operator for a system ofn charged particles isµ = ∑n

i=1 zir i wherezi is the
charge on theith particle andr i is its position vector with respect to an arbitrary origin.
(We get this by writing the classical formula and observing that momentum terms
do not appear. Hence, the quantum-mechanical operator is the same as the classical
expression.) What will the eigenfunctions and eigenvalues ofµ̂ be like?

The chargezi is only a number, whiler i is a position operator, which has Dirac
delta functions as eigenfunctions. For a hydrogen atom, one eigenfunction ofri would
be a delta function atr = 1 a.u.,θ = 0, φ = 0. The corresponding eigenvalue forµ̂

would be the dipole moment obtained when a proton and an electron are separated by
1 a.u., clearly a finite number. But “everybody knows” that an unperturbed atom in a
stationary state has zero dipole moment. The difficulty is resolved when we recognize
that measurement of a variable in postulates IV and V means measuring the value of
a variable at a given instant. Hence, we must distinguish between theinstantaneous
dipole momentof an atom, which can have any value from among the eigenvalues of
µ̂ and theaverage dipole moment, which is zero for the atom. In everyday scientific
discussion, the term “dipole moment” is usually understood to refer to theaverage
dipole moment. Indeed, the usual measurements of dipole moment are measurements
that effectively average over many molecules or long times (in atomic terms) or both.

6-7 Hermitian Operators

Let φ andψ be any square-integrable functions andÂ be an operator, all having the
same domain.Â is defined to be hermitian if∫

ψ∗Âφdv =
∫

φÂ∗ψ∗dv (6-10)

The integration is over the entire range of each spatial coordinate. Recall that the
asterisk signifies reversal of the sign ofi in a complex or imaginary term. The hermitian
property has important consequences in quantum chemistry.
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As an example of a test of an operator by Eq. (6-10), let us take theψ andφ to
be square-integrable functions ofx andÂ to bei(d/dx). Then the left-hand side of
Eq. (6-10) becomes, upon integration by parts,

(6-11)

Sinceψ andφ are square integrable, they (and their product) must vanish at infinity,
giving the zero term in Eq. (6-11). We now write out the right-hand side of Eq. (6-10):

∫ +∞

−∞
φ(i d/dx)∗ψ∗dx = −i

∫ +∞

−∞
φ(dψ∗/dx)dx (6-12)

where the minus sign comes from carrying out the operation indicated by the aster-
isk. Equation (6-12) is equal to Eq. (6-11), and so the operatori(d/dx) is hermitian.
Since the effect ofi was to introduce a necessary sign reversal, it is apparent that the
equality would not result forÂ = d/dx. Clearly, any hermitian operator involving a
first derivative in any Cartesian coordinate must contain the factori. The operators for
linear momenta (Chapter 2) are examples of this.

It is important to realize that Eq. (6-10) does not imply thatψ∗Âφ = φÂ∗ψ∗.
A simple example will make this clearer. Let̂A be the hydrogen atom hamiltonian,
Ĥ = −1

2∇2 − 1/r, and letφ be the 1s eigenfunction:φ = (1/
√

π)exp(−r). Also, let

ψ = √
8/π exp(−2r) which is not an eigenfunction of̂H . Then, sinceĤφ = −1

2φ,

ψ∗Ĥφ = −1

2
ψ∗φ (6-13)

But

φH ∗ψ∗ = φ

[
−1

2
(1/r2)(d/dr)r2(d/dr) − 1/r

]√
8/π exp(−2r) (6-14)

= φ [(1/r) − 2]
√

8/π exp(−2r) = [(1/r) − 2] ψ∗φ (6-15)

(Sinceψ has noθ or φ dependence, the parts ofĤ ∗ that include∂/∂θ and∂/∂φ have
been omitted in Eq. (6-14).) Here we have two functions,−1

2ψ∗φ and[(1/r)−2]ψ∗φ.
They are obviously different. However, by Eq. (6-10), their integrals are equal since
Ĥ is hermitian.

6-8 Proof That Eigenvalues of Hermitian Operators
Are Real

Let Â be a hermitian operator with a square-integrable eigenfunctionψ . Then

Âψ = aψ (6-16)

Each side of Eq. (6-16) must be expressible as a real and an imaginary part. The real
parts must be equal to each other and so must the imaginary parts. Taking the complex
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conjugate of Eq. (6-16) causes the imaginary parts to reverse sign, but they remain
equal. Therefore, we may write

Â∗ψ∗ = a∗ψ∗ (6-17)

We multiply Eq. (6-16) from the left byψ∗ and integrate over all spatial variables:

∫
ψ∗Âψ dv = a

∫
ψ∗ψ dv (6-18)

Similarly, we multiply Eq. (6-17) from the left byψ and integrate:

∫
ψÂ∗ψ∗dv = a∗

∫
ψψ∗ dv (6-19)

SinceÂ is hermitian, the left-hand sides of Eqs. (6-18) and (6-19) are equal by definition
(Eq. 6-10). Therefore, the right-hand sides are equal, and their difference is zero:

(a − a∗)

∫
ψ∗ψ dv = 0 (6-20)

Sinceψ is square integrable the integral cannot be zero. Therefore,a − a∗ is zero,
which requires thata be real.

6-9 Proof That Nondegenerate Eigenfunctions of a
Hermitian Operator Form an Orthogonal Set

Let ψ andφ be two square-integrable eigenfunctions of the hermitian operatorÂ:

Âψ = a1ψ (6-21)

Â∗φ∗ = a2φ∗ (6-22)

Multiplying Eq. (6-21) from the left byφ∗ and Eq. (6-22) from the left byψ , and
integrating gives

∫
φ∗Âψ dv = a1

∫
φ∗ψ dv (6-23)

∫
ψÂ∗φ∗ dv = a2

∫
ψφ∗ dv (6-24)

The left sides of Eqs. (6-23) and (6-24) are equal by (6-10), and

(a1 − a2)

∫
φ∗ψ dv = 0. (6-25)

If a1 �= a2, the integral vanishes. This proves that nondegenerate eigenfunctions are
orthogonal.
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EXAMPLE 6-2 It has been shown (Section 6-7) thati(d/dx) is a hermitian operator.
We know that it has eigenfunctions exp(±ikx) with eigenvalues±k, which are
real. So far, so good. However, this operator also has eigenfunctions exp(±kx),
with eigenvalues±ik, which are imaginary. This appears to violate the proof
that eigenvalues of hermitian operators are real. Explain why neither of these
eigenfunction sets is covered by the proof of section 6-8, and how one of them
manages to obey the rule anyway.

SOLUTION � The test for Hermiticity requires thatiψ∗φ|+∞−∞ = 0. If φ is ψ , and if ψ is
square-integrable, this condition is satisfied, becauseψ∗ψ vanishes at±∞, giving 0− 0= 0. But
neither of the exponential functions given above is square-integrable: They are both unequal to
zero at±∞, so they both fall outside of the proof as given. Despite this, exp(±ikx) does have
real eigenvalues, leading us to look more closely. Is it the case thatiψ∗ψ |+∞−∞ = 0 for this set of
functions, even though they do not vanish at infinity? It is indeed, sinceψ∗ψ = 1, giving i − i = 0
for this term. Thus we see that our requirement thatψ be square integrable is more restrictive than
what is necessary, namely thatiψ∗ψ |+∞−∞ = 0. Note that the other set of exponentials, exp(±kx),
leads toiψ∗ψ = i exp(±2kx), which does not produce a value of zero when values atx = ∞ and
x =−∞ are subtracted. Note also that the functions exp(±ikx) are orthogonal for different values
of k, whereas the functions exp(±kx) are not. �

The point of the above example is that all of our proofs about eigenvalues or
eigenfunctions of hermitian operators refer to cases where the eigenfunctions satisfy
the requirement thatiψ∗ ψ |+∞−∞ = 0. Square-integrability guarantees this, but some
nonsquare-integrable sets of functions can satisfy it too. A hermitian operator can have
eigenfunctions that are associated with complex or imaginary eigenvalues, but these
must result from eigenfunctions that do not satisfy the requirement.

6-10 Demonstration That All Eigenfunctions
of a Hermitian Operator May Be Expressed
as an Orthonormal Set

If a1 =a2, Eq. (6-25) is satisfied even when the integral is finite. Therefore, degenerate
eigenfunctions need not be orthogonal. But they must be linearly independent or
else they are the self-same function (to within a multiplicative constant), and if they
are linearly independent, they can be converted to an orthogonal pair. Hence, it is
always possible to express thedegenerateeigenfunctions of a hermitian operator as
an orthogonal set (and, as we have just proved, it isnecessarythat nondegenerate
eigenfunctions be orthogonal). Furthermore, the functions must be square integrable,
hence normalizable. In general, then, we are able to assume that all of the eigenfunctions
of a hermitian operator can be expressed as an orthonormal set.

One way to orthogonalize two nonorthogonal, linearly independent functions (which
may or may not be eigenfunctions) will now be demonstrated. Let the functions beψ

andφ (assumed normalized) and the integral of their product have the value S:
∫

ψ∗φ dv = S (6-26)
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We keep one of the functions unchanged, sayψ , and letφ′ ≡φ −Sψ be our new second
function. ψ andφ′ are orthogonal since

∫
ψ∗φ′ dv =

∫
ψ∗(φ − Sψ)dv =

∫
ψ∗φ dv

︸ ︷︷ ︸
S

− S

∫
ψ∗ψ dv

︸ ︷︷ ︸
1

= 0 (6-27)

(The new functionφ′ needs to be renormalized.) This process, known asSchmidt
orthogonalization, may be generalized and applied sequentially to any number of lin-
early independent functions.

EXAMPLE 6-3 Two normalized 1s AOs are located on nearby nuclei,A andB, and
overlap each other enough so that

∫
1sA1sB dv =0.500. Construct a function from

these two that is orthogonal to 1sA and is normalized.

SOLUTION � 1s′
B

= 1sB − 0.5 · 1sA is orthogonal to 1sA. It is not yet normalized because
∫

(1s′
B)2 dv =

∫
(1s2

B + 0.25· 1s2
A − 2 · 0.5 · 1sA1sB)dv

= 1+ 0.25− 2 · 0.5 · 0.5= 0.75= 3

4
.

So the normalized function we seek is2√
3
(1sB − 0.5 · 1sA). �

6-11 Proof That Commuting Operators Have
Simultaneous Eigenfunctions

Â and B̂ are commuting operators if, for the general square-integrable functionf,

ÂB̂f = B̂Âf . This can be written(ÂB̂ − B̂Â)f =0, which requires that̂AB̂ − B̂Â= 0̂.
(0̂ is called the null operator. It satisfies the equation,0̂f = 0.) This difference of
operator products is called thecommutatorof Â andB̂ and is usually symbolized5 by
[Â, B̂]. If the commutator[Â, B̂] vanishes, then̂A andB̂ commute.

We will now prove an important property of commuting operators, namely, that they
have “simultaneous” eigenfunctions (i.e., that a set of eigenfunctions can be found for
one of the operators that is also an eigenfunction set for the other operator). Letβi be
the eigenfunctions for̂B : B̂βi = biβi . For the moment, assume all the numbersbi are
different (i.e., the eigenfunctionsβi are nondegenerate). Let[Â, B̂] = 0̂. Then

B̂(Âβi) = ÂB̂βi = Âbiβi = bi(Âβi) (6-28)

The parentheses emphasize that the function obtained by operating onβi with Â is
an eigenfunction ofB̂ with eigenvaluebi . But that function can only be a constant
timesβi itself. Hence, for nondegenerateβi we have thatÂβi = cβi , and soβi is an
eigenfunction ofÂ. This proves that the nondegenerate eigenfunctions for one operator
will also be eigenfunctions for any other operators that commute with it.

5Other less common conventions are [Â, B̂]− and(Â, B̂).
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If βi is degenerate with other functionsβi,k, then we can only go so far as to say that
Âβi = ∑

k ckβi,k, for this general linear combination is an eigenfunction ofB̂ having
eigenvaluebi . But if this is so, thenβi is evidently not necessarily an eigenfunction of
Â. We shall not prove it here, but it is possible to show that one can always findsome
linear combinations ofβi,k to produce a set of new functions,β ′

i , thatareeigenfunctions
of Â (and remain eigenfunctions of̂B as well). Therefore we can state that, ifÂ

and B̂ commute, there exists a set of functions that are eigenfunctions forÂ and B̂

simultaneously.
An example of this property occurred in the particle-in-a-ring system described

in Chapter 2. The hamiltonian and angular momentum operators commute for that
system. There we found one set of functions, the trigonometric functions, that are
eigenfunctions forĤ but not forL̂z . But by mixing the energy-degenerate sines and
cosines we produced exponential functions that are eigenfunctions for both of these
operators.

Another example concerns the familiar symmetry operations for reflection, rotation,
etc. If one of these operations, symbolizedR̂, commutes with the hamiltonian, then
we should expect there to be a set of eigenfunctions forĤ that are simultaneously
eigenfunctions forR̂. It was proved in Chapter 2 that this means that nondegenerate
eigenfunctions must be symmetric or antisymmetric with respect toR̂.

A symmetry operator that leaveŝH unchanged can be shown to commute withĤ .
That is, if R̂Ĥ = Ĥ , thenR̂Ĥf = Ĥ R̂f , wheref is any function. To show this, let̂R
be, say, a reflection operator. ThenR̂ operates on functions and operators to its right
by reflecting the appropriate coordinates:R̂f (q) = f (Rq). If Ĥ is invariant under
reflectionR̂, thenH(q) = H(Rq), and it follows thatR̂Ĥ (q)f (q) = Ĥ (Rq)f (Rq) =
Ĥ (q)f (Rq) = Ĥ (q)R̂f (q), and soR̂Ĥf = Ĥ R̂f . We shall formally develop the
ramifications of symmetry in quantum chemistry in Chapter 13.

The existence of simultaneous eigenfunctions for various operators has important
ramifications for the measurement of a system’s properties. This is discussed in
Section 6-15.

6-12 Completeness of Eigenfunctions of a
Hermitian Operator

In Chapter 3 we discussed the concept of completeness in connection with the power
series expansion of a function. Briefly, a series of functions6 {φ} having certain restric-
tions (e.g., all derivatives vary smoothly) is said to be complete if an arbitrary function
f having the same restrictions can be expressed in terms of the series7

f =
∑

i

ciφi (6-29)

Proofs exist that certain hermitian operators corresponding to observable properties
have eigenfunctions forming a complete set in the space of well-behaved (continuous,

6A symbol in braces is frequently employed to represent an entire set of functions.
7Equation (6-29) is overly restrictive in that it requires that the function and the series have identical values at

every point, whereas it is possible for them to disagree at points of zero measure. However, at the level of this
book, we can ignore this distinction and use Eq. (6-29) without encountering difficulty.
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single-valued, square-integrable) functions. These proofs are difficult and will not be
given here.8 Instead we shall introduce

Postulate VI The eigenfunctions for any quantum mechanical operator corresponding
to an observable variable constitute a complete set. (Furthermore, we
have seen in Section 6-10 that we can assume that this set has been made
orthonormal.)

We will now use this property to investigate further the nature of the average value of
an operator. Let the system be in some stateψ (normalized), not an eigenfunction of̂M.
However,M̂ possesses eigenfunctions{µ} that must form a complete set. Therefore,
we can expressψ in terms ofµ’s:

ψ =
∑

i

ciµi (6-30)

Now we calculate the average value ofM for the stateψ :

Mav =
∫

ψ∗M̂ψdv =
∫ ∑

i

c∗
i µ∗

i M̂
∑

j

cj µj dv

=
∑

i

∑

j

c∗
i cj

∫
µ∗

i M̂µj dv (6-31)

But M̂µi = miµi , and so

Mav=
∑

i

∑

j

c∗
i cj

∫
µ∗

i mj µj dv =
∑

i

∑

j

c∗
i cj mj

∫
µ∗

i µj dv (6-32)

But we are assuming that{µ} is an orthonormal set, and so

Mav=
∑

i

∑

j

c∗
i cj mj δij =

∑

i

c∗
i cimi (6-33)

What does this expression mean? Each measurement of the property corresponding
to M̂ must give one of the eigenvaluesmi (postulate IV) and the average of many
such measurements must beMav. Equation (6-33) states how the individual measure-
ments must be weighted to give the average, so it follows that eachci

∗ci is a mea-
sure of the relative frequency for observing the correspondingmi . Putting it another
way, the absolute squares of the mixing coefficients in Eq. (6-30) give the probabil-
ities that a measurement of the variableM will give the corresponding eigenvalue.
For example, ifψ happens to be equal to(1/

√
2)µ1 + (1/

√
2)µ3, it follows that

Mav= (1/2)m1 + (1/2)m3.

EXAMPLE 6-4 What is the average value for thez-component of orbital angular
momentum for the normalized functionφ = (1/

√
5)(ψ2s + 2 · ψ2p+1)?

SOLUTION � Since we know that the 2s and 2p+1 eigenfunctions havez-components of angu-
lar momentum of 0 and+1 respectively, we can say at once thatp̄z = 1

5 · 0 + 4
5 · 1 = 0.8 a.u.

�

8See, e.g., Kemble [1, Section 25].
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6-13 The Variation Principle

Many of the calculations of quantum chemistry are based on the Rayleigh-Ritz variation
principle which states:For any normalized, acceptable functionφ,

Hav≡
∫

φ∗Ĥφ dτ ≥ E0 (6-34)

whereE0 is the lowest eigenvalue of̂H .
This statement is easily proved. We expandφ in terms of {ψi}, the complete,

orthonormal set of eigenfunctions of̂H :

φ =
∑

i

ciψi (6-35)

As in the preceding section, this leads to
∫

φ∗Ĥφdτ =
∑

i

c∗
i ciEi (6-36)

Now c∗
i ci is never negative, and so Eq. (6-36) is merely a weighted average of the

eigenvaluesEi . Such an average can never be lower than the lowest contributing
member and the principle is proved.

The variation principle is sometimes stated in an equivalent way by saying that the
average value of̂H overφ is anupper boundfor the lowest eigenvalue of̂H . Following
the approach of the example at the end of the previous section, ifφ for a hydrogen atom
happens to be a function equal to(1/

√
2)ψ1s + (1/

√
2)ψ2s , the average energy forφ

is (1/2)E1s + (1/2)E2s , which obviously lies above the lowest eigenvalueE1s .

6-14 The Pauli Exclusion Principle

We have already discussed the Pauli exclusion principle in Chapter 5. In its most
general form, this is:

Postulate VII ψ must be antisymmetric (symmetric) for the exchange of identical
fermions (bosons).

6-15 Measurement, Commutators, and Uncertainty

If we measure the exact position of the electron in a hydrogen atom, we force it into
a state having a Dirac delta function as its wavefunction. Since this function is also
an eigenfunction for the dipole moment operator, it follows that we also know the
(instantaneous) dipole moment for the atom at that instant. In effect, measuring position
measures dipole moment too. But the delta function isnot an eigenfunction for the
hamiltonian operator of the atom, and so we havenot simultaneously measured the
electronic energy of the atom.

We have earlier seen that an eigenfunction for one operator can serve also as eigen-
function for another operator when the operators commute. In the above example, the



Section 6-15 Measurement, Commutators, and Uncertainty 179

operators for position and dipole moment commute with each other but not with the
hamiltonian operator. This leads us to recognize that we can simultaneously measure
values for two variables only if their operators commute.

Let us consider this situation more deeply by imagining two successive measure-
ments on a hydrogen atom, one immediately following the other. If we first measure
position and findr = 2.0 a.u., and then measure dipole moment, we will get the value
(µ=2.0 a.u.) corresponding to the electron being atr =2.0 a.u. That is where we found
it in the first measurement, and it has not had time to move elsewhere before the second
measurement. If we immediately follow with yet another position measurement, the
electron will still be found atr =2 a.u. (We are imagining that no time elapses between
measurements, which is a limit we cannot actually achieve. In the present case, though,
since measurement ofr is also a measure ofµ, both measurements are done at once, so
this is really not a problem.) Hence, it makes sense to say that we know these two values
“simultaneously.” However, if we first measure position and then measure energy, we
find something very different. Suppose that we findr =2 a.u. and then, in a subsequent
measurement,E = −1/2 a.u. (E must, after all, be an eigenvalue of̂H , according
to postulate IV.) We know that the eigenfunction during the first measurement was
δ(r − 2 a.u.), and that during the second measurement was a 1s AO. If we immediately
do yet another position measurement, we can find any value ofr (with probabilities
given by 4πr2ψ2

1sdr). The processes of measuring position and energy are incompati-
ble in the sense that there is no single function that can describe the situation that exists
during both measurements. The energy-measuring process can be pictured as forcing a
reconstruction of the wavefunction in such a manner that it no longer corresponds to a
particular position, while measurement of position forces a state function that does not
correspond to a particular energy. (In this case, separate measurements would really
be necessary, so the impossibility of doing a second measurement truly immediately
after the first must be recognized. Indeed, one has to allow for the fact that finding an
electron in one place and then at some other place must imply a lapse of time permitting
the electron to travel.)

The reader may suspect that there is some connection between commutators and the
uncertainty principle, and this is indeed the case. It can be shown9 that the product
of widths of simultaneous measurements (i.e., the uncertainty in their values) of two
variables satisfies the relation

�a · �b ≥ 1

2

∣∣∣∣
∫

ψ∗ [
Â, B̂

]
ψdτ

∣∣∣∣ (6-37)

whereψ is normalized, and the absolute value|X| is defined as the positive square
root of X∗X. If A andB are conjugate variables, such as position and momentum,
Eq. (6-37) becomes�a · �b ≥ h̄/2, which is Heisenberg’s uncertainty relation. IfÂ

and B̂ commute, the right-hand side of Eq. (6-37) vanishes, and the values of both
variables may, in theory, be simultaneously known exactly.

Among the properties of greatest interest in molecular quantum mechanics are
energy, symmetry, and electron orbital angular momentum because, for many
molecules, some of these operators commute. Thus, if we know that an oxygen
molecule is in a nondegenerate stationary electronic state, we know that it is possible
to characterize that state by a definite value of the orbital angular momentum along

9See Merzbacher [2, Section 10-5].
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the internuclear axis. Also, we know that the wavefunction must be symmetric or
antisymmetric for inversion through the molecular midpoint.

6-16 Time-Dependent States

Much of quantum chemistry is concerned withstationarystates, for which� is a
product of a space termψ (an eigenfunction ofĤ ) and a time-dependent factor
exp(−iEt/h̄), which we usually ignore because it has no effect on particle probability
distribution. Sometimes, however, it becomes necessary to consider time-dependent
states. In this section we illustrate how some of these may be treated.

There are two types of situation to distinguish. One is situations where the potential
is changing as a function of time, and hence the hamiltonian operator is time dependent.
An example is a molecule or atom in a time-varying electromagnetic field. The other
is situations where the potential and hamiltonian operator do not change with time,
but the particle is nonetheless in a nonstationary state. An example is a particle that is
known to have been forced into a nonstationary state by a measurement of its position.
We deal here with the second category.

As our first example, consider a particle in a one-dimensional box with infinite walls.
Suppose that we measure the particle’s position and find it in the left side of the box
(i.e., betweenx = 0 andL/2; we will be more specific shortly) at some instant that
we take to bet = 0. We are interested in knowing what this implies about a future
measurement of the particle’s position.

Our knowing that the particle is on the left side att =0 means that the wavefunction
for this state isnotone of the time-independent box eigenfunctions we saw in Chapter 2,
because those all predict equal probabilities for finding the particle on the two sides
of the box. If the state function is not stationary, it must be time dependent, and it
must satisfy Schr¨odinger’s time-dependent equation (6-1). We have, then, that the state
function is time dependent, and that�∗� ≡ |�|2 is zero everywhere on the right side
of the box whent =0. (We have not yet been specific enough to describe|�|2 in detail
on the left side of the box.)

Schrödinger’s time-dependent equation (6-1) is not an eigenvalue equation. How-
ever, Eq. (6-2) shows that Schr¨odinger’s time-dependent equation is satisfied by time-
independent eigenfunctions of̂H if they are multiplied by their time-dependent factors
f (t) = exp(−iEt/h̄). Furthermore, Eq. (6-2) continues to be satisfied if the term
ψ(q)f (t) is replaced by a sum of such terms. (See Problem 6-9.) This means that
we can seek to express the time-dependent state function,�(x, t), as a sum of time-
independent box eigenfunctions as long as each of these is accompanied by its time
factor f (t). Whent = 0, all the factorsf (t) equal unity, so at that point in time�
becomes the same as the sum of box eigenfunctions without their time factors.

Our strategy, then, is to find a linear combination of time-independent box eigen-
functions,ψn, that describe� whent = 0. This is easy to do because the time factors
are all equal to unity. Once we have found the proper mixture ofψn, we multiply each
by its time factor and then observe the behavior of|�|2 ast increases.

In the case of our particle-in-a-box example, we can start with a very simple approx-
imation toψ at t = 0 by taking a 50–50 mixture ofψ1 andψ2:

�(x, t) = (1/
√

2)
[
ψ1 exp(−iE1t/h̄) + ψ2 exp(−iE2t/h̄)

]
(6-38)
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Figure 6-1 � Stationary eigenfunctions(n=1,2) for the particle in a box and their normalized sum.

We have included the functionsf (t), even though they equal unity whent =0, because
they are needed to make�(x, t) a solution to Schr¨odinger’s equation (6-1) and because
they will inform us of the nature of� at later times.

We choose this pair of functions because, whent = 0, both are positive on the left,
but they differ in sign on the right, giving us some cancellation there. (See Fig. 6-1.)
Obviously, we have not succeeded in describing a function that has no probability
density on the right, but we already have a definite imbalance in that direction. (It is
not difficult to see that someψ3 with a positive coefficient should help remove much
of the remaining probability density on the right.)

Now we are in a position to examine this|�|2 as time progresses—thetime evolution
of the square of a wavepacketthat describes the probability distribution for a particle
that is known to have been in the left half of the box att = 0. This is mathematically
straightforward (Problem 6-20) and leads to the probability distributions sketched in
Fig. 6-2 after time steps of�t . The figure shows a changing distribution suggestive of
the particle bouncing back and forth in the box with a cycle time of 8�t . It is not difficult
to see why this happens.�1 and�2 have different “frequency factors” exp(−iEnt/h̄),
so they behave like two waves oscillating at different frequencies. SinceE2 = 4E1
(recallE ∝ n2 in the box),�2 oscillates four times faster than�1. This means that, by
the time�1 has made half a cycle (and is equal to−1 times its starting coordinates),
�2 has made two cycles and is just as it was att = 0. It is easy to see from Fig. 6-1
that this will give a� that is skewed to theright, leading to the distribution shown in
Fig. 6-2(e). (This allows us to conclude that 4�t equals 1/2 of the cycle time of�1.
See Problem 6-21.)

If we want a more accurate starting representation for the localized particle, we must
mix together a larger number of stationary-state wavefunctions. In order to decide
how much of each is needed, we must have a better-defined description of� at t = 0.
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Figure 6-2 � |�(x, t)|2 from Eq. (6-38) as it appears at various times.

Figure 6-3 � A normalized half sine wave in the left half of a “box.” The numbers at left are values
of �, not ofE.

Suppose, for instance, we choose to describe the starting wavefunction�(x,0) as a
normalized half sine wave in the left side of the box and zero at the right (Fig. 6-3).
Then we can calculate the amount(cn) of each of the stationary-state functionsψn

present in this function as follows:

cn =
∫ L

0
ψn�(x,0)dx (6-39)

This follows from the completeness10 and orthonormality of{ψn}. (See Problem 6-4.)
Evaluation of Eq. (6-39) for the first few terms gives (Problem 6-22)

�(x, t) = 0.600ψ1 + 0.707ψ2 + 0.360ψ3 + 0.000ψ4 + 0.086ψ5 + · · · (6-40)

This modifies slightly our earlier commonsense combination and also verifies our pre-
diction thatψ3 times a positive coefficient would be beneficial.

10Because�(x,0) has a discontinuous derivative at the midpoint of the box, it falls outside the class for which
{ψn} is complete. However, because this problem is restricted todx around one point, it should have little effect.
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This example illustrates the basic approach to such problems:

1. Find a function that represents the initial particle distribution�(x,0).

2. Expand that function as a series of eigenfunctions for the hamiltonian, and include
the time-dependent factor for each term.

3. Evaluate the probability distribution at other timest by examining|� (x, t)|2.

As a second example, suppose one were considering the behavior of the electronic
state immediately after a tritium atom emits a beta particle to become a helium ion:
3
1 H → 3

2 He+0−1 e. A crude analysis could be attempted by imagining that the nuclear
charge suddenly changes from 1 to 2 a.u., and the orbiting electron (not the beta particle)
suddenly finds itself in a state (the original 1s state) that is not an eigenfunction for the
new hamiltonian. We would accordingly set�(t = 0) to be the 1s AO of hydrogen and
expand this in terms of He+ eigenfunctions. Only s-type AOs could contribute because
of symmetry. The coefficients are given by

cn =
∫ allspace

ψ1s(Z = 1)ψns(Z = 2)dv (6-41)

and the time-dependent wavefunction is (in a.u.)

�(r, θ,φ, t) = c1ψ1s(Z = 2)exp(−2it) + c2ψ2s(Z = 2)exp(−it/2)

+c3ψ3s(Z = 2)exp(−2it/9) + · · · (6-42)

This function could be evaluated at various timest and would be found to give an
oscillating spherical distribution, as though the electron cloud were shrinking, then
rebounding to its original distance, then shrinking again, etc.

Our next example is perhaps the most important: It is a particle initially localized in
some region of space, say by measurement of its position, and free to move anywhere
thereafter. Taking the one-dimensional case, we imagine that the particle has been
detected aroundx =0 att =0 (the measurement caused it to be “unfree” for an instant).
We assume that the average momentum of the particle is zero. We seek to know how
the probability distribution function for the particle will evolve in time.

As before, we need a functional description of the wavefunction att = 0,�(x,0).
We will then expand that in terms of eigenfunctions of the free-particle hamilto-
nian. As we have seen in Section 2-5, the free-particle eigenfunctions may be written
exp(±i

√
2mEx/h̄), whereE is any nonnegative number. These are also eigenfunctions

for the momentum operator, with eigenvalues
√

2mEh̄.
The function usually selected to describe�(x,0) is a gaussian function:

�(x,0) =
(

4
√

2α/π
)

exp(−αx2) (6-43)

The constantα affects the width of the gaussian and reflects our degree of certainty
in our knowledge of position. Largeα gives a tight function and small uncertainty
�x. The relationship between the gaussian function inx and the coefficients of the
eigenfunctions as a function of

√
2mE/h̄ is depicted in Fig. 6-4. Remarkably, the

coefficient values are also described by a gaussian function (in
√

2mE/h̄). Furthermore,
the tighter the gaussian function is inx, the broader the corresponding gaussian function
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Figure 6-4 � (a and c) Gaussian wave packets describing particles found to be atx =0 with differing
degrees of certainty. (b and d) Values ofck (wherek =√

2mE/h̄) for momentum eigenfunctions that
combine to express the gaussian wave packets to their left. (a, b) corresponds to relatively certain
position and relatively uncertain momentum, whereas (c, d) corresponds to the opposite situation.

is in
√

2mE/h̄ (Problem 6-24). That is, we need to combine free-particle eigenfunction
contributions from a wider range of momenta to create a tighter position function. This
means that greater certainty in position goes with greater uncertainty in momentum, in
accord with the uncertainty principle.

Once we have the appropriate mixture of momentum eigenfunctions, each with its
time-dependent term, we can follow the time evolution of the particle wave packet.
We find that the packet spreads out more and more aboutx = 0 as time passes, which
means that our knowledge of position is decreasing as time passes. Even though the
average position is not changing, the probability for finding the particle at a distance
from x = 0 is increasing.

We can interpret this by remembering that the square of the wavefunction predicts
the results of many experiments. In each of many position measurements finding the
particle nearx = 0, we impart some degree of momentum to the particle. Then, in
a second measurement, we find that some of the particles have moved away from
x = 0. The longer we wait before taking the second measurement, the greater this
spread inx values. (Our assumption of zeroaveragemomentum amounts to saying that
large deviations from zero momentum are equally likely for motion towardx = +∞
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and−∞.) The more precise our first position measurement is, the greater the likelihood
of introducing momenta quite different from zero and the more rapidly the wave packet
spreads out as time passes.

In the first example, a packet located in half of a one-dimensional box, we saw|�|2
oscillate back and forth, changing shape in the process so that the motion cannot be
described with a single frequency. A related important case is that of an oscillator
moving in a harmonic potential. Let us assume the oscillator’s position att = 0 to be
described by a gaussian wavefunction. If this function isnot centered at the oscilla-
tor’s equilibrium position, we have a time dependent situation analogous to the above
particle-in-a-box case. For a harmonic potential, it can be shown11 that |�|2 remains
a gaussian function as time passes (i.e., doesnot change shape), and that the center
of this gaussian oscillates back-and-forth about the equilibrium position with the clas-
sical frequency. This is a situation of interest to spectroscopists because it bears on
the process of electronically exciting a sample of diatomic molecules. Suppose the
molecules are initially in their ground electronic and ground vibrational states. Then
their vibrational wavefunction is a simple gaussian function (the lowest-energy har-
monic oscillator wavefunction) centered atRe (i.e., not off-center). If the molecules
are excited by a laser pulse to a new electronic state having an equilibrium internuclear
distance ofR′

e, the vibrational wavefunction att = 0 is still the simple gaussian cen-
tered atRe, which means that it is now off-center. As time passes, the center of this
function oscillates back and forth aboutR′

e in a coherent manner (i.e., describable with
a single frequency). Thus, we have gone from an initial state describing an ensem-
ble of molecules vibrating aboutRe with zero-point energyhv/2 and withrandom
phases (i.e., a time-independent state wherein such measurable properties as average
molecular dipole moment appear to be constant) to a final state where the molecules are
vibrating in phaseaboutR′

e (a time-dependent state, wherein one might expect to see
time variation of such properties). IfRe were quite a bit smaller thanR′

e, for instance,
then almost all the molecules would find themselves to be “too short” att = 0, “too
long” a short time later, etc., as they swing in phase aboutR′

e. As a result of this simple
behavior, it is possible to take advantage of it and time a second laser pulse to strike the
molecules when they are almost all at their shortest, or all at their longest, extension.
Of course, in real molecules the potential is not exactly harmonic. Furthermore, phase
coherence is eventually lost due to collisions. So the second pulse must come very
soon after the first one.

6-17 Summary

Some of the postulates and proofs described in this chapter are most important for what
follows in this book, and we list these points here.

1. ψ describes a state as completely as possible and must meet certain mathemati-
cal requirements (single-valued, etc.).ψ∗ψ is the probability density distribution
function for the system.

2. For any observable variable, there is an operator (hermitian) which is constructed
from the classical expression according to a simple recipe. (Operators related to

11See Schiff [3, pp. 67, 68], and Tanner [4].
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“spin” are the exception because the classical analog does not exist.) The eigenvalues
for such an operator are the possible values we can measure for that quantity. The act
of measuring the quantity forces the system into a state described by an eigenfunction
of the operator. Once in that state, we may know exact values for other quantities
only if their operators commute with the operator associated with our measurement.

3. If the hamiltonian operator for a system is time independent, stationary eigenfunc-
tions exist of the formψ(q,ω)exp(−iEt/h̄). The time-dependent exponential does
not affect the measurable properties of a system in this state and is almost always
completely ignored in any time-independent problem.

4. The formula for the quantum-mechanical average value [Eq. (6-9)] is equivalent to
the arithmetic average of all the possible measured values of a property times their
frequency of occurrence [Eq. (6-33)]. This means that it is impossible to devise a
function that satisfies the general conditions onψ and leads to an average energy
lower than the lowest eigenvalue ofĤ .

5. The square-integrable eigenfunctions for an operator corresponding to an observable
quantity form a complete set, which may be assumed orthonormal. The eigenvalues
are all real.

6. Any operation that leaveŝH unchanged also commutes witĥH .

7. Wavefunctions describing time-dependent states are solutions to Schr¨odinger’s time-
dependent equation. The absolute square of such a wavefunction gives a particle
distribution function that depends on time. The time evolution of this particle distri-
bution function is the quantum-mechanical equivalent of the classical concept of a
trajectory. It is often convenient to express the time-dependent wave packet as a lin-
ear combination of eigenfunctions of the time-independent hamiltonian multiplied
by their time-dependent phase factors.

6-17.A Problems

6-1. Prove thatd2/dx2 is hermitian.

6-2. Integrate the expressions in Eqs. (6-13) and (6-15) to show that their integrals are
equal.

6-3. Prove that, if a normalized function is expanded in terms of an orthonormal set of
functions, the sum of the absolute squares of the expansion coefficients is unity.

6-4. Show that a particular coefficientck in Eq. (6-30) is given byck = ∫
µ∗

kψ dv.

6-5. A particle in a ring is in a state with wavefunctionψ = 1/
√

π cos(2φ).

a) Calculate the average value for the angular momentum by evaluating∫
ψ∗L̂zψ dφ, whereL̂z = (h̄/i) d/dφ. (Use symmetry arguments to evaluate

the integral.)

b) Expressψ as a linear combination of exponentials and evaluate the average
value of the angular momentum using the formulaLz,av=∑

i c∗
i ciLzi where

Lzi is the eigenvalue for theith exponential function.
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6-6. Using Eq. (6-37), show that�x · �px ≥ h̄/2.

6-7. What condition must the functionφ satisfy for theequalitypart of≥ to hold in
Eq. (6-34)?

6-8. Suppose you had an operator and a set of eigenfunctions for it that were associated
with real eigenvalues. Does it necessarily follow that the operator is hermitian
as defined by Eq. (6-10)? [Hint: Considerd/dr and the set of all functions
exp(−ar), wherea is real and positive definite.]

6-9. a) Show that the nonstationary state having wavefunction

� = (1/
√

2)ψ1sexp(it/2) + (1/
√

2)ψ2p0 exp(it/8)

is a solution to Schr¨odinger’s time-dependent equation whenĤ is the time-
independentĤ of the hydrogen atom. Use atomic units (i.e.,h̄ = 1).

b) This time-dependent state is dipolar and oscillates with a characteristic fre-
quencyν. Show thatν satisfies the relationE2 − E1 ≡ �E = 2πν in a.u.
(The dipole oscillates at the same frequency as that of light required to drive
the 1s←→ 2p transition. This is central to the subject of spectroscopy.)

6-10. From the definition thatφ′ = φ − Sψ [see the discussion following Eq. (6-26)],
evaluate the normalizing constant forφ′, assuming thatφ andψ are normalized.

6-11. Given the two normalizednonorthogonal functions (1/
√

π)exp(−r) and√
1/3πr exp(−r), construct a new functionφ that is orthogonal to the first

function and lies within the function space spanned by these two functions,and
is normalized.

6-12. If the hydrogen atom 1s AO is expanded in terms of the He+ AOs, what is the
coefficient for (a) the He+ 1s AO? (b) the He+ 2p0 AO?

6-13. The lowest-energy eigenfunction for the one-dimensional harmonic oscillator is
ψn=0 = (β/π)1/4 exp(−βx2/2).

a) Demonstrate whether or not momentum is a constant of motion (i.e., is a
“sharp” quantity) for this state.

b) Calculate theaveragemomentum for this state.

6-14. Demonstrate whetherx2d/dx andxd2/dx2 commute. What aboutxd/dx and
x2d2/dx2?

6-15. Evaluate the following integrals over all space. In neither case should you need
to do this by brute force.

a)
∫

(3dxy)L̂2(3dxy) dv

b)
∫ (

3dxy

)
L̂z(3dxy) dv
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6-16. The operators for energy and angular momentum for an electron constrained to
move in a ring of constant potential are, respectively, in a.u.−(1/2)d2/dφ2 and
(1/i)d/dφ.

a) Discuss whether or not there should be a set of functions that are simultane-
ously eigenfunctions for both operators.

b) Discuss whether or not there is a set of functions that are eigenfunctions for
one of these operators but not the other.

c) Discuss whether it is reasonable to expect these two physical quantities to be
exactly knowable simultaneously or whether the uncertainty principle makes
this impossible.

6-17. Suppose a hydrogen atom state was approximated by the functionφ = (1/
√

3)1s
+(1/

√
3)2s+ (1/

√
3)3s, where 1s, 2s, and 3s are normalized eigenfunctions for

the hydrogen atom hamiltonian. What would be the average value of energy
associated with this function, in a.u.?

6-18. A function f is defined as follows:f = 0.1 · 1s+ 0.2 · 2p1 + 0.3 · 3d2, where
1s is the normalized eigenfunction for the 1s state of the hydrogen atom, etc.
Evaluate the average value of thez component of angular momentum in a.u. for
this function.

6-19. Without looking back at the text, prove that (a) eigenvalues of hermitian operators
are real, (b) nondegenerate eigenfunctions of hermitian operators are orthogonal,
(c) nondegenerate eigenfunctions ofÂ must be eigenfunctions of̂B if Â andB̂

commute.

6-20. Using Eq. (6-38), obtain an expression for|�|2 as a function ofx andt .

6-21. Evaluate�t of Fig. 6-2 in terms ofm, h, andL.

6-22. Verify the values of the coefficients in Eq. (6-40). How can you tell from simple
inspection that (a)c2 will be largest and positive, (b)c4 will be zero, (c)ci will
tend toward small values at largei?

6-23. a) Evaluate the firsttwocoefficients in Eq. (6-42).
b) Whatqualitativedifference would you expect between� of Eq. (6-42) and

one that takes explicit account of the changing potential resulting as the beta
particle travels away from the nucleus?

6-24. Show by qualitative arguments based on mathematical functions why coefficients
ck should drop off more rapidly withk if the position wave packet is broader.
ck = ∫ (

4
√

2α/π
)
exp(−αx2)exp(ikx) dx.

6-25. a) Prove that, ifV is real and�(x,y, z, t) satisfies Schr¨odinger’s time-dependent
equation, then�(x,y, z,−t)∗ is also a solution. (This is called “invariance
under time reversal.”)

b) Show that, forstationarystates, invariance under time reversal means that
Ĥψ∗ = Eψ∗ if Ĥψ = Eψ and ifV is real.

c) Show from (b) that nondegenerate eigenfunctions ofĤ (with realV ) must be
real.
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d) What becomes of the 2p−1AO (with time dependence included) upon complex
conjugation and time reversal? the 2p0 AO?

e) Can the statement in (c) be reworded to say that all degenerate eigenfunctions
of Ĥ (with realV ) must be complex?

Multiple Choice Questions

(Try to answer these without referring to the text.)

1. Which one of the following statements about the eigenfunctions of a time-
independent Hamiltonian operator is true?

a) Any linear combination of these eigenfunctions is also an eigenfunction forĤ .
b) The state function for this system must be one of these eigenfunctions.
c) The eigenvalues associated with these eigenfunctions must all be real.
d) These eigenfunctions must all be orthogonal to one another.
e) These eigenfunctions have no time dependence.

2. A hydrogen atom is in a nonstationary state having the wavefunction1
2{ψ1s

exp(it/2h̄) + ψ2s exp(it/8h̄) + ψ2p0 exp(it/8h̄) + ψ2p+1 exp(it/8h̄)}
Which statement is true at any timet?

a) A measurement of the energy has a 25% chance of giving−0.5 a.u.
b) The average value of thez component of angular momentum is 0.5 a.u.
c) The average energy is−7

8 a.u.
d) A measurement of the total angular momentum has a 75% chance of giving√

2 a.u.
e) None of the above statements is true.

3. The functionrexp(−0.3r2)cosθ is expanded in terms of hydrogen atom wavefunc-
tions. This series may have finite contributions from bound-state eigenfunctions

a) of all types:s,px,py,pz, dxy, dyz , etc.
b) of all types excepts.
c) of typespx,py,pz only.
d) of typepz only.
e) of typespz anddz2 only.
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Chapter 7

The Variation Method

7-1 The Spirit of the Method

The proof of the Rayleigh-Ritz variation principle (Section 6-12) involves essentially
two ideas. The first is that any function can be expanded into a linear combination of
other functions that span the same function space. Thus, for example, exp(ikx) can
be expressed as cos(kx) + i sin(kx). An exponential can also be written as a linear
combination of powers of the argument:

exp(x) = 1+ x + x2/2! + x3/3! + · · · + xn/n! + · · · (7-1)

The second idea is that, if a function is expressed as a linear combination of eigenfunc-
tions for the energy operator, then the average energy associated with the function is a
weighted average of the energy eigenvalues. For example, if

φ =
(

1√
2

)
ψ1 +

(
1√
2

)
ψ2 (7-2)

where

Ĥψ1 = E1ψ1, Ĥψ2 = E2ψ2, E1 �= E2 (7-3)

then measuring the energy of many systems in states described byφ would give the
resultE1 half of the time andE2 the other half. The average value,1

2E1 + 1
2E2 must

lie betweenE1 andE2. Alternatively, if

φ′ =
√

1

3
ψ1 +

√
2

3
ψ2 (7-4)

measurements would giveE1 one-third of the time, andE2 the rest of the time, for an
average that still must lie betweenE1 andE2. It should be evident that, even whenφ

is a linear combination of many eigenfunctionsψi , the average value ofE can never
lie below the lowest or above the highest eigenvalue.

The variationmethodis based on the idea that, by varying a function to give the lowest
average energy, we tend to maximize the amount of the lowest-energy eigenfunction
ψ0 present in the linear combination already discussed. Thus, if we minimize

Ē =
∫

φ∗Ĥφ dv∫
φ∗φ dv

(7-5)

the resultingφ should tend to resembleψ0 since we have maximized (in a sense) the
amount ofψ0 in φ by this procedure.

190
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7-2 Nonlinear Variation: The Hydrogen Atom

We have already seen (Chapter 4) that the lowest-energy eigenfunction for the hydrogen
atom is (in atomic units)

ψ1s =
(

1√
π

)
exp(−r) (7-6)

Suppose we did not know this and used the variation method to optimize the normalized
trial function

φ =



√

ζ 3

π



exp(−ζ r) (7-7)

In this example, whenζ = 1, φ becomes identical toψ1s , but in more complicated sys-
tems the trial function never becomes identical to an eigenfunction of the hamiltonian.
Nevertheless, this is a good example to start with since there are few mathematical
complexities to obscure the philosophy of the approach.

The variation method requires that we minimize

Ē =
∫

φ∗Ĥφ dv (7-8)

by varyingζ . [φ is normalized, so no denominator is required in Eq. (7-8).] Since the
trial functionφ has noθ - or φ-dependent terms for∇2 to operate on, only the radial
part of∇2 is needed inĤ . Thus [from Eq. (4-7)]

Ĥ = −1

2

1

r2

d

dr
r2 d

dr
− 1

r
(7-9)

According to Eq. (7-8), we need first to evaluate the quantityĤφ:

Ĥφ =
[
−1

2

1

r2

d

dr
r2 d

dr
− 1

r

]√
ζ 3

π
exp(−ζ r) (7-10)

...

=
[

(ζ − 1)

r
− ζ 2

2

]√
ζ 3

π
exp(−ζ r) (7-11)

Incorporating this into Eq. (7-8) gives (after integratingθ andφ in dv to give 4π )

Ē = 4π

(
ζ 3

π

)∫ ∞

0

[
(ζ − 1)

r
− ζ 2

2

]
exp(−2ζ r) r2 dr (7-12)

= 4ζ 3
{

(ζ − 1)

∫ ∞

0
r exp(−2ζ r) dr −

(
ζ 2

2

)∫ ∞

0
r2 exp(−2ζ r) dr

}
(7-13)

Using the integral table in Appendix 1, we obtain

Ē =
(

ζ 2

2

)
− ζ (7-14)
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Now we have a simple expression forĒ as a function ofζ . To obtain the minimum,
we set the derivative of̄E to zero:

dĒ

dζ
= 0= ζ − 1 (7-15)

As we expected,ζ = 1. Inserting this value forζ into Eq. (7-14) givesĒ = −1
2 a.u.,

which is identical with the lowest eigenvalue for the hydrogen atom.
This example demonstrates that minimizingĒ for a trial function causes the function

to become like the lowest eigenfunction for the system. But it is more realistic to
examine a case where the trial function is incapable of becoming exactly identical with
the lowest eigenfunction. Suppose we assumed a trial form (normalized) of

φ =
√

ζ 5

3π
r exp(−ζ r) (7-16)

Proceeding as before, we first evaluateĤφ:

Ĥφ =
[(

− 1

r2

)
+ 2ζ − 1

r
− ζ 2

2

]
φ (7-17)

This leads to

Ē (ζ ) = 4

3

[
ζ 2

8
− 3ζ

8

]
(7-18)

so that

dĒ

dζ
= 0= 4

3

[
ζ

4
− 3

8

]
(7-19)

andĒ is a minimum whenζ = 3
2. Thus, our energy-optimizedφ is

φ =
√

35

96π
r exp

(
−3r

2

)
(7-20)

This is obviously not identical to the eigenfunction given by Eq. (7-6), but it must be
expressible as a linear combination of hydrogen atom eigenfunctions, and the amount
of ψ1s present should be quite large unless the trial form was unwisely chosen. Since
φ also must contain contributions from higher energy eigenfunctions, it follows thatĒ

must be higher in energy than−1
2 a.u. We test this by insertingζ = 3

2 into Eq. (7-18),
obtaining anĒ of −3

8 a.u., (−0.375 a.u.). This value is above the lowest eigenvalue,
but it is well below the second-lowest eigenvalue (−1

8 a.u.) associated with 2s, 2p
eigenfunctions, and so we know thatφ does indeed contain much 1s character. We can
find out exactly how much 1s eigenfunction is contained inφ by calculating the overlap
betweenφ and the 1s eigenfunction. That is, since the 1s function is orthogonal to all
the other hydrogen atom eigenfunctions;

∫
ψ1sψj dv =

{
0 j �= 1s

1 j = 1s
(7-21)
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and since

φ = c1sψ1s+
∑

j �=1s

cj ψj (7-22)

it follows that

(7-23)

Integrating
∫

ψ1sφ dv, whereφ is given by Eq. (7-20), givesc1s=0.9775, soφ does
indeed “contain” a large amount ofψ1s, (If c1s= 1, thenψ1s andφ are identical.)

This suggests another way of trying to get a “best” approximate wavefunction. We
could find the value ofζ that maximized the overlap betweenφ andψ1s. This maximizes
c1s in Eq. (7-22). If one does this (Problem 7-6), one obtainsζ = 5

3, which corresponds
to an overlap of 0.9826 and an̄E of −0.370 a.u. At first sight, this seems puzzling.
φ
(
ζ = 5

3

)
has a larger amount ofψ1s in it, but φ

(
ζ = 3

2

)
has a lower average energy.

But it is really not so unreasonable. Maximizing the value ofc1s causesζ to take on
a certain value that may cause the coefficient for some high-energy state (say, 6s) to
become relatively larger, producing a tendency to raise the average energy. On the
other hand, minimizingĒ is a process that is implicitly concerned with what all the
coefficients are doing. This allows for a different sort of compromise whereinc1s may
be allowed to be a bit smaller if the associated energy loss is more than compensated
for by a favorable shifting in values of higher coefficients (e.g., ifc2s increases andc6s
decreases). The purpose of this discussion is to emphasize that the variation method
optimizes the trial function in a certain sense (best energy), but that other kinds of
optimization are conceivable. The optimization that gives best overlap is not generally
useful because it requires that we know the exact solution to begin with. If we vary
ζ to obtain optimal agreement forr̄, or V̄ , or r2, we would find a different value of
ζ appropriate for each property. In each case, however, we would need to know the
correct value of̄r, etc., before starting. A great virtue of the energy variation method
is that it does not require foreknowledge of the exact eigenvalue or eigenfunction.
However, the function that gives the lowest value forĒ might not be especially good in
describing other properties. This is demonstrated in Fig. 7-1 and Table 7-1. The figure
indicates that the trial function differs from the exact function chiefly near the nucleus,
wherer < 1. This discrepancy shows up when we compare average values for various
powers ofr. The operatorsr, r2, andr3 become large whenr is large. Thus, these
operators magnifyψ2 dv at larger. Since the two functions are fairly similar at large
r, the average values show fair agreement. Butr−1 andr−2 become large whenr is
small. Thus, the fact that the approximate function is too small at smallr shows up
as a marked disagreement in the average value ofr−2, this average being much larger
for the exact function (see Table 7-1).Any trial function that is known to be especially
inaccurate in some region of space (e.g., at small r) will give unreliable average values
for operators that are largest in that region of space(e.g., r−2).

Choosing a trial form such as Eq. (7-16), which must vanish atr = 0, might seem
foolish since we know thatψ1s does not vanish atr = 0. And if we were interested in
electron density at the nucleus for, say, calculating the Fermi contact interaction, this
would indeed be a self-defeating choice. But if our interest is in energies or other proper-
ties having operators that are large in regions where the trial function is not too deficient,
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Figure 7-1 � Plots ofψ1s andφ [Eq. (7-20)] versusr.

TABLE 7-1 � Comparison between Exact Values for Some Properties of (1s) Hydrogen and
Values Calculated from the Function Eq. (7-20)

Quantity Exact (1s) value (a.u.) Trial function value (a.u.)

Ē −1
2 −3

8
Electron density

at nucleus 1
π

0
r̄ 1.5 1.67

r2 3.0 3.33

r3 7.5 7.78

r−1 1.0 0.75

r−2 2.0 0.75

this choice would serve. One often settles for a mathematically convenient form even
though it is known to be inadequate in some way. Care must then be exercised, however,
to avoid using that trial wavefunction in ways which emphasize its inadequacies.

7-3 Nonlinear Variation: The Helium Atom

We mentioned in Chapter 5 that the ground-state wavefunction 1s(1)1s(2) for helium
was much too contracted if the 1s functions were taken from the He+ ion without
modification. Physically, this arises because, in He+, the single electron sees only a
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doubly positive nucleus, whereas in He each electron sees a doubly positive nucleus
andanother electron, so that in He the repulsion between electrons prevents them from
spending as much time near the nucleus as in He+. Somehow, the 1s functions should
be modified to reflect this behavior. We will now show how the variation method may
be used to accomplish this.

The form of the hydrogenlike ion 1s solution is

1s=
√

Z3

π
exp(−Zr) (7-24)

For He+, Z = 2, but we have just seen that this gives a function that is too contracted.
Smaller values ofZ would cause the function to die away more slowly withr. Therefore,
it is reasonable to replace the atomic numberZ with a variable parameterζ and find
the value ofζ that gives the lowest average energy. Hence, we let

1s′ (1) =
√

ζ 3

π
exp(−ζ r1) (7-25)

and our trial wavefunction is1

φ(1,2) = 1s′(1)1s′(2)
(
1/

√
2
)[

α(1)β(2) − β(1)α(2)
]

(7-26)

The average energy is [sinceφ(1,2) is normalized]

Ē =
∫ ∫

φ∗(1,2)Ĥ (1,2)φ(1,2)dτ(1)dτ(2) (7-27)

SinceĤ (1,2) contains no spin operators at our level of approximation, the integral
separates into an integral over the space coordinates of both electrons and an integral
over the spin coordinates of both electrons. The integration over spins gives a factor of
unity. There remains

Ē =
∫ ∫

1s′(1)1s′(2)Ĥ (1,2)1s′(1)1s′(2)dv(1)dv(2) (7-28)

where

Ĥ (1,2) = −1

2
∇2

1 − 1

2
∇2

2 −
(

2

r1

)
−

(
2

r2

)
+

(
1

r12

)
(7-29)

and where theθ andφ parts of∇2 can be ignored sinceφ(1,2) is independent of these
variables. The calculation is easier if we recognize that

Ĥ (1,2) = ĤHe+ (1) + ĤHe+ (2) + 1

r12
(7-30)

1In this trial function,ζ has the same value in each atomic orbital. This is not a necessary restriction. There is no
physical reason for not choosing the more general trial function where orbitals with differentζ are used. Symmetry
requires that such a function be written 2−1/2[1s′(1)1s′′(2) + 1s′′(1)1s′(2)]2−1/2[α(1)β(2) − β(1)α(2)]. This
type of function is called a “split shell” wavefunction. It gives a lower energy for He than does the function (7-26).
However, for most quantum-chemical calculations split shells are not used, the gain in accuracy usually not being
commensurate with the increased computational effort.
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This allows us to express Eq. (7-28) as the sum of three integrals, the first of these being
∫∫

1s′(1)1s′(2)ĤHe+ (1)1s′(1)1s′(2)dv(1)dv(2) (7-31)

Since the operator in the integrand operates only on coordinates of electron 1, we can
separate this into a product of two integrals:

∫
1s′(2)1s′(2)dv(2)

∫
1s′(1)ĤHe+ (1)1s′(1)dv(1) (7-32)

The 1s′ functions are normalized, and so the first integral is unity. The second
integral is almost identical to the integral in Eq. (7-8) and has the value

(
ζ 2/2

) − 2ζ .
Therefore, the first of the three integrals mentioned above equals

(
ζ 2/2

) − 2ζ . The
second of the three integrals is identical with Eq. (7-31) except that the operator acts
on electron 2 instead of 1. This integral is evaluated in the same manner and gives
the same result. The third integral, in which the operator is 1/r12, is more difficult to
evaluate. This interesting and instructive problem constitutes a detour from the main
sequence of ideas in this chapter and is therefore discussed in Appendix 3. We here
simply take the result,58ζ , and proceed with the variation calculation.

We now have an expression forĒ as a function ofζ :

Ē = 2
[(

ζ 2/2
) − 2ζ

] + 5

8
ζ = ζ 2 − 27

8
ζ (7-33)

Minimizing Ē with respect toζ gives

dĒ

dζ
= 0= 2ζ − 27

8
(7-34)

so that

ζ = 27

16
(7-35)

This value ofζ is smaller than the unmodified He+ value of 2, as we anticipated. Let us
see how much the average energy has been improved. According to Eq. (7-33), when
ζ is 2, Ē is equal to−2.75 a.u. Whenζ = 27

16, Ē equals−2.848 a.u., so the average
energy has been lowered by approximately 0.1 a.u., or 2.7 eV, or 62 kcal/mole. (The
exact nonrelativistic energy for He is−2.903724377 a.u.) Further analysis would show
that, by decreasingζ , we have decreased the average kinetic energy (the less compressed
wavefunction changes slope less rapidly), raised the nuclear-electron attraction energy
from a large negative to a smaller negative value (the decreased attraction resulting
from the electrons being farther from the nucleus, on the average), and decreased the
interelectronic repulsion energy from a higher positive value to a lower one. The
variational procedure has allowed the wavefunction to adjust to the best compromise it
can achieve among these three factors. Ifζ becomes less than27

16 the loss of nuclear–
electron attraction is too great to be offset by the loss of interelectronic repulsion and
kinetic energy.

Varying a parameter in the argument of an exponential produces a nonlinear change
in the function, and so calculations of the type described above are referred to as
nonlinear variation calculations. Such calculations tend to become mathematically
complicated and are not frequently used except for fairly simple systems. The fact
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that the hamiltonian operator is alinear operator [i.e.,Ĥ (c1φ1 + c2φ2) = (c1Ĥφ1 +
c2Ĥφ2)] makes a linear variation procedure more convenient for most purposes.

7-4 Linear Variation: The Polarizability
of the Hydrogen Atom

Suppose we wish to express a wavefunctionψ (which may be approximate) as a linear
combination of two known functionsφ1 andφ2:

ψ (c1, c2) = c1φ1 + c2φ2 (7-36)

The question is, what values ofc1 andc2 give aψ that best approximates the exact
wavefunction for a particular system? The usual approach is to determine which values
of c1 andc2 give theψ associated with the minimum average energy attainable. The
technique for achieving this, called thelinear variation method, is by far the most
common type of quantum chemical calculation performed.

An example of a problem that can be treated by this method is the polarizability of
the hydrogen atom. The wavefunction for the unperturbed hydrogen atom in its ground
state is spherically symmetrical. But, when a uniformz-directed external electric field
of strengthF is imposed, the positive nucleus and the negative electron are attracted
in opposite directions, which leads to an electronic distribution that is skewed with
respect to the nucleus. The wavefunction describing this skewed distribution may be
approximatedby mixing with the unperturbed 1s function some 2pz function: ψ =
c11s+ c22pz. As indicated in Fig. 7-2, this produces a skewed wavefunction because
the 2pz function is of the same sign as the 1s function on one side of the nucleus and
of the opposite sign on the other. We will work out the details of this example after
developing the method for the general case.

Let thegeneralizedtrial function ψ be a linear combination of known functions
φ1, φ2, . . . , φn. (This set of functions is called thebasis setfor the calculation.)

ψ = c1φ1 + c2φ2 + · · · + cnφn (7-37)

where the coefficientsc are to be determined so that
∫

ψ∗Ĥψ dτ∫
ψ∗ψ dτ

= Ē (7-38)

is minimized. Substituting Eq. (7-37) into Eq. (7-38) gives

Ē =
∫ (

c∗
1φ∗

1 + c∗
2φ∗

2 + · · · + c∗
nφ∗

n

)
Ĥ (c1φ1 + c2φ2 + · · · + cnφn) dτ

∫ (
c∗

1φ∗
1 + c∗

2φ∗
2 + · · · + c∗

nφ∗
n

)
(c1φ1 + c2φ2 + · · · + cnφn) dτ

= num

denom
(7-39)

Since we will be dealing with cases in which thec’s andφ’s are real, we will temporar-
ily omit the complex conjugate notation to simplify the derivation. At the minimum
value ofĒ,

∂Ē

∂c1
= ∂Ē

∂c2
= · · · = ∂Ē

∂cn

= 0 (7-40)
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Figure 7-2 � Values ofψ versusz for 1s state of H atom (—-) and for approximate wavefunction
given by 0.982 1s−0.188 2pz (- - -). The nucleus is atz = 0 for each case.

The partial derivative of Eq. (7-39) with respect toc1 is

∂Ē

∂c1
=

∫
φ1Ĥ (c1φ1 + · · · + cnφn) dτ

denom
+

∫
(c1φ1 + · · · + cnφn) Ĥφ1 dτ

denom

− (num) (denom)−2
[∫

φ1 (c1φ1 + · · · + cnφn) dτ

+
∫

(c1φ1 + · · · + cnφn)φ1dτ

]

= 0 (7-41)
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Multiplying through by denom, recalling that num/denom equalsĒ, and rearranging,
gives

c1

[∫
φ1Ĥφ1 dτ − Ē

∫
φ1φ1 dτ

]

+c2

[∫
φ1Ĥφ2 dτ − Ē

∫
φ1φ2 dτ

]

+· · · + cn

[∫
φ1Ĥφn dτ − Ē

∫
φ1φn dτ

]

= 0 (7-42)

At this point, it is convenient to switch to an abbreviated notation:
∫

φiĤφj dτ ≡ Hij (7-43)
∫

φiφj dτ ≡ Sij (7-44)

The integralSij is normally called anoverlap integralsince its value is, in certain
cases, an indication of the extent to which the two functionsφi andφj occupy the same
space. Use of this abbreviated notation produces, for Eq. (7-42),

c1
(
H11− ĒS11

) + c2
(
H12− ĒS12

) + · · · + cn

(
H1n − ĒS1n

) = 0 (7-45)

A similar treatment for∂Ē/∂ci gives a similar equation:

c1
(
Hi1 − ĒSi1

) + c2
(
Hi2 − ĒSi2

) + · · · + cn

(
Hin − ĒSin

) = 0 (7-46)

Thus, requiring that∂Ē/∂ci vanish for all coefficients producesn homogeneous linear
equations (homogeneous, all equal zero; linear, allci ’s to first power). If one chooses
a value forĒ, there remainn unknowns—the coefficientsci . (The integralsHij and
Sij are presumably knowable sincêH and the functionsφi are known.) Of course, one
trivial solution for Eqs. (7-46) is always possible, namely,c1 = c2 = · · · = cn = 0. But
this corresponds toψ = 0, a case of no physical interest. Are there nontrivial solutions
as well?In quantum chemical calculations, nontrivial solutions usually exist only for
certain discrete values of̄E. This provides the approach for solving the problem.
First, find those values of̄E for which nontrivial coefficients exist. Second, substitute
into Eqs. (7-46) whichever of these values ofĒ one is interested in and solve for the
coefficients. (Each value of̄E has its own associated set of coefficients.) But how do
we find these particular values ofĒ that yield nontrivial solutions to Eqs. (7-46)? The
answer is given in Appendix 2, where it is shown thatthe condition which must be met
by the coefficients of a set of linear homogeneous equations in order that nontrivial
solutions exist is that their determinant vanish. Notice that, in the standard treatment
given in Appendix 2, the coefficients areknownandx, y, andz are unknown. Here,
however, the coefficientsci are unknown, andHij andSij are known. Therefore, it is
the determinant of theH ’s, S’s andĒ in Eqs. (7-46) that must equal zero:

∣∣∣∣∣∣∣∣∣∣

H11− ĒS11 H12− ĒS12 · · · H1n − ĒS1n

H21− ĒS21 H22− ĒS22 · · · H2n − ĒS2n

...
...

...

Hn1 − ĒSn1 Hn2 − ĒSn2 · · · Hnn − ĒSnn

∣∣∣∣∣∣∣∣∣∣

= 0 (7-47)
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Expansion of this determinant gives a single equation containing the unknownĒ. Any
value ofĒ satisfying this equation is associated with a nontrivial set of coefficients.
The lowest of these values ofĒ is the minimum average energy achievable by variation
of the coefficients. Substitution of this value ofĒ back into Eqs. (7-46) produces
n simultaneous equations for then coefficients. Equation (7-47) is referred to as
the secular equation, and the determinant on the left-hand side is called thesecular
determinant.

This method is best illustrated by example, and we will now proceed with the prob-
lem of a hydrogen atom in az-directed uniform electric field of strengthF a.u. As
mentioned earlier, a suitable choice of functions to mix together to approximate the
accurate wavefunction is the 1s and 2p, hydrogenlike functions. The choice of two
basis functions leads to a 2× 2 secular determinantal equation:

∣∣∣∣∣
H11− ĒS11 H12− ĒS12

H21− ĒS21 H22− ĒS22

∣∣∣∣∣ = 0 (7-48)

If we arbitrarily associate the 1s function with the index 1 and the 2pz function with
index 2 (consistent withψ = c11s+ c22pz), then the terms in the determinant are
(returning to general complex conjugate notation):

H11=
∫

1s∗Ĥ1sdτ H12=
∫

1s∗Ĥ2pz dτ

H21=
∫

2p∗
z Ĥ1sdτ H22=

∫
2p∗

z Ĥ2pz dτ (7-49)

(The electron label has been omitted since there is only one electron.) The correspond-
ing S integrals are obtained from these ifĤ is omitted in each case. The hamiltonian
operator is just that for a hydrogen atom with an additional term to account for the
z-directed field:

Ĥ = −1

2
∇2 − (1/r) − Fr cosθ (7-50)

[The energy of a charge−e in a uniform electric field of strengthF and directionz is
−eFz. In atomic units, one unit of field strength ise/a2

0 =5.142×1011 V/m. The unit
of charge in atomic units ise, so this symbol does not appear explicitly in Eq. (7-50).
Also, the identityz = r cosθ has been used.] This may also be written

Ĥ = Ĥhyd − Fr cosθ (7-51)

whereĤhyd is the hamiltonian for the unperturbed hydrogen atom.
The secular determinant contains fourH -type and fourS-type terms. However,

evaluating these eight integrals turns out to be much easier than one might expect.
In the first place,S12 = S21 since these integrals differ only in the order of the two
functions in the integrand, and the functions commute. Also, becauseĤ is hermitian,
it follows immediately thatH21= H ∗

12. This leaves us with threeS terms and threeH
terms to evaluate. The threeS terms are simple. Because the hydrogenlike functions
are orthonormal,S11 andS22 equal unity, andS12 vanishes. These points have already
reduced the secular determinantal equation to

∣∣∣∣∣
H11− Ē H12

H ∗
12 H22− Ē

∣∣∣∣∣ = 0 (7-52)
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Consider next the termH11. This may be written as

H11=
∫

1s∗Ĥhyd1sdτ −
∫

1s∗ (F r cosθ)1sdτ (7-53)

But the 1s function is an eigenfunction ofĤhyd with eigenvalue−1
2 a.u. Therefore, the

first integral on the right-hand side of Eq. (7-53) is
∫

1s∗Ĥhyd1sdτ = −1

2

∫
1s∗1sdτ = −1

2
a.u. (7-54)

The second term on the right-hand side of Eq. (7-53) is zero by symmetry since 1s∗1s
is symmetric for reflection in thexy plane whiler cosθ(= z) is antisymmetric. Thus,
H11 = −1

2 a.u. Similarly,H22 = −1
8 a.u. [Recall that the 8 eigenvalues of hydrogen

are equal to−1/(2n2), and heren = 2.] All that remains isH12:

H12=
∫

1s∗Ĥhyd2pz dτ − F

∫
1s∗ (r cosθ)2pz dτ (7-55)

The first term on the right-hand side is easily shown to be zero:
∫

1s∗Ĥhyd2pz dτ =
∫

1s∗
(

−1

8

)
2pz dτ = 0 (7-56)

Here we employ the fact that 2pz is an eigenfunction ofĤhyd and then the fact that 1s
and 2pz AOs are orthogonal. The second term on the right-hand side must be written
out in full and integrated by “brute force.” It is remarkable that, of the eight terms
originally considered, only one needs to be done by detailed integration. Proceeding,
we substitute formulas for 1s and 2pz in this last integral to obtain

−F

∫∫∫
(π)−1/2 exp(−r)

[
r cosθ

]
(32π)−1/2r exp(−r/2)cosθ(r2 sinθ) dr dθ dφ

(7-57)

We consider the integration over spin to have been carried out already, giving a factor
of unity. Integrating overφ to obtain 2π , and regrouping terms gives

−2πF/(4
√

2π)

∫ ∞

0
r4 exp(−3r/2) dr

∫ π

0
cos2 θ sinθ dθ (7-58)

= −
(
F/2

√
2
)[

4!
(3

2

)5

][
2

3

]
= −215/2F

35
a.u. (7-59)

This completes the task of evaluating the terms in the secular determinant.2 The final
result is (in atomic units)

∣∣∣∣∣∣

−1
2 − Ē −215/2(F/35)

−215/2(F/35) −1
8 − Ē

∣∣∣∣∣∣
= 0 (7-60)

2SinceH12 is real, it is clear thatH21= H12.
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which expands to

1

16
+ (5Ē/8) + Ē2 − 215F 2/310= 0 (7-61)

This is quadratic inĒ having roots

Ē = − 5

16
±

( 9
64 + 217F 2/310

)1/2

2
(7-62)

When no external field is present,F = 0 and the roots are just−1
2 and−1

8 a.u., the
1s and 2pz eigenvalues for the unperturbed hydrogen atom. AsF increases from zero,
the roots change, as indicated in Fig. 7-3. We see that, for a given field strength, there
are only two values of̄E that will cause the determinant to vanish. If either of these
two values ofĒ is substituted into the simultaneous equations related to Eq. (7-52),
then nontrivial values forc1 andc2 can be found. Thus, atF =0.1 a.u.,Ē =−0.51425
a.u., andĒ = −0.1107 a.u. are values of̄E for which ∂Ē/∂c1, and∂Ē/∂c2 both
vanish. The former is the minimum, the latter the maximum in the curve ofĒ versus
c1 (Fig. 7-4). (The normality requirement results in the two c’s being dependent, and
soĒ may be plotted against either of them.) Since the variation principle tells us that
Ē ≥ Elowest exact, we can say immediately that the energy of the hydrogen atom in a
uniform electric field of 0.1 a.u. is−0.51425 a.u. or lower. That is,−0.51425 a.u. is
anupper boundto the true energy.

Now that we have the value of the lowestĒ1 we can solve forc1 andc2 and obtain
the approximate ground state wavefunction. The homogeneous equations related to the
determinant in Eq. (7-52) are

c1(H11− Ē) + c2H12 = 0 (7-63)

c1H12+ c2
(
H22− Ē

) = 0 (7-64)

Substituting−0.51425 forĒ, and inserting the values forH11,H22, andH12 found
earlier gives (whenF = 0.1 a.u.)

0.01425c1 − 0.074493c2 = 0 (7-65)

−0.074493c1 + 0.38925c2 = 0 (7-66)

Equation (7-65) gives

c1 = 5.2275c2 (7-67)

If we substitute this expression forc1 into Eq. (7-66) we get

−0.3892c2 + 0.3892c2 = 0 (7-68)

This is useless for evaluatingc2. It is one of the properties of such a set of homogeneous
equations that the last unused equation is useless for determining coefficients. This
arises because an equation like (7-63) still equals zero whenc1 andc2 are both multiplied
by the same arbitrary constant. Therefore, these equations are inherently capable of
telling us the ratio ofc1 andc2 only, and not their absolute values. We shall determine
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Figure 7-3 � Average energies for a hydrogen atom in a uniform electric field of strengthF as
given by a linear variation calculation using a 1s, 2pz basis. (- - -) Results from accurate calculations.

absolute values by invoking the requirement thatψ be normalized. In this case, this
means that

c2
1 + c2

2 = 1 (7-69)

or

(5.2275c2)2 + c2
2 = 1 (7-70)

which gives

c2 = ±0.18789 (7-71)

If we arbitrarily choose the positive root forc2, it follows from Eq. (7-67) that
c1 = 0.98219.
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Figure 7-4 � Ē versusc1 for a hydrogen atom in a uniform electric field of strength 0.1 a.u.

Thus, whenF = 0.1 a.u., the linear variation method using a 1s, 2pz basis set gives
an upper bound to the energy of−0.51425 a.u. and a corresponding approximate
wavefunction of

ψ = 0.98219 1s+ 0.18789 2pz (7-72)

As mentioned earlier, the admixture of 2pz with 1s produces the skewed charge distri-
bution shown in Fig. 7-2.

It is important to note that the extent of mixing between 1s and 2pz depends partly on
the size of the off-diagonal determinantal elementH12. WhenH12 is zero (no external
field), no mixing occurs. AsH12 increases, mixing increases. Generally speaking,
the larger the size of the off-diagonal element connecting two basis functions in the
secular determinant, the greater the degree of mixing of these basis functions in the
final solution, other factors being equal.Hij is sometimes referred to as theinteraction
elementbetween basis functionsi andj .

If we carried through the same procedure using themaximumĒ of −0.1107 a.u.,
we would obtain the approximate wavefunction

ψ ′ = 0.98219 2pz − 0.18789 1s (7-73)

This wavefunction is orthogonal toψ . It may be proved that thesecond root,
Ē = −0.1107 is an upper bound for the energy of thesecond-lowest stateof the
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hydrogen atom in the field. However,ψ ′ is probably not too good an approximation
to the exact wavefunction for that state. This is partly because the wavefunctionψ ′
is one thatmaximizesĒ. Hence, there is no particular tendency for the procedure to
isolate the second-lowest state from the infinite manifold of states. Also, our basis set
was chosen with an eye toward its appropriateness for approximating the lowest state.
The true second-lowest state might be expected to contain significant amounts of the
2s AO, which is not included in this basis.

The values ofĒ versusc1 are plotted in Fig. 7-4. The values ofĒ that we obtained
by the variation procedure correspond to the extrema in this figure. The low-energy
extreme corresponds to a wavefunction that shifts negative charge in the direction it
is attracted by the field. The high-energy extreme corresponds to a wavefunction that
shifts charge in the opposite direction. (When a calculation is performed over a more
extensive basis to produce more than two roots, the highest and lowest roots correspond,
respectively, to the maximum and minimum, the other roots to saddle points, on the
energy hypersurface.)

The detailed treatment just completed is rather involved, and so we now summarize
the main points. Step 1 involved selection of a basis set of functions which is capa-
ble of approximating the exact solution. Step 2 was the construction of the secular
determinant, including evaluation of all theHij - andSij -type integrals. Step 3 was
the conversion of the determinantal equation into its equivalent equation in powers of
Ē and solution for the roots̄E. Step 4 was the substitution of an̄E of interest into
the simultaneous equations that are related to the secular determinant and solution for
c1/c2. Finally, we used the normality requirement to arrive at convenient values for
c1 andc2.

There are many ways one could increase the flexibility of the trial function in an
effort to increase the accuracy of the calculation. By adding additional basis functions,
one would stay within the linear variation framework, merely increasing the size of the
secular determinant. If these additional basis functions are of appropriate symmetries,
they will cause the minimum energy root to be lowered further and will mix into the
corresponding wavefunction to make it a better approximation to the lowest-energy
eigenfunction for the system. Also, the additional functions will increase the number
of rootsĒ, thereby providing upper bounds for the energies of the third-, fourth-, etc.
lowest states of the system. Another possibility is to allow nonlinear variation of the
1s and 2pz orbital exponents, in combination with linear variation. This would be more
involved than the calculation we have shown here, but could easily be accomplished
with the aid of a computer.

EXAMPLE 7-1 Suppose the variational process just described were performed
usingψ(c1, c2, c3)=c11s +c22p0+c33d0. Would all three of theseAOs be present
in the lowest-energy solution?

SOLUTION � We already know that 1s and 2p0 will be mixed. They differ in reflection sym-
metry in just the right manner to provide a wavefunction skewed in thez direction, and this is
manifested as a nonzero interaction element H12. 3d0, however, is, like 1s, symmetric for reflection
through thex, yplane. Therefore, it cannot skew 1s in thez direction, and its interaction element
with 1s, H13, equals zero (by symmetry). Therefore, it is tempting to think that that 3d0 will not
contribute. However, because 3d0 and 2p0 have opposite reflection symmetries through thex, y
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plane, they do interact, H23 is not zero, and so all three basis functions show up in the lowest-energy
solution. 1s and 3d0 are indirectly linked because they are each directly linked to 2p0. Physically,
one can argue that a 2p0 AO that has been polarized by admixture with 3d0 can better polarize the
1s AO than can the pure 2p0 AO. (One could say that 3d0 is brought in “on the coat-tails” of 2p0.)
Note also that 1s has zero angular momentum along thez axis before the electric field is turned
on. Thez-directed field distorts the ground state, but has no effect on thez component of angular
momentum. Therefore, only eigenfunctions having ml = 0 can contribute to the polarized ground
state. �

7-5 Linear Combination of Atomic Orbitals:
The H+

2 Molecule–Ion

We are now ready to consider using the linear variation method on molecular systems.
We begin with the simplest case, H+

2 . This molecule–ion has enough symmetry so that
we could guess many important features of the solution without calculation. However,
to demonstrate the method, we shall first simply plunge ahead mathematically, and
discuss symmetry later.

The H+
2 system consists of two protons separated by a variable distanceR, and a

single electron (see Fig. 7-5). The hamiltonian for this molecule is, in atomic units

Ĥ (rA, rB, r1) = −1

2

[
∇2

1 + ∇2
A

1836
+ ∇2

B

1836

]
−

(
1

rA1

)
−

(
1

rB1

)
+

(
1

R

)
(7-74)

Since all the particles in the system are capable of motion, the exact eigenfunction
of Ĥ will be a function of the coordinates of the electron and the protons. However,
the protons are each 1836 times as heavy as the electron, and in states of chemical
interest their velocity is much smaller than that of the electron. This means that, to a
very good degree of approximation, the electron can respond instantly to changes in
internuclear separation. In other words, whenever the nuclei are separated by a given
distanceR, no matter how they got there, the motion of the electron will always be
described in the same way byψ . This means that we can separate the electronic and
nuclear motions with little loss of accuracy.3 Given an internuclear separation, we can
solve for the electronic wavefunction by ignoring nuclear motion [i.e., omitting∇2

A and

Figure 7-5 � The H+
2 molecule–ion.A andB are protons. The electron is numbered “1.”

3However, there are times when coupling of electronic and nuclear motions becomes important.
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∇2
B in Eq. (7-74)]. This gives us a hamiltonian for the electronic energy and nuclear

repulsion energy of the system:

Ĥ (rA, rB, r1) = −1

2
∇2

1 −
(

1

rA1

)
−

(
1

rB1

)
+

(
1

R

)
(7-75)

For a given internuclear separationR, the internuclear repulsion 1/R is a constant, and
we can omit it and merely add it on again after we have found the electronic energy. If
we letĤelec stand for the first three terms on the right-hand side of Eq. (7-75), we can
write

Ĥelecψelec(r1) = Eelecψelec(r1) (7-76)

and

Eelec+ Enuc rep= Eelec+ 1/R (7-77)

Solving Eq. (7-76) forEelec for every value ofR allows us to plot the electronic and
also the total energy of the system as a function ofR. But Eelec(R) + 1/R is just the
potential energy for nuclear motion. Therefore, this quantity can be inserted as the
potential in the hamiltonian operator fornuclearmotion:

Ĥnuc(rA, rB) = −1

2

[
∇2

A

1836
+ ∇2

B

1836

]
+ Eelec(R) + 1/R (7-78)

Ĥnuc(rA, rB)ψnuc(rA, rB) = Enucψnuc(rA, rB) (7-79)

The eigenfunctions of Eq. (7-79) describe the translational, vibrational, and rotational
states of the molecule. Note that the eigenvalues of the hamiltonian fornuclearmotion
are total energies for the system because they contain the electronic energy in their
potential parts. Hence,

Etot = Enuc (7-80)

But

ψtot(rA, rB, r1) = ψelec(r1)ψnuc(rA, rB) (7-81)

This approximation—that the electronic wavefunction depends only on the positions
of nuclei and not on their momenta—is called theBorn–Oppenheimerapproximation.4

Only to the extent that this approximation holds true is it valid, for example, to sep-
arate electronic and vibrational wavefunctions and treat various vibrational states as
a subset existing in conjunction with a given electronic state. We will assume the
Born–Oppenheimer approximation to be valid in all cases treated in this book.

Making the Born–Oppenheimer approximation for H+
2 , we seek to solve for the

electronic eigenfunctions and eigenvalues with the nuclei fixed at various separation
distancesR. We already know these solutions for the two extremes ofR. When the two

4It is analogous to the concept of reversibility in thermodynamics: The piston moves so slowly in the cylinder
that the gas can always maintain equilibrium, so pressure depends only on piston position; the nuclei move so
slowly in a molecule that the electrons can always maintain their optimum motion at eachR, so electronic energy
depends only on nuclear position.
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nuclei are widely separated, the lowest-energy state is a 1s hydrogen atom and a distant
proton. (Since there is a choice about which nucleus is “the distant proton,” there are
really two degenerate lowest-energy states.) WhenR = 0, the system becomes He+
These two extremes are commonly referred to as theseparated-atomandunited-atom
limits, respectively.

In carrying out a linear variation calculation on H+
2 , our first problem is choice of

basis. In the separated-atom limit, the appropriate basis for the ground state would be a
1s atomic orbital (AO) on each proton. Then, regardless of which nucleus the electron
resided at, the basis could describe the wavefunction correctly. The appropriate basis
at the united-atom limit is a hydrogenlike 1s wavefunction withZ =2. At intermediate
values ofR, choice of an appropriate basis is less obvious. One possible choice is
a large number of hydrogenlike orbitals or, alternatively, Stater-type orbitals (STOs),
all centered at the molecular midpoint. Such a basis is capable of approximating the
exact wavefunction to a high degree of accuracy, provided a sufficiently large number
of basis functions is used.5 Calculations using such a basis are called single-center
expansions. A different basis, and one that is much more popular among chemists,
is theseparated-atom basis—a 1s hydrogen AO centered on each nucleus. At finite
values ofR, this basis can produce only an approximation to the true wavefunction.
One way to improve this approximation is to allow additional AOs on each nucleus, 2s,
2p, 3s, etc., thereby increasing the mathematical flexibility of the basis. If we restrict
our basis to AOs that are occupied in the separated-atom limit ground state (the 1s AOs
in this case), then we are performing what is called aminimal basis setcalculation. For
now, we will use a minimal basis set.

The wavefunction that we produce by linear variation will extend over the whole
H+

2 molecule, and its square will tell us how the electron density is distributed in the
molecule. Hence, the one-electron molecular wavefunction is referred to as amolecular
orbital (MO) just as the one-electron atomic wavefunction is referred to as anatomic
orbital (AO). With a basis set of the type we have selected, the MOs are expressed as
linear combinations of AOs. For this reason, this kind of calculation is referred to as
a minimal basis set linear combination of atomic orbitals–molecular orbital(LCAO–
MO) calculation.

Our second problem, now that we have selected a basis, is construction of the secular
determinant. Since we have only two basis functions (1sA, 1sB ), we expect a 2× 2
determinant:

∣∣∣∣∣
HAA − ĒSAA HAB − ĒSAB

HBA − ĒSBA HBB − ĒSBB

∣∣∣∣∣ = 0 (7-82)

Here we have used the notation developed earlier, where

HAB =
∫

1s∗A (1) Ĥelec(1)1sB (1) dτ (1) (7-83)

etc. Ē of Eq. (7-82) is theaveragevalue of the energy. Henceforth, the bar is omitted.
If we take our basis functions to be normalized,SAA = SBB = 1. Since our basis

functions and hamiltonian are all real, their integrals will be real. Therefore,SAB =SBA

5The hydrogenlike orbitals are a complete set if the continuum functions are included. Hence, this set can
allow one to approach arbitrarily close to the exact eigenfunction and eigenvalue. The Slater-type orbitals do not
constitute a complete set.
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andHAB = H ∗
BA = HBA. Since the hamiltonian is invariant to an interchange of the

labelsA andB, it follows thatHAA = HBB . (HAA is the energy of an electron when
it is in a 1s AO on one side of the molecule,HBB when it is on the other side.) This
leaves us with

∣∣∣∣∣
HAA − E HAB − ESAB

HAB − ESAB HAA − E

∣∣∣∣∣ = 0 (7-84)

For Eq. (7-84) to be satisfied, the product of the diagonal terms must equal that of the
off-diagonal terms, which means that

HAA − E = ±(HAB − ESAB) (7-85)

This gives two values forE:

E± = HAA ± HAB

1± SAB

(7-86)

To arrive at numerical values forE+ andE− requires that we choose a value forR

and explicitly evaluateHAA, HAB , andSAB . We know in advance thatSAB increases
monotonically from zero atR = ∞ to unity atR = 0 because 1sA and 1sB are each
normalized and everywhere positive.HAA is the average energy of an electron in a 1s
AO on nucleusA, subject also to an attraction by nucleusB. Hence,HAA should be
lower than the energy of the isolatedH atom (−1

2 a.u.) wheneverR is finite. HAB is
easily expanded to

HAB =
∫

1sA

(
−1

2
∇2 − 1/rB

)
1sBdv +

∫
1sA(−1/rA)1sB dv (7-87)

The operator in the first integrand is simply the hamiltonian operator for a hydrogen
atom centered at nucleusB. This operator operates on 1sB to give −1

21sB . Hence,
the first integral becomes simply−1

2SAB . The second integral in Eq. (7-87) gives the
attraction between a nucleus and the “overlap charge.” Thus,HAB is zero atR =∞ and
negative for finiteR. The formulas for these terms are (after nontrivial mathematical
evaluation)

SAB =
∫

1sA1sB dv = exp(−R)
[
1+ R + R2/3

]
(7-88)

HAA =
∫

1sAĤelec1sA dv = −1

2
− (1/R)

[
1− e−2R (1+ R)

]
(7-89)

HAB =
∫

1sAĤelec1sB dv = −SAB/2− e−R (1+ R) (7-90)

WhenR = 2 a.u.,SAB = 0.586,HAA =−0.972 a.u. andHAB =−0.699 a.u. Inserting
these values into Eq. (7-86) givesE+ = −1.054 a.u. andE− = −0.661 a.u. These
are electronic energies. Internuclear repulsion energy (+1

2 a.u.) can be added to these
values to give−0.554 a.u. and−0.161 a.u., respectively.

The ways in whichHAA, HAB , SAB , and 1/R contribute to the energy are illustrated
for R =2 a.u. in Fig. 7-6.HAA is lower than the energy of an isolatedH atom because
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Figure 7-6 � Contributions to the energy of H+2 atR = 2 a.u. in a minimal basis LCAO–MO cal-
culation.

the electron experiences additional nuclear attraction atR = 2. The effect of theHAB

interaction element is to split the energy into two levels equally spaced above and below
HAA. TheSAB term has the effect of partially negating this splitting. The internuclear
repulsion energy 1/R merely raises each level by12 a.u. The lower energy,E+ + 1/R,
has a final value that is lower than the separated-atom energy of−1

2 a.u. Since theexact
energy atR =2 must be as low or lower than our value of−0.554 a.u., we can conclude
that the H+

2 molecule–ion has a state that is stable, with respect to dissociation into
H + H+, by at least 0.054 a.u., or 1.47 eV, or 33.9 kcal/mole, neglecting vibrational
energy effects.

The data depicted in Fig. 7-6 are sometimes presented in the abbreviated form of
Fig. 7-7. The energy levels for the pertinentAOs of the separated atoms are indicated on
the left and right, and the final energies (either electronic or electronic plus internuclear)
are shown in the center.
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Figure 7-7 � Separated atom energies and energies at an intermediateR for H+
2 .

Figure 7-8 � E± + 1/R versusR for H+
2 . (—) Calculation described in text. (- - -) Exact

calculation.

The behavior of these energies as a function ofR is plotted in Fig. 7-8. Included
for comparison are the exact energies for the two lowest-energy states of H+

2 . Only
the lower of these shows stability with respect to molecular dissociation. Both energy
levels approach infinity asymptotically asR approaches zero because of internuclear
repulsion. (The zero of energy corresponds to complete separation of the protons and
electron.)

Having found the rootsE± for the secular determinant, we can now solve for the
coefficients which describe the approximate wavefunctions in terms of our basis set.
Let us first find the approximate wavefunction corresponding to the lower energy. To do
this, we substitute the expression forE+ [Eq. (7-86)] into the simultaneous equations
associated with the secular determinant (7-84):

cA(HAA − E+) + cB(HAB − E+SAB) = 0 (7-91)

cA(HAB − E+SAB) + cB(HAA − E+) = 0 (7-92)
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Equation (7-91) leads to

cA

[
HAA − (HAA + HAB)/

(
1+ S

AB

)] = −cB

[
HAB − (HAA + HAB)SAB/

(
1+ S

AB

)]

(7-93)

which ultimately gives

cA = cB (7-94)

The same procedure forE− produces the result

cA = −cB (7-95)

The normality requirement is

(7-96)

so that

c2
A + c2

B + 2cAcBSAB = 1 (7-97)

For cA = cB , this gives

cA = 1/ [2(1+ SAB)]1/2 = cB (7-98)

For cA = −cB ,

cA = 1/ [2(1− SAB)]1/2 = −cB (7-99)

Therefore, the LCAO–MO wavefunction corresponding to the lower energyE+ is

ψ+ = 1√
2(1+ SAB)

(1sA + 1sB) (7-100)

The higher-energy solution is

ψ− = 1√
2(1− SAB)

(1sA − 1sB) (7-101)

Just as was true forAOs, there are a number of ways to display these MOs pictorially.
One possibility is to plot the value ofψ± orψ2± along a ray passing through both nuclei.
(Other rays could also be chosen if we were especially interested in other regions.)
Another approach is to plot contours ofψ or ψ2 on a plane containing the internuclear
axis, Still another way is to sketch a three dimensional view of a surface of constant
value ofψ or ψ2 containing about 90–95% of the wavefunction or the electron charge.
Finally, one can plot the value ofψ as distance above or below the plane containing
the internuclear axis. All of these schemes are shown in Fig. 7-9 forψ+ andψ−.
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Figure 7-9 � (a) Plot ofψ+, along thez axis. [Eq. (7-100)]. (b) Plot ofψ− along thez axis
[Eq. (7-101)].

The wavefunctionsψ+ andψ− may be seen from Fig. 7-9 to be, respectively, sym-
metric and antisymmetric for inversion through the molecular midpoint. [They are
commonly calledgerade(German foreven) andungerade, respectively.] This would
be expected for nondegenerateeigenfunctionsof the hamiltonian, since it is invariant
to inversion. Butψ+ andψ− are not eigenfunctions. They are only approximations
to eigenfunctions. How is it that they show the proper symmetry characteristics of
eigenfunctions? The reason is that the symmetry of the H+

2 molecule is manifested as
a symmetry in our secular determinant of Eq. (7-84). Note that the determinant is sym-
metric for reflection across either diagonal. The symmetry for reflection through the
principal diagonal (which runs from upper left to lower right) is due to the hermiticity
of Ĥ , and is always present in the secular determinant for any molecule regardless of
symmetry.6 Symmetry for reflection through the other diagonal is due to the fact that
the hamiltonian is invariant to inversion and also to the fact that the basis functions at

6Hermiticity requires thatHij =Hji
∗. If Hij is imaginary, the determinant will be antisymmetric for reflection

through the principal diagonal.
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Figure 7-9 � (Continued) (c) Contour diagram ofψ+. (d) Contour diagram ofψ−.

the two ends of the molecule are identical. When theAOs in a basis set are interchanged
(times±1) by a symmetry operation of the molecule, the basis set is said to bebalanced
for that operation. Thus, a 1sA and 1sB basis is balanced for inversion in H+

2 , but a
1sA and 2sB basis is not. Whenever a symmetry-balanced basis is used for a molecule,
the symmetry of the molecule is manifested in the secular determinant and ultimately
leads to approximate MOs that show the proper symmetry characteristics.

Since the eigenfunctions for H+2 must be gerade or ungerade, and since we started
with the simple balanced basis 1sA and 1sB , it should be evident that it is unnecessary
to go through the linear variation procedure for this case. With such a simple basis
set, there is only one possible gerade linear combination of AOs, namely 1sA + 1sB .
Similarly, 1sA − 1sB is the only possible ungerade combination. Therefore, we could
have used symmetry to guess our solutions at the outset. Usually, however, we are not so
limited in our basis. We shall see that, while symmetry is useful in such circumstances,
it does not suffice to produce the variationally best solution.
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Figure 7-9 � (Continued) (e) Three-dimensional sketch of contour envelope forψ+ and
(f) for ψ−.

According to the theorem mentioned earlier (but not proved), thenth lowest root
of a linear variation calculation for a state function must lie above thenth lowest
exact eigenvalue for the system. However, the two states we are dealing with have
different symmetries. In such a case, a more powerful boundedness theorem holds—
one that holds even if we are not using a linear variation procedure. To prove this,
we first recognize that every H+2 eigenfunctionis eithergerade(i.e., symmetric for
inversion) orungerade. Since the lowest-energy approximate wavefunctionψ+ is
gerade, it must be expressible as a linear combination of thesegeradeeigenfunctions.
Hence, its average energyE+ cannot be lower than the lowest eigenvalue for the
geradeeigenfunctions. Similarly,E− cannot be lower than the lowest eigenvalue for
theungeradeeigenfunctions, and so we have a separate lower bound for the average
energy of trial functions of each symmetry type. For this reason, our approximate
energies in Fig. 7-8 must lie above the exact energies for both states. If we were to
make further efforts to lower the average energy of the ungerade function, even by
going outside the linear variation procedure, we could never fall below the exact energy
for the lowest-energyungeradestate unless we somehow allowed our trial function to
change symmetry. This means that a lowest average energy criterion can be used in
attempting to find the lowest-energy stateof each symmetry typefor a system, by either
linear or nonlinear variation methods.
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Figure 7-9 � (Continued) (g) Value ofψ+ and (h) ofψ− versus position in plane containing the
nuclei at pointsa andb.

EXAMPLE 7-2 Suppose one were to do a variational calculation on the hydrogen
atom using the unnormalized trial wavefunctionφ =exp(−αr2)cosθ , with α being
varied. What lower bound could we expect for the average energy?

SOLUTION � This function has a node in thex, y plane (whereθ = π/2), and this nodal plane
exists regardless of the value ofα. Therefore, our trial function is like the 2p0 AO in symmetry. It
will be represented by a linear combination of p0 AOs–a combination that changes asα is varied.
The average value of energy cannot be lower than the lowest eigenvalue in the set, which is−1/8 a.u.
(for the 2p0 AO). �

Inspection of Fig. 7-9 shows that the charge distribution for the state described by
ψ+ is augmented at the molecular midpoint compared to the charge due to unperturbed
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atoms. This state is also the one that gives H+
2 stability at finiteR. Because this MO

puts electronic charge into the bond region and stabilizes the molecule, it is commonly
called abondingMO. In the state described byψ−, charge is shifted out of the bond
region and the molecule is unstable at finiteR, and soψ− is called anantibondingMO.

Because the potential in H+2 (or in any linear molecule) is independent ofφ, the
angle about the internuclear axis, theφ dependence of the wavefunctions is always of
the form


(φ) = (1/
√

2π)exp(imφ), m = 0,±1,±2, . . . (7-102)

This fact may be arrived at in two ways. One way is to write down the Schr¨odinger
equation for H+2 using spherical polar coordinates or elliptical coordinates. (φ is a
coordinate in each of these coordinate systems.) Then one attempts to separate coor-
dinates and finds that theφ coordinate is indeed separable from the others and yields
the equation

d2
(φ)

dφ2 = −m2
(φ) (7-103)

The acceptable solutions of this are the functions (7-102). The other approach is to note
that, since the potential in̂H has noφ dependence,̂H commutes withL̂z , the angular
momentum operator, so that the eigenfunctions ofĤ are simultaneously eigenfunctions
of L̂z. We know the eigenfunctions of̂Lz are the functions (7-102), and thus, we know
that these functions must also give theφ dependence of the eigenfunctions ofĤ .

Two important conclusions emerge. First, each nondegenerate H+
2 wavefunction

must have aφ dependence given by one of the functions (7-102). This tells us something
about the shapes of the wavefunctions. Second, the nondegenerate H+

2 wavefunctions
are eigenfunctions of̂Lz , which means that an electron in any one of these states
has a definite, unvarying (i.e., sharp) component of angular momentum of valuemh̄

mks units (m a.u.) along the internuclear axis. It is thus useful to know them value
associated with a given one-electron wavefunction. A standard notation is used, which
is analogous to the atomic orbital notation wherein s, p, d, f, correspond tol values of
0, 1, 2, 3, respectively. The corresponding Greek lower-case lettersσ , π , δ, φ indicate
values of|m| of 0, 1, 2, 3, respectively, in one-electron orbitals of linear molecules.
Thus, for the case at hand,ψ+ andψ− are bothσ MOs because they are cylindrically
symmetrical (i.e., noφ dependence), which requires thatm be zero. Becauseψ+ is a
geradefunction, it is symbolizedσg. ψ−, then, is aσu MO. (A simple way to determine
whether an MO isσ , π , orδ is to imagine viewing it (in its real form) end-on (i.e., along
a projection of the internuclear axis.) If the MO from this view looks like an s AO,
it is a σ MO. If it looks like a p AO, it is aπ MO. A δ MO has the four-leaf-clover
appearance of a d AO.)

Let us now examine the dependence of our LCAO–MO results on our original choice
of basis. The 1s AOs we have used are capable of giving the exact energy when
R = ∞, but become increasingly inadequate asR decreases. As a result, Fig. 7-8
shows that, for both states, the approximate energy deviates more and more from the
exact energy asR decreases. AtR = 0, ourσg function becomes a single 1s H atom
(Z = 1) AO centered on a doubly positive nucleus. Yet we know that the lowest-
energyeigenfunctionfor that situation is a single 1s He+(Z = 2) AO. An obvious
way to improve our wavefunction, then, is to allow the 1s basis functions to change
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their orbital exponents asR changes. This adds a nonlinear variation, and the calcu-
lation is more complicated. It is very easily performed with the aid of a computer,
however, and we summarize the results in Figs. 7-10 and 7-11. The internuclear repul-
sion has been omitted from the energies in Fig. 7-10. The lowest approximate energy
curve is now in perfect agreement with the exact electronic energy both atR = 0 and
R = ∞, and shows improved, though still not perfect, agreement at intermediateR.
The R dependence of the orbital exponent for this wavefunction (Fig. 7-11) varies
smoothly from 1 atR = ∞ to 2 atR = 0, as expected. In contrast, theσu function
fails to reach a well-defined energy atR = 0 because the function becomes indeter-
minate at that point. [AtR = 0, 1sA − 1sB becomes (1sA − 1sA) = 0.] However,
Figs. 7-10 and 7-11 indicate that the exact energyE− is −1

2 a.u. atR = 0, corre-
sponding to then = 2 level of He+, and that the orbital exponent in our 1s basis
functions approaches 0.4 in the effort to approximate this state function at smallR.
To understand this behavior, we must once again consider the symmetries of these
functions.

We have already seen that the nondegenerate eigenfunctions of H+
2 must be either

geradeor ungerade, and we note in Fig. 7-10 that the energy curve for the gerade state
is continuous as is the one for the ungerade state. In other words, as we move along
a given curve, we are always referring to a wavefunction of thesamesymmetry. This
continuity of symmetry along an energy curve is central to many applications of quan-
tum chemistry. The reason for continuity of symmetry can be seen by considering a
molecule having some element of symmetry, and having a nondegenerate wavefunction
or molecular orbital (which must be symmetric or antisymmetric with respect to the
symmetry operations of the molecule). If we change the molecule infinitesimally (with-
out destroying its symmetry), we expect the wavefunction to change infinitesimally also.

Figure 7-10 � E+ andE− for H+
2 from (- - -) exact, (· · · ) variableζ , and (—) fixedζ (ζ = 1)

treatments.
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Figure 7-11 � Values ofζ minimizingE+ andE− as a function ofR.

In particular it should not change symmetry because this is generally not an infinitesi-
mal change. (To change symmetry requires adding or removing nodes, changing signs
in parts of the function. Such changes have more than infinitesimal effects onψ and
on kinetic and potential parts of the energy.) The entire curve can be traversed by an
infinite number of such infinitesimal but symmetry conserving steps.

The continuity of symmetry enables theσg state of H+
2 to correlate with an s-type

AO of He+ as R goes to zero. This correlation issymmetry allowedbecause the
s-type AOs of He+ have the proper symmetry characteristics—they aregeradeand
have no dependence on angle about the axis that is the internuclear axis whenR > 0
(see Fig. 7-12). In contrast, theσu MO cannot correlate with an s-type AO. It must
correlate with an AO that is cylindrically symmetrical about the old internuclear axis
but is antisymmetric for inversion. A p-type AO pointing along the old internuclear
axis (called a pσ AO) satisfies these requirements.

Figure 7-12 � Sketches demonstrating how separated atom functions can be related to united-atom
functions through symmetry invariance. These functions are not drawn to a common scale.
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These symmetry requirements help us understand theσu curves of Figs. 7-10 and
7-11. The exact energy forE− goes to−1

2 a.u. atR = 0 because theσu state of H+
2

correlates with a 2p AO of He+. Our basis set is incapable of reproducing a 2p AO at
R = 0, and so the calculated energy curve fails to rejoin the exact curve atR = 0. At
small R, our basis set is attempting to approximate the two lobes of an evolving 2p
AO. Apparently the orbital exponent that best enables the basis to accomplish this is
around 0.4.

7-6 Molecular Orbitals of Homonuclear
Diatomic Molecules

We have already seen how one produces the ground configurations for many-
electron atoms by placing pairs of electrons of opposite spin into AOs, starting
with the lowest-energy AO and working up. Subsequent manipulation of this
product function to produce proper space and spin symmetry yields the approxi-
mate wavefunction. Precisely the same procedure is used for molecules. Thus,
the electronic configurations for H+2 , H2, and H−

2 are 1σg, (1σg)2, and (1σg)21σu,
respectively, and the approximate wavefunction for H2 is provided by the Slater
determinant

∣∣1σg (1)1σ̄g (2)
∣∣. When we come to consider heavier homonuclear

diatomic molecules, such as O2, we must place electrons in higher energy MOs.
Such MOs are still provided by the minimal basis set, which now includes 1s, 2s,
and three 2p AOs on each atom since these AOs are occupied in the separated
atoms. We now consider the natures of the additional MOs produced by this larger
basis.

We begin by making a change to a basis set that is mathematically equivalent to the
starting set but is more convenient for discussing and analyzing the problem. This new
set is the set ofsymmetry orbitals(SOs) (1sA ± 1sB ), (2sA ± 2sB ), etc. From our orig-
inal ten AOs, we thus produce ten SOs. These may be normalized, if desired. Each of
these SOs has definite symmetry. The SOs built from 2sAOs must be ofσg andσu sym-
metry since the 2s AOs act like 1s AOs for all the symmetry operations of the molecule.
The 2p AOs pointing along the internuclear axis have cylindrical symmetry and hence
also give rise to aσg and aσu SO. (We will take the internuclear axis to be coincident
with thez axis, and so these SOs are constructed from 2p0 (or 2pz)AOs.) The functions
(2p+1A

± 2p+1B
) areπ SOs because|m| = 1. Since it is difficult to visualize complex

functions, however, the usual practice is to take linear combinations of the complex
π functions to produce a corresponding set of real functions. (This is completely anal-
ogous to forming real px and py AOs from complex p+1 and p−1 AOs.) Thus, we obtain
(2pxA

± 2pxB
) and (2pyA

± 2pyB
), which are not eigenfunctions for thêLz operator

anymore, but are still given the symbolπ . From Fig. 7-13, we see that thepositive
combinations giveungeradeπ SOs. This is just the opposite of the case forσ -type SOs.
We conclude from Fig. 7-13 thatσg andπu SOs will tend to place chargeinto the bond
and hence contribute to bonding, whereasσu andπg SOs will contribute antibonding
character.

Even though these SOs are only a basis set, the reader may nevertheless recognize
that conversion to this symmetrized basis goes a long way toward producing our ultimate
MOs. Indeed, our (1sA ±1sB ) SOs, if normalized, are the same as the MOs we obtained
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Figure 7-13 � Symmetry orbitals constructed from s- and p-type AOs. (a) Sketches according to
an idealized convention that ignores overlap between AOs onA andB. (b) Effects of overlap. Note
that thepσA − pσB combination is bonding. This depends on our having chosen a commonz axis for
both atoms. Sometimes thez axes are chosen to point from each atom toward the other. In that case,
pσA − pσB becomes antibonding.

for H+
2 . The essential advantage of a symmetrized basis set is that it simplifies the

secular determinant and makes it easier to understand and describe the mixing of the
basis functions by the hamiltonian. For instance, since our MOs must have pureσ ,
π , δ, . . . and also g or u symmetry, and since our SOs are already of pure symmetry,
we expect no further mixing to occur between SOs ofdifferentsymmetry in forming
MOs. This suggests that the interaction elementHij between SOsφi andφj of different
symmetry should vanish. This is easily proved by noting thatĤ is symmetric for
all symmetry operations of the molecule, and, ifφi and φj differ in symmetry for
some operation, their product is antisymmetric for that operation, and thereforeφ∗

i Hφj

is antisymmetric and its integral vanishes. Similarly,Sij vanishes, andHij − ESij

vanishes except in positions connecting basis functions of identical symmetry. As a
result, our secular determinant over SOs has the form (7-104), where the notationσg[1s]
indicates aσg SO made from 1sA, 1sB AOs, etc. By placing basis functions of like
symmetry together, we have emphasized the block-diagonal form of our determinant,
all elements in the nonshaded areas being zero by symmetry. (Theπg[2px] andπg[2py]
do not interact because of symmetry disagreements for reflection in thexz and yz

planes.) Each of the nonzero blocks of (7-104) is a separate determinant (which is
just a number), and the value of determinant (7-104) is simply the product of these six
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smaller determinants. Hence, if anyoneof these small determinants is zero, the large
determinant is zero, thereby satisfying our determinantal equation. Therefore, each of
these small determinants may be employed in a separate determinantal equation, and
the problem is said to bepartitionedinto six smaller problems. It follows immediately
that we can get mixing among the threeσg SOs to produce threeσg MOs and likewise
for theσu set, and that theπ SOs can undergo no further mixing and hence are already
MOs. (Notice that SOs in one block are not linked by off-diagonal elementseither
directly or indirectly, unlike the case described in Example (7-1).)

(7-104)

What will be the nature of the lowest-energyσg MO? It will not be pureσg[1s]
because admixture ofσg[2s] andσg[2p] SOs can produce charge shifts that will lower
the energy. But theσg[2s] andσg[2p] SO energies are much higher than theσg[1s]
(mainly because the 2s and 2p AOs are higher in energy in the atoms, and the atomic
contributions still dominate in the molecule). Any energy decrease to be gained by
charge shifting must be weighed against the energy increase due to the mixing in of
such high energy components. The former very quickly become overbalanced by the
latter, so the lowest energyσg MO is almost pureσg[1s] SO, theσg[2s] andσg[2p] SOs
coming in only very slightly. This exemplifies an important general feature of quantum
chemical calculations: mixing between basis orbitals tends to be small if they have
widely different energies in the system.Thus, we now have two factors governing the
extent of mixing of functionsφi andφj —the size of the interaction elementHij , and
the difference in energy between them in the system(Hii − Hjj ).

A label we can use for this lowest-energy MO that avoids implying that it is identical
to theσg[1s] SO is 1σg. This stands for “the lowest-energyσg MO.” Because of the low
energy of the 1s AOs, the next-lowest MO is almost pureσu[1s], and we label it 1σu.

When considering the remaining twoσg MOs, we can expect substantial mixing
betweenσg[2s] andσg[2p] SOs because these functions are not very different in energy.
In the hydrogen atom, the 2s and 2p AOs are degenerate, and, as we move along the
periodic table, they become split farther and farther apart in energy. Therefore, we
might expect to find the greatest mixing for B2 and C2, and to find less mixing for O2
and F2. Figure 7-14 is a schematic diagram of the MO energy levels we should expect
for F2. Here the 2σg MO is primarily theσg[2s] SO and the 3σg MO is mainly theσg[2p]
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Figure 7-14 � Schematic of MO energy level order for F2. The vertical axis isnot an accurate
energy scale. For instance, the 1σ levels are very much lower in energy relative to the other levels
than is suggested by the drawing. (- - -) indicates that the orbital is unoccupied in the ground state.

SO. Similarly 2σu and 3σu are mainlyσu[2s] andσu[2p], respectively. The 1π and 3σ
MOs are degenerate at the separated atom limit, where they are all 2p AOs. As the
atoms come together and interact, theπ levels split apart less than theσ levels because
the 2px and 2py AOs approach each other side to side, whereas the 2pσ AOs approach
end to end. The latter mode produces larger overlap and leads to larger interaction
elements and greater splitting. (Because of the symmetry of the molecule, the 1πu MOs
are always degenerate, and they may be mixed together in any way. In particular, we
can regard them as being 1πux and 1πuy or 1πu+1 and 1πu−1 with equal validity. The
same situation holds for the 1πg pair.) From the ordering of energy levels in Fig. 7-14
we obtain for F2 the configuration

F2 : (1σg)2(1σu)2(2σg)2(2σu)2(3σg)2(1πu)4(1πg)4 (7-105)

Now we will consider what happens for lighter molecules. Recall that here the 2s
and 2p AOs are closer together in energy. This allows greater mixing between the SOs
containing these AOs and produces increased energy level splitting. Thus, theσg[2s]
and σg[2p] SOs mix together more, and the resulting splitting causes an additional
lowering in energy of the 2σg level and an increase for the 3σg level, compared to the
F2 case. In a similar way the 2σu and 3σu levels are lowered and raised, respectively, by
increased mixing betweenσu[2s] andσu[2p] SOs. The resulting energy level pattern
for C2 is shown in Fig. 7-15. Note that the extra splitting has pushed the 3σg levelabove
the 1πu level. No other change in the orbital energy ordering has occurred. As a result,
C2 has, the configuration
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Figure 7-15 � A schematic diagram of the MO energy level order for C2. The 2s and 2pσ symmetry
functions mix more strongly in producing 2σ and 3σ MOs than is the case in F2. The level shifts
discussed in the text are indicated by dashed lines and arrows.(−−−-−−−) represent F2 levels. Note
the inversion of the order of the 1πu and 3πg levels. The orbital ordering is deduced from spectra.
(See Mulliken [1].)(−−−) represent energies of orbitals not occupied by electrons. Note that there
is no well-defined energy ordinate for this figure, and no accurate relationship between absolute values
of orbital energies within a molecule or between molecules is implied.

C2 : (1σg)2(1σu)2(2σg)2(2σu)2(1πu)4 (7-106)

The above discussion is an effort torationalizeorbital energies obtained from cal-
culations or deduced from molecular spectra. We have not yet described the details of
how one goes about carrying out MO calculations on these molecules, nor will we in
this chapter. However, even in the absence of precise numerical results, it is possible for
such qualitative arguments to be very useful in understanding and predicting features
of a wide range of chemical reactions.

The molecular configurations obtained from the patterns of Figs. 7-14 and 7-15
predict molecular properties that are in strikingly good qualitative agreement with
experimental observations. The data in Table 7-2 show that, when we go from H+

2
to H2, adding a second electron to a bonding MO, the bond length decreases and the
dissociation energy increases. Adding a third electron(He+

2 ) causes partial occupation
of the antibonding 1σu MO and causes the bond length to increase and the dissociation
energy to decrease. The four electron molecule He2 is not observed as is consistent
with its configuration. The relative inertness of N2 as a chemical reactant becomes
understandable from the fact that it has six more “bonding electrons” than antibonding
electrons, giving a net of three bonds—oneσ and twoπ bonds. For N2 to react, it
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TABLE 7-2 � Some Properties of Homonuclear Diatomic Molecules and Ions in their Ground
Electronic States

Molecule MO configuration

Net number
of bonding
electrons

Binding
energy,
De (eV)

Equilibrium
internuclear
separation,

Re(Å) Termc

H +
2 1σg 1 2.7928 1.06 2
g

H2 1σg
2 2 4.747745 0.7414 1
g

+
H −

2 1σg
21σu 1 1.7a 0.8 2
u

+
He2

+ 1σg
21σu 1 2.5 1.08 2
u

+
He2 1σg

21σu
2 0 0.001b 2.88 (1
g

+)

He2
− [He2]2σg 1 No data 2
g

+
Li2

+ [He2]2σg 1 1.29 3.14 2
g
+

Li2 [He2]2σg
2 2 1.05 2.673 1
g

+
Li2

− [He2]2σg
22σu 1 ∼ 1.3(?) 3.2 2
u

+
Be2

+ [He2]2σg
22σu 1 No definitive

data

2
u
+

Be2 [He2]2σg
22σu

2 0 0.1 2.49 1
g
+

Be2
− [Be2]1πu 1 ∼ 0.3 2.4 2�u

B2
+ [Be2]1πu 1 1.8 — 2�u

B2 [Be2]1πu
2(?) 2 ∼ 3 1.589 3
g

−
B2

− [Be2]1πu
3 3 No data 2�u

C2
+ [Be2]1πu

3 3 5.3 1.301 2�u

C2 [Be2]1πu
4 4 6.36 1.2425 1
g

+
C2

− [Be2]1πu
43σg 5 8.6 — 2
g

+
N2

+ [Be2]1πu
43σg 5 8.86 1.116 2
g

+
N2 [Be2]1πu

43σg
2 6 9.90 1.098 1
g

+
N2

− [Be2]1πu
43σg

21πg 5 ∼ 8.3 — 2�g

O2
+ [Be2]1πu

43σg
21πg 5 6.7796 1.1171 2�g

O2 [Be2]3σg
21πu

41πg
2 4 5.2132 1.2075 3
g

−
O2

− [Be2]3σg
21πu

41πg
3 3 4.14 1.32 2�g

F2
+ [Be2]3σg

21πu
41πg

3 3 3.39 1.32 2�g

F2 [Be2]3σg
21πu

41πg
4 2 1.65 1.42 1
g

+
F2

− [Be2]3σg
21πu

41πg
43σu 1 ∼ 1.3 1.9 2
u

+
Ne2

+ [Be2]3σg
21πu

41πg
43σu 1 ∼ 1.1 1.7 2
u

+
Ne2 [Be2]3σg

21πu
41πg

43σu
2 0 0.003b 3.09 (1
g

+)

aThis state is unstable with respect to loss of an electron, but is stable with respect to dissociation into an atom
and a negative ion.

bFrom Hirschfelder et al. [2]. It may be shown that any two neutral atoms will have some range ofR where
the attractive part of the van der Waals’ interaction dominates. For He2, this minimum is so shallow and the
nuclei so light that a stable state (including vibrations) probably cannot exist. For Ne2, a stable state should
exist. The data for He2 and Ne2 arecalculatedfrom considerations of intermolecular forces.

cThe term symbol corresponds to the configuration of column 2.
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is necessary to supply enough energy to at least partially break these bonds prior to
forming new bonds. The reversal of the orbital energy order between 1πu and 3σg can
be seen to occur between N2 and O2.

The configurations of Table 7-2 indicate that some molecules will have closed shells,
whereas others will have one or more unpaired electrons. For example, O2 has a
configuration in which the degenerate 1πg level “contains” two electrons. Several states
can be produced from such a configuration, just as several states could be produced from
the 1s2s configuration for He. Hund’s first rule has been found to hold for molecules,
and so the state of highest multiplicity is lowest in energy. Forn unpaired electrons,
the highest multiplicity achievable isn + 1. For O2, this is three, and we expect the
ground state of the O2 molecule to be a triplet. This is conveniently demonstrated to be
so by observing that liquid oxygen is attracted into the gap between poles of a magnet,
consistent with the existence of uncanceled electron spin magnetic moments.

Close perusal of Table 7-2 indicates that some of the data are not in accord with
the simple qualitative ideas just presented. For example, Li+

2 is more strongly bonded
than is Li2, even though the former has fewer bonding electrons. However, the Li+

2
ion-molecule is longer than Li2. H−

2 is less strongly bound than isoelectronic He+
2 , yet

it has a shorter equilibrium internuclear separation. Irregularities such as these require
more detailed treatment. However, one of the useful characteristics of aqualitative
approach is that it enables us to recognize cases that deviate from our expectations and
therefore warrant further study.

In Figs. 7-14 and 7-15, we saw how MOs are related to SOs for the separated
atoms. Let us now consider how the separated atom SOs correlate with the united
atom AOs. Recall that these orbitals are correlated by requiring them to be of identical
symmetry. In Fig. 7-16 some of the possible SOs and united-atom AOs, together with
their symmetry labels, are shown. Note that theσg SOs can correlate with s or dσ AOs,
σu SOs with pσ AOs,πu SOs with pπ AOs andπg SOs with dπ AOs. This gives us all
the information we need except for resolving the ambiguitieswithin a given symmetry
type. For instance, which of the 1s, 2s, 3s, 3dσ , . . . in the AOs correlates with which of
theσg[1s], σg[2s], σg[2p], σg[3s], . . . in the SOs? This question is resolved by use of the
noncrossing rule, which states that,in correlation diagrams, energy levels associated
with orbitals or states of the same symmetry will not cross. This requires that we match
up the lowest-energy united-atom AO of a given symmetry with the lowest energy SO
of that symmetry, and so on up the ladder. This leads to the diagram in Fig. 7-17. The
line interconnecting the 1s AO of the united atom with the 1s AOs of the separated
atoms refers, at intermediateR, to the 1σg MO. We have already seen that this MO may
contain contributions fromσg[2s] andσg[2p] SOs. Thus, the correlation diagram tells
us what orbitals the 1σg MO “turns into” at the limits ofR, but doesnot imply that, at
otherR values, this MO is comprised totally of 1s AOs.

Study of this correlation diagram reveals that the antibonding MOs (σu andπg) are the
MOs that correlate with higher energy united-atom AOs and hence favor the separated
atoms in terms of energy. This results from the fact that antibonding MOs have a nodal
plane bisecting the bond which is preserved as we proceed to the united atom, yielding
a united atom AO having one more node than the separated AOs we started with. Thus,
1sσu goes to p, 2pπg goes to d, etc. The MO is said to be “promoted.”

We have now seen several ways to explain the effects of an orbital. We may focus
on energies, and note that bonding and antibonding MOs correlate with low-energy
and high-energy united-atom orbitals, respectively. Or, as we saw earlier, we can focus
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Figure 7-16 � (a) Symmetry orbitals for homonuclear diatomic molecules. (b) United-atom AOs
characterized by symmetry with respect toz axis.

on charge distributions and their attractions for nuclei, and note that bonding MOs
concentrate charge in the bond region, attracting the nuclei together, whereas anti-
bonding MOs shift chargeoutsidethe bond, attracting the nuclei apart. Alternatively,
we can recognize that bonding MOs result from AOs on each atom coming together
in phase, resulting inpositive overlap, while antibonding MOs result from opposite
phases coming together to give negative overlap.
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Figure 7-17 � Correlation diagram between separated-atom orbitals and united-atom orbitals for
homonuclear diatomic molecules. Energy ordinate and internuclear separation abscissa are only
suggestive. No absolute values are implied by the sketch. [Note: For H+

2 σg2p correlates with

3dσg, σg3s with 3sσg. This arises because the separability of the H+
2 hamiltonian (in the Born–

Oppenheimer approximation) leads to an additional quantum number for this molecule. In essence,
the H+

2 wavefunction in elliptical coordinates may be writtenψ = L(λ)M (µ)eimφ . The functionL

may have nodal surfaces of elliptical shape.M may have nodes of hyperbolic shape. In the correlation
diagram for H+2 , it is necessary that ellipsoidal nodes correlate with spherical nodes in the united
atom, while hyperboloid nodes correlate with hyperboloid nodes (which may be planar). Sketching
σg2p andσg3s and comparing them with 3sσg and 3dσg (i.e., 3d3z2−r2 ) makes clear how this “nodal

control” results in what, at first sight, appears to be a violation of the noncrossing rule. For H+
2 ,

modifications for higher-energy states will also be required. For example, 4sσg will correlate with
σg4s, notσg3p.]
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Three common labeling conventions are used in Fig. 7-17. A level may be labeled
with reference to the separated atom AOs to which it correlates. The separated atom
AO symbol is placedto the rightof the MO symmetry symbol (e.g.,σg2s). Note the
absence of square brackets, which we used to symbolize the SO(2sA +2sB). The sym-
bol σg2s means “the MO ofσg symmetry that correlates with 2s AOs atR = ∞.” An
alternative label indicates the united-atom orbital with which the MO correlates. Here
the AO label is placedto the leftof the symmetry symbol (e.g., 3pσu). The u and g sub-
scripts in the united-atom notation are redundant and are often omitted. However, they
are helpful in drawing correlation diagrams. Finally, the MOs may be simply numbered
in their energy order within each symmetry type, as mentioned earlier (e.g., 2σg).

EXAMPLE 7-3 A symmetry orbital is produced by taking 3dyz, a − 3dyz, b , where
aandbare points on thez axis. Sketch the situation. What is the sign of the overlap
between these AOs? Is this SO bonding or antibonding? What is the symmetry
symbol for this SO?

SOLUTION � The sketch would show two four-leafed AOs, each like the 3dyz AO shown in
Fig. 7-16, except that the phase signs of one would be minus those in the matching lobes of the
other. These AOs are positioned side by side, and their phases are such that the inner lobes pointing
towards each other are in phase. Hence the overlap is positive and the SO is bonding. Looking at
this SO along thez axis, it appears like a py AO, so it isπ . Inversion causes interchange of lobes
of opposite sign, so it has u symmetry. Its symbol, then, isπu. �

Term symbols for electronic states of homonuclear diatomic molecules are much like
those in atoms. The main symbol gives information about the component of electronic
angular momentum along thez axis. If ML = 0,±1,±2, etc., then the main symbol is

, �, �, etc. ML is the sum ofml values for the electrons. When identifyingml , we
assume that theπ MOs are complex, withml = +1 and−1 rather than being mixed
to give realπx andπy MOs. The main symbol is decorated with a superscript at left,
giving spin multiplicity, and a g or usubscript at right for overall inversion symmetry.
As an example, C+2 , with configuration 1σ 2

g 1σ 2
u 2σ 2

g 2σ 2
u 1π3

u hasML =±1 (zero for all
σ electrons and either+1,+1,−1 or+1,−1,−1 for the threeπ electrons) so its main
symbol is�. The inversion symmetry is u because there is an odd number of electrons
in ungerade MOs. There is one unpaired electron, so the multiplicity is 2. The term,
symbol is2�u (“doublet-pi-you”).


 terms are given, in addition, a+or−superscript at the right, indicating whether the
wavefunction is symmetric or antisymmetric for reflection through a plane containing
the nuclei. Such a reflection has the effect of reversing the direction ofφ: Clockwise
motion around the internuclear axis becomes counterclockwise when viewed in a mirror
containing that axis. This transforms exp(iφ) and exp(−iφ) into each other, so thatπ+
andπ− turn into (minus) each other. To achieve a
 MO in the first place requires that
mz values sum to 0. This happens for occupied equivalentπ MOs only if π+ andπ−
are equally occupied, which means that both have one electron or both are full. The
full case must yield1
+

g , i.e., must be symmetric for every operation, because each
MO occurs twice in the electron list, and even antisymmetric functions give symmetric
results when multiplied by themselves. For the half-filled case there are only two
possibilities:π+(1)π−(2) ± π−(1)π+(2). The “plus” case is symmetric for electron
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exchange, hence goes with the antisymmetric spin functionαβ −βα, hence is a singlet
state. Reflection causesπ+ ↔ π−, but this returns the same function, so this case goes
with a1
+ term. Similar reasoning shows that the “minus” case goes with a3
− term.
Hund’s rule predicts the latter term to lie below the former in energy.

EXAMPLE 7-4 What term symbols represent possible excited states of N2 produced
by promoting an electron from the highest occupied MO to the lowest unoccupied
MO?

SOLUTION � When an electron is promoted, the possible resulting 1πu,1πg configurations can
be pictured as follows:

1πg

1πu

+1 –1 +1 –1 +1 –1 +1 –1

The excited molecule has two half-filled MOs, for which the electron spins can be opposite (singlet)
or the same (triplet). The sum of electron orbital momenta will remain zero (giving
 if the electron
is excited fromml =−1 to−1 or from+1 to+1, but will change to+2 or−2 (giving�) if changed
from −1 to+1 or from+1 to−1. In all cases, the excited state has an odd number of electrons in
the MOs of ungerade symmetry, so all terms will have a u subscript. The term symbols, then, are,
respectively1
u, 3
u, 3�u, 1�u. �

These conventions for term symbols apply for any linear molecule having inversion
symmetry (e.g., HCCH, CO2). For linear molecules lacking inversion symmetry (CO,
HCN) all is the same except that there is no g–u symbol.

The noncrossing rule mentioned above is an important aid in constructing correlation
diagrams for many processes. It is called a rule rather than a law because it can only be
shown to be highly improbable, not impossible, for two levels of the same symmetry to
cross. Thus, imagine that we have a molecule with some variable parameterλ and also
with a symmetry operationR which is not lost asλ varies. For example,λ might be the
H–O–H angle in water, andR could be reflection through the plane bisecting the H–O–H
angle. Suppose that we have a complete set of basis functions and that, at each value
of λ, we manage to express exactly all but two of the eigenfunctions for the molecule.
This uses up all but two dimensions of our function space, leaving us, at each value ofλ,
with two eigenfunctions to determine and two functions in terms of which to express
them. (These functions change withλ, but the above argument has nevertheless served
to reduce our problem to two dimensions.) Now let the two functions remaining from
our original basis be mixed to become orthonormal and also individually either sym-
metric or antisymmetric forR. We label these symmetrized basis functionsχ1 andχ2.
Because we began with a complete basis, it must be possible to express the as yet
undetermined wavefunctionsψ1 andψ2 exactly as linear combinations ofχ1 andχ2
at each value ofλ. Furthermore, ifψ1 andψ2 are, say, both antisymmetric forR, it
is necessary thatχ1 andχ2 also both be antisymmetric. Ifψ1 andψ2 have opposite
symmetries, however,χ1 andχ2 also have opposite symmetries. (In the latter case,χ1
andχ2 can only mix to produce unsymmetric functions, and so we know thatχ1 andχ2
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are already identical withψ1 andψ2.) To determine the mixing coefficients and state
energies forψ1 andψ2, we solve the 2× 2 secular equation over the basisχ1, χ2:

∣∣∣∣∣
H11− E H12

H12 H22− E

∣∣∣∣∣ = 0 (7-107)

The roots are

E± = 1

2

{
H11+ H22± [

4H 2
12+ (H11− H22)

2]1/2
}

(7-108)

The crossing of energy levels forψ1 andψ2 requires that, at some value ofλ, E+ equals
E−. From Eq. (7-108), we see that this requires that the term in square brackets vanish,
which requires thatH12 andH11 − H22 vanish. Now, ifχ1 andχ2 (and henceψ1
andψ2) have opposite symmetries forR, H12 vanishes for all values ofλ, and the
curves will cross wheneverH11 equalsH22. But if χ1 andχ2 (and henceψ1 andψ2)
have thesamesymmetry forR, H12 is not generally zero. In this situation, the curve
crossing requires that bothH12 andH11−H22 happen to pass through zeroat the same
value ofλ. This simultaneous occurrence of two functions passing through zero is so
unlikely that it is safe to assume it will not happen.

If the molecule possesses several elements of symmetry,H12 will vanish at allλ if
ψ1 andψ2 disagree in symmetry forany oneof them, so the noncrossing rule applies
only to states having wavefunctions of identical symmetry for all symmetry operations
of the molecule.

A similar treatment for orbitals and orbital energy levels is possible, and the non-
crossing rule applies for orbital energies as well as for state energies.

7-7 Basis Set Choice and the Variational Wavefunction

One of the places where human decision can effect the outcome of a variational cal-
culation is in the choice of basis. Some insight into the ways this choice effects the
ultimate results is necessary if one is to make a wise choice of basis, or recognize which
calculated results are “physically real” and which are artifacts of basis choice.

One question we can ask is this: Is a minimal basis set equally appropriate for
calculating an MO wavefunction for, say, B2 as F2? In each case we use 10 AOs
and 2 spin functions producing a total of 20 spin MOs. With B2, however, we have
10 electrons to go into these spin MOs, and in F2 we have 18 electrons. In all but
the crudest MO calculations, the total energy is minimized in a manner that depends
on the natures of only the occupied MOs. In effect, then, the calculation for B2 produces
the 10 “best” spin MOs from a basis set of 20 spin-AOs, whereas that for F2 produces
the 18 best MOs from a different basis set of 20 spin-AOs. In a sense, then, the basis
for F2 is less flexible than that for B2. Of course, the use of separated atom orbitals is a
conscious effort to choose that basis that best spans the same function space as the best
MOs. To the extent that this strategy is successful, the above problem is obviated (i.e., if
both sets are perfect, additional flexibility is useless). The strategy is not completely
successful, however, and comparison of results of minimal basis set calculations down
a series of molecules such as B2,C2,N2,O2, and F2 may be partially hampered by this
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ill-defined inequivalence in basis set adequacy. In contrast, comparison of calculated
results in a series of molecules such as CnH2n+2 is much less likely to suffer from this
particular problem because the minimal basis set grows with increasingn in a way to
keep pace with the number of electrons.

Let us now briefly consider how basis sets might vary in adequacy for different
states of a given molecule. We will compare the wavefunction for the ground state of
a molecule with the wavefunction for a Rydberg state. Rydberg states are so named
because their spectral lines progress toward the ionization limit in a manner similar to the
spectral pattern for hydrogenlike ions (called aRydberg series).7 Hence, the Rydberg
states of molecules are in some way like excited states of the hydrogen atom. This can
be understood by visualizing an excited state for, say, N2 wherein one electron is, on
the average, very far away from the rest of the molecule, which is now an N+

2 “core.”
As the excited electron moves to orbitals farther and farther out, the N+

2 core becomes
effectively almost like a point positive charge. As a result, the coupling between the
angular momentum of this orbital and the internuclear axis grows progressively weaker,
so that the motion of the Rydberg electron becomes more and more independent of
orientation of the core. It is not surprising that a hydrogen-like AO centered in the bond
becomes more and more appropriate as a basis for describing this orbital. In contrast,
such a “single-center” basis normally requires many terms to accurately describe MOs
in ground or non-Rydberg excited states. Thus, for a Rydberg state of N2, one would
do well to choose a basis set of AOs located on the nuclei to describe the MOs of the
N+

2 core, and to use an AO (or several AOs) centered between the nuclei to describe
the orbital for the Rydberg electron.

Thus far we have kept the discussion within the framework of homonuclear diatomic
molecules. When we come to heteronuclear diatomics, for example, CO, we lose
inversion symmetry and we can no longer symmetry balance our basis. This means
that a given basis may be more inadequate for representing the wavefunction on one
end of the molecule than on the other. As a result, the electronic charge will be shifted
toward the end where the basis set is best able to minimize the energy. This charge
shift is an artifact of basis set imbalance, but, since we have no way to evaluate this
imbalance, it is difficult to tell how much it affects our results. Mulliken has published
some calculations on the HF molecule that illustrate this problem in a striking way.
Table 7-3 is a list of total energies and dipole moments calculated for HF using a variety
of basis sets.

The first column of data arises from a minimal basis set of STOs (1sH,1sF,2sF,2pσF,

2pπxF,2pπyF) with orbital exponents evaluated from Slater’s rules for atoms. The
second column results if the orbital exponents are allowed to vary independently
to minimize the molecular energy. The basis set for the third column is obtained
by augmenting the previous basis with additional STOs centered on the H nucleus
(2sH,2pσH ,2pπxH ,2pπy H). Finally, the fourth column results from use of a basis set
that has been augmented (over the minimal basis) atbothnuclei in a way thought to be
appropriately balanced. As the basis set grows increasingly flexible, the average energy
becomes lower, but the expectation value for the dipole moment does not converge uni-
formly toward the observed value. In particular, by augmenting the basis on hydrogen
only, we create a very unbalanced basis, which causes charge to shift too much toward
the hydrogen end of the molecule.

7See A. B. F. Duncan [3].
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TABLE 7-3 � Energies and Dipole Moments for Hydrogen Fluoride Calculated by the Variation
Method Using Different Basis Setsa

Min STO
Slaterζ

Min STO
bestζ

Min STO F; Aug.
STO H (very
unbalanced)

Aug. STO
F and H

(balanced) Exp

E (a.u.) −99.4785 −99.5361 −99.6576 −100.0580 −100.527
µ(H+F−) 0.85D 1.44D 0.92D 1.98D 1.82Db

aSee Mulliken [4].
bData from Weiss [5].

These problems with basis set adequacy are difficult to overcome completely. For-
tunately, with a certain amount of experience, insight, and caution, it is nevertheless
possible to carry out variational calculations and interpret their results to obtain reliable
and useful information.

7-8 Beyond the Orbital Approximation

Most of our discussion of the variation method has been restricted to calculations within
the orbital approximation. To avoid leaving an inaccurate impression of the capabilities
of the variation method, we shall briefly describe some calculations on some small
(two-electron) systems where the method can be employed to its fullest capabilities.
These calculations are listed in Table 7-4.

The calculation on He by Kinoshita expresses the spatial part of the wavefunction as

ψ(ks, kt, ku) = e−ks/2
∞∑

l,m,n=0
n,even

cl,m,n(ks)l−m(ku)m−n(kt)n (7-109)

where

s = r1 + r2, u = r12, t = −r1 + r2 (7-110)

andk andcl,m,n are variable parameters. The exponential term causes the wavefunc-
tion to vanish as either electron goes to infiniter, and the terms in the sum build up
a polynomial in one- and two-electron coordinates, reminiscent of the form of eigen-
functions for the harmonic oscillator and the hydrogenlike ion. Kinoshita carried out
his calculation to as many as 39 terms, obtaining an energy that he estimated to differ
from the exact result by no more than 1.2× 10−6 a.u. A subsequent calculation by
Pekeris, using a related approach, required solving a secular determinant of order 1078
and yielded an energy estimated to be accurate to 1.0×10−9 a.u. Applying corrections
for coupling between electronic and nuclear motions, and also for relativistic effects,
Pekeris arrived at a theoretical value for the ionization energy of He of 198310.687 cm−1

compared to the experimental value of 198310.82 ± 0.15 cm−1.
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TABLE 7-4 � Results of Some Very Accurate Variational Calculations on
Two-Electron Systems

System
Minimized

energya (a.u.)

Estimated maximum
energy error

Ē − Eexact (a.u.)

He (ground singlet)b −2.9037225 0.0000012
He (ground singlet)c −2.903724375 0.000000001
He (lowest triplet)c −2.17522937822 0.00000000001
H2 (ground singlet)d −1.17447498302e 0.000000001

aUncorrected for nuclear motion and relativistic effects.
bFrom Kinoshita [6].
cFrom Pekeris [7].
dFrom Kolos and Wolniewicz [8].
eAt R = 1.401078 a.u.

In the 35 years since Pekeris work was reported, even more extensive calculations
have been reported. For example, Drake et al. [9] have calculated an upper bound for
the ground state of helium having 22 significant figures using a wavefunction having
2358 terms.

Extremely accurate variational calculations have been carried out on H2 by Kolos and
Wolniewicz. They used elliptic coordinates and anr12 coordinate and expressed their
wavefunction as an expansion in powers of these coordinates, analogous in spirit to the
Kinoshita wavefunction described above. Their most accurate wavefunctions contain
100 terms and are calculated for a range ofR values. After including corrections for
relativistic effects and nuclear motion, Kolos and Wolniewicz arrived at a theoretical
value for thedissociation energyin H2 of 36117.4 cm−1 compared to what was then
the best experimental value 36113.6± 0.5cm−1. Subsequent redetermination of the
experimental value gave 36117.3± 1.0 cm−1.8

Thedissociation energy, D0, is the energy required to separate a molecule into its
constituent atoms, starting with a molecule in its lowest vibrational state. Thebinding
energy, De, is the energy for the corresponding process if we omit the vibrational
energy of the molecule (see Fig. 7-18). These quantities are often much more sensitive
measures of the accuracies of calculations than are total energies. The reason for this is
easily understood when we recognize that the binding energy is a fairly small difference
between two large numbers—the total energy of the molecule and the total energy of
the separated atoms. Unless our errors in these two large energies are equal, the residual
error is magnified (in terms of percentage) when we take the difference. Thus, the best
total energy for H2 in a certain orbital approximation is−1.133629 a.u., which is 96.7%
of the total energy. However, the corresponding binding energy is−0.133629 a.u.,
which is 76.6% of the correct value. The need to calculate accurate binding energies is
sometimes referred to as the need to achieve “chemical accuracy.”

The variational calculations cited above are among the most accurate performed,
and they give an indication of the capabilities of the method. Properties other than

8See Herzberg [10].
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Figure 7-18 � Schematic drawing showing the distinction betweenD0, the dissociation energy
from the lowest vibrational level, andDe, the binding energy, which does not take vibrational energy
into account. The zero of energy is the energy of the separated atoms.

energy predicted from such wavefunctions are also very accurate. For example, Pekeris’
best wavefunction for the first triplet state of helium gives an electron density at the
nucleus of 33.18416 electrons per cubic bohr compared with the experimental value
33.18388± 0.00023 deduced from hyperfine splitting. For most systems of chemical
interest, calculations of this sort become much too impractical to be considered. For
this reason the orbital approximation, with all its limitations, is used in most quantum-
chemical calculations on systems having more than two electrons.

7-8.A Problems

7-1. Given the following two functions,f (x) andg(x), for the range 0≥ x ≥ L:

Figure P7-1 �
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Can these functions be expressed accurately as linear combinations of particle-
in-a-box eigenfunctions (box walls atx = 0,L)? Indicate your reasoning. If yes,
what is the expression for the first two coefficients in the expansion? Can you
evaluate any of these by inspection?

7-2. Consider a particle in a box with a biased potential that is higher atx = L than
atx = 0. An approximate solution for the ground state could beφ = √

0.9ψ1 +√
0.1ψ2, whereψ1 andψ2 are the first and second eigenfunctions for the unbiased

box. (a) Make a rough sketch ofφ, showing how it skews the particle distribution.
(b) What is theaveragekinetic energy forφ, in terms ofh,m, andL?

7-3. The normalized functionφ = (2/45π)1/2r2 exp(−r) can be expanded in terms of
hydrogen atom eigenfunctions:

φ = c1ψ1s+ c2ψ2s+ c3ψ2p0 + · · ·
whereψ1s= (1/

√
π)exp(−r) andψ2p0 = (1/

√
32π)r exp(−r/2)cosθ . Evaluate

c1 andc3.

7-4. Given the approximate wavefunction for the lowest state of a particle in a one-
dimensional box (Fig. P7-4):

Figure P7-4 �

φ = √
3/L(2x/L), 0≤ x ≤ L/2

φ = √
3/L[2(L − x)/L], L/2≤ x ≤ L

φ = 0, x < 0, x > L

a) Resolveφ into the box eigenfunctions. That is, evaluatecn in the expression

φ =
∞∑

n=1

cnψn,

where

ψn = √
2/Lsin(nπx/L) , 0≤ x ≤ L, ψn = 0, x < 0, x > L

b) Using the coefficients from part (a) compare the value ofφ at x = L/2 with
the values one obtains from the

φapprox=
m∑

n=1

cnψn, with m = 1,3,5,7, and 9
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c) Use the coefficients from part (a) to obtain an expression forĒ appropriate
for φ. Estimate the value of the infinite series and thereby estimateĒ. Com-
pare this value toEexact.

7-5. Let φ = exp(−αr2) be a trial function (not normalized) for the ground state of
the hydrogen atom. Use the variation method to determine the minimum energy
attainable from this form by variation ofα. Find the average value ofr and the
most probable value ofr for this wavefunction. Compare theser values and the
average energy with the exact values.

7-6. Let φ(α) = (α5/3π)1/2r exp(−αr) be a trial function for the ground state of the
hydrogen atom:

a) Verify that the variation method givesα = 3
2, Ē = −3

8 a.u.
b) Verify thatφ

(3
2

)
has an overlap of 0.9775 with the 1s function.

c) Find the value ofα that maximizes the overlap ofφ with the 1s function and
determine the average energy of this newφ.

7-7. A normalizedapproximate wavefunctionφ for the hydrogen atom is pro-
jected into its components and found to beφ = (1/

√
2)ψ1s + (1/

√
4)ψ2s +

(1/
√

8)ψ3s+ c4sψ4s. There are no higher terms.

a) What is the value ofc4s?
b) What is the value of the average energy?

7-8. A normalized,spherically symmetricvariationally optimized function for the
hydrogen atom is analyzed by projecting out coefficientsc1s, c2s, c2p0, etc. It is
found thatc1s is equal to

√
0.80 andc2s=

√
0.15.

a) What is the maximum possible value forc2p0? Explain your reasoning.
b) What is the minimum possible value for̄E that could correspond to this

function, based on the above data? Explain your reasoning.

7-9. A normalized trial wavefunction of the form (in a.u.)

φ = [
(2ζ )7/(4π6!)]1/2

r2 exp(−ζ r)

is variationally optimized to give the lowest possible energy for the hydrogen
atom. The results part way along this process are

∫
φĤφ dv = ζ 2/10− ζ/3.

a) Complete the variational process to obtain the optimumζ andthe minimized
average energy.

b) Calculate the value ofc1 in the expressionφopt = c1ψ1s+ c2ψ2s+ · · · .
c) Produce a new,normalizedfunctionχ that is orthogonal toψ1s but is other-

wise as similar as possible toφopt. (Use the unexpanded symbolic termsψ1s
andφ in your answer.)

d) Suppose you are told that the average energy associated with your new func-
tion χ is −0.133 a.u. Do you find this reasonable? Explain your answer.

7-10. φ = (α5/3π)1/2r exp(−αr) is a normalized trial function for the hydrogen atom.
The energy is minimized whenα = 3/2. Calculate the average value of the
potentialenergy predicted by this function ifα = 3/2.
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7-11. Prove that optimized trial function (7-20)mustcontain contributions from con-
tinuum wavefunctions.

7-12. Compare the orbital exponent for a 1sAO in He as found by the variation method
[Eq. (7-35)] with that given by Slater’s rules (Chapter 5).

7-13. A different trial function for calculating the polarizability of the hydrogen atom
in a uniform electric field of strengthF is

ψtrial = ψ1s(c1 + c2z)

This is somewhat similar to the example in the text, sincezψ1s gives a p-like
function, but not exactly the 2pz eigenfunction.

a) Use this form to find an expression for the minimumĒ as a function ofF .
What value ofĒ does this give forF = 0.1 a.u.? Can you suggest why this
trial function is superior to the one used in the text?

b) The polarizability is defined to beα in the expression

E = −1

2
− 1

2
αF 2

What value ofα do you obtain? [Exactα = 4.5 a.u.] 1 a.u. of field strength is
equal toe/a2

0. Deduce the value of 1 a.u. of polarizability.

7-14. Which hydrogen atom state should be more polarizable, the 1s or 2s? [Consider
the factors that determine the extent of mixing between basis functions.] Explain
your reasoning.

7-15. φa andφb are chosen to be a normalized set of basis functions for an LCAO
wavefunction for a one-electron homonuclear diatomic system. It is found that
the values for the integrals involving these functions are

∫
φ∗

aĤφa dv = −2 a.u.,

∫
φ∗

bĤφb dv = −2 a.u.,

∫
φ∗

aĤφb dv = −1 a.u.,

∫
φ∗

aφb dv = 1

4
.

Find an upper bound for the exact lowest electronic energy for this system. Find
the corresponding LCAOnormalizedapproximate wavefunction.

7-16. φa andφb are chosen as the normalized basis functions for an LCAO wavefunc-
tion for a one-electron, heteronuclear, diatomic molecule. It is found that the
values for some integrals involving these functions are

∫
φaĤφa dv = −2 a.u.,

∫
φbĤφb dv = −1 a.u.,

∫
φaĤφb dv = −1

2
a.u.,

∫
φaφb dv = 1

3
.

whereĤ is the molecular hamiltonian. Set up the secular determinantal equation
and find the lowest electronic energy that can be computed from an LCAO
wavefunctioncaφa + cbφb. Find ca andcb such thatĒ is minimized and the
wavefunction is normalized.
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7-17. A possible basis function for representing the 1σg wavefunction of H+2 is a 1s-like

AO
(
ζ 3/π

)1/2
exp(−ζ r) located at the bond center. Assuming an internuclear

separation of 2 a.u., find theζ value that minimizesĒ. Is this basis function
adequate to predict a bound H+

2 molecule? [Use Appendix 3 to help you develop
your formulas.]

7-18. Without referring to the text, and by inspection, what is the united atom limit for
the 1σu molecular orbital’s energy (in a.u.) for H+2 ?

7-19. Show that, atR = ∞, the ψ+ and ψ− wavefunctions for H+2 are capable of
describing a state wherein the electron is in a 1s orbital on atomA.

7-20. Evaluate Eqs. (7-89) and (7-90) atR = 0 to show thatHAA = HAB at this point.

7-21. Examining Eq. (7-86), and lettingHAB = kHAA what relationship betweenk
andSAB is necessary if theσg MO is to be lower in energy than theσu MO?
[Assume thatHAA is negative, and thatk andSAB are positive.]

7-22. Consider the one-electron molecule–ion HeH2+:

a) Write down the hamiltonian operator (nonrelativistic, Born–Oppenheimer
approximation) for the electronic energy in atomic units for this system.

b) Calculate the electronic energies for the lowest energy state of this system in
the separated atom and united atom limits.

7-23. For ahomonuclear diatomic molecule aligned as shown in Fig. P7-23, character-
ize each of the following MOs asσ , π , δ, and g or u, and bonding or antibonding.

a) 2pya + 2pyb

b) 2pza + 2pzb

c) 3dz2
a
+ 3dz2

b

d) 3dxya + 3dxyb

e) 3dxza − 3dxzb

Figure P7-23 �

7-24. Characterize each of the followingatomicorbitals with the symbolsσ , π , δ, and
also g or u. Let thez axis be the reference axis for angular momentum.

1s 2pz 3py 3dxy

2s 2px 3dz2 3dxz

7-25. Indicate whether you expect each of the following homonuclear diatomic MOs
to be bonding or antibonding. Sketch the MO in each case: (a)σu (b) πu (c) δg
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7-26. A homonuclear diatomic molecule MO ofπu symmetry is to be expressed as a
linear combination of AOs centered on the nuclei, which lie on thez axis. Which
of the AOs in the following list can contribute to the MO?

1s 2s 2px 2py 2pz 3s 3px
3py 3pz 3dxy 3dxz 3dyz 3dz2 3dx2−y2

7-27. Use sketches and symmetry arguments to decide which of the following integrals
vanish for diatomic molecules (thex, y, andz axes are shown in Fig. P7-23):

a)
∫

2pza1sb dv

b)
∫

2pya1sb dv

c)
∫

2pza2pyb dv

d)
∫

2pya3dyzb dv

e)
∫

2pza3dyzb dv

f)
∫

1saĤ2pxa dv

g)
∫

1saĤ2pza dv

7-28. Show that, for reflection through a plane containing the nuclei, if the MOδx2−y2

is symmetric, then the MOδxy is antisymmetric. Show that the same is true for
π MOs constructed from dxz and dyz AOs. (The internuclear axis is assumed to
lie along thez coordinate.)

7-29. Assuming the internuclear axis to lie along thez coordinate, what are the possible
ML quantum numbers for an MO constructed from 3dz2

a
− 3z2

b
?

7-30. In a homonuclear diatomic correlation diagram, what MO symmetry symbols
(σ , π , δ, g, u) could correlate with each of the united atom AOs listed below?
Assumez to be the “old” internuclear axis. Indicate for each case whether this
united atom orbital is the terminus for abondingor anantibondingMO. (a) 2pz
(b) 2px (c) 3dxz (d) 3dxy

7-31. A homonuclear diatomic system has the ground-state MO configuration
1σ 2

g 1σ 2
u 2σ 2

g 2σ 2
u 3σ 2

g 1π4
u1π2

g :

a) What is thenetnumber of bonding electrons?
b) What spin multiplicity would you expect for the ground state?
c) What would you expect the effect to be on the dissociation energy of this

molecule of ionization (1) from the 1πg MO? (2) from the 3σg MO?
d) Upon ionization (one-electron) from the 1πg level, what would be the spin

multiplicity of the resulting ion?
e) To what type of united atom AO does theπu MO correlate?

7-32. a) Without referring to the text, write out the ground state configuration for O+
2

using MO symmetry symbols (1σ 2
g etc.)

b) What is the net number of bonding electrons?
c) How does the dissociation energy for this ion compare to that for O2?
d) What is the ground state term symbol for this ion?
e) Which occupied MOs may contain contributions from 2pz AOs, assumingz

to be the internuclear axis?
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7-33. The reduced symmetry of heteronuclear (compared to homonuclear) diatomic
molecules results in their having a different correlation diagram. Set up a corre-
lation diagram for heteronuclear diatomics. Be sure to indicate that the energy
levels of each type of AO are not identical for the separated atoms. Comparing
correlation diagrams for homonuclear and heteronuclear molecules, does it seem
reasonable that He2 is unstable, whereas the isoelectronic LiH and LiHe+ are
stable molecules?

7-34. Following are some Slater orbital coefficients for some MO’s of F2 calculated
by Ransil [11] (the 2pσ STOs are defined according toz axes pointing from each
atom toward the other):

1σg c1s,A = c1s,B = 0.70483 2σg c1s,A = c1s,B = 0.17327

c2s,A = c2s,B = 0.00912 c2s,A = c2s,B = −0.67160

c2pσ ,A = c2pσ ,B = −0.00022 c2pσ ,A = c2pσ ,B = −0.08540

We see that the 1σg MO is almost entirely made from 1s AOs onA and B.
However, the 2σg MO contains what appears to be an anomalously large amount
of 1s AO. This turns out to be an artifact of the fact that Slater-type 2s orbitals
are not orthogonal to 1s AOs on the same center. For F2, the STO 1s, 2s overlap
is 0.2377. Use this fact to construct a new orbital, 2s′, that is orthogonal to 1s.
Express the 2σg MO of Ransil in terms of the basis functions 1s, 2s′, and 2pσ on
centersA andB. You should find the 1s coefficients much reduced.

7-35. Re for H+
2 equals 2.00 a.u. At this distance,Eelec = −1.1026 a.u. What is the

value ofDe for H+
2 ?

Multiple Choice Questions

(Try to answer these without referring to the text.)

1. A homonuclear diatomic MO is given byφ = 2pz,a + 2pz,b , where thez axis is the
same as the internuclear axis. Which one of the following statements aboutφ is
correct?

a) φ is an antibonding MO, symbolizedσu.
b) φ is a bonding MO, symbolizedπu.
c) φ is an antibonding MO, symbolizedπg.
d) φ is a bonding MO, symbolizedσg.
e) φ is an antibonding MO, symbolizedπu.

2. For the three species N2, N+
2 , N−

2 , which one of the following orders for the bond
energy (i.e., bond strength) is most reasonable?

a) N2 > N+
2 > N−

2
b) N+

2 > N2 > N−
2

c) N−
2 > N2 > N+

2
d) N−

2 > N+
2 > N2

e) Only N2 forms a bond; N+2 and N−
2 do not.
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3. According to the LCAO-MO model, which one of the following second period
diatomic molecules has a double bond in the ground electronic state?

a) Li2
b) Be2
c) B2
d) C2
e) N2

4. Which one of the following statements concerning H+
2 is false?

a) The nondegenerate LCAO-MOs (without spin) must be either symmetric or anti-
symmetric for inversion.

b) The lowest energy MO (without spin) of the molecule is antisymmetric for
inversion.

c) The MOs transform into the AOs of the helium ion as the two nuclei are fused
together.

d) The ground state has a multiplicity of two.
e) The Born-Oppenheimer approximation permits finding the solution for the purely

electronic wave function at each value of the internuclear distance.

5. Which one of the following statements isfalsefor bonding MOs formed from linear
combinations of AOs on atoms a and b?

a) Only AOs that have nonzero overlap can form bonding MOs.
b) Only AOs that have similar energies can form strongly bonding MOs.
c) Bonding MOs cannot have a nodal plane perpendicular to the internuclear axis

and midway between a and b.
d) A p AO on b can combine with a p AO on a to formσ,π , or δ MOs.
e) A maximum of three bonding MOs can be formed from 2p AOs on a and b.
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Chapter 8

The Simple H ückel Method
and Applications

8-1 The Importance of Symmetry

Our discussions of the particle in a box, the harmonic oscillator, the hydrogen atom, and
homonuclear diatomic molecules have all included emphasis on the role that symmetry
plays in determining the qualitative nature of the eigenfunctions. When we encounter
larger systems, detailed and accurate solutions become much more difficult to perform
and interpret, but symmetry continues to exert strong control over the solutions.

In this chapter, we will describe a rather simple quantum chemical method that was
formulated in the early 1930s by E. H¨uckel. One of the strengths of this method is
that, by virtue of its crudeness and simplicity, the effects of symmetry and topology on
molecular characteristics are easily seen. Also, the simplicity of the model makes it an
excellent pedagogical tool for illustrating many quantum chemical concepts, such as
bond order, electron densities, and orbital energies. Finally, the method and some of
its variants continue to be useful for certain research applications. Indeed, it is difficult
to argue against the proposition that every graduate student of organic and inorganic
chemistry should be acquainted with the H¨uckel molecular orbital (HMO) method.

8-2 The Assumption of σ–π Separability

The simple H¨uckel method was devised to treat electrons in unsaturated molecules like
ethylene and benzene. By 1930 it was recognized that unsaturated hydrocarbons are
chemically more reactive than are alkanes, and that their spectroscopic and thermody-
namic properties are different too. The available evidence suggested the existence of
loosely held electrons in unsaturated molecules.

We have already seen that, when atoms combine to form a linear molecule, we
can distinguish between MOs of typeσ,π, δ, . . . depending on whether the MOs are
associated with anm quantum number of 0,±1,±2, . . . Thus, in acetylene(C2H2), the
minimal basis set ofAOs on carbon and hydrogen lead toσ andπ MOs. Let us imagine
that our acetylene molecule is aligned along thez Cartesian axis. Then thepx π -type
AOs on the carbons are antisymmetric for reflection through a plane containing the
molecular axis and they axis. Similarly, thepy π -type AOs are antisymmetric for
reflection through a plane containing the molecular axis and thex axis. Thepz AOs,
which areσ -type functions, are symmetric for reflection through any plane containing

244
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the molecular axis. It has become standard practice to carry over theσ−π terminology
to planar (but nonlinear) molecules, wherem is no longer a “good” quantum number.
In this expanded usage,a π orbital is one that is antisymmetric for reflection through
the plane of the molecule, aσ orbital being symmetric for that reflection.

Hückel found that, by treating only theπ electrons explicitly, it is possible to repro-
duce theoretically many of the observed properties of unsaturated molecules such as
the uniform C–C bond lengths of benzene, the high-energy barrier to internal rotation
about double bonds, and the unusual chemical stability of benzene. Subsequent work
by a large number of investigators has revealed many other useful correlations between
experiment and this simple HMO method forπ electrons.

Treating only theπ electrons explicitly and ignoring theσ electrons is clearly an
approximation, yet it appears to work surprisingly well. Physically, H¨uckel’s approxi-
mation may be viewed as one that has theπ electrons moving in a potential field due
to the nuclei and a “σ core,” which is assumed to be frozen as theπ electrons move
about. Mathematically, theσ−π separability approximation is

Etot = Eσ + Eπ (8-1)

whereEtot is taken to be the electronic energyEel plus the internuclear repulsion
energyVnn.

Let us consider the implications of Eq. (8-1). We have already seen (Chapter 5),
that a sum of energies is consistent with a sum of hamiltonians and a product-type
wavefunction. This means that, if Eq. (8-1) is true, the wavefunction of our planar
molecule should be of the form (see Problem 8-1)

ψ(1, . . . , n) = ψπ (1, . . . , k)ψσ (k + 1, . . . , n) (8-2)

and our hamiltonian should be separable intoπ andσ parts:

Ĥ (1,2, . . . , n) = Ĥ π (1,2, . . . , k) + Ĥ σ (k + 1, . . . , n) (8-3)

Equations (8-2) and (8-3) lead immediately to Eq. (8-1):

Ē =
∫

ψ∗
π ψ∗

σ

(
Ĥ π + Ĥ σ

)
ψπ ψσ dτ(1, . . . , n)

∫
ψ∗

π ψ∗
σ ψπ ψσ dτ(1, . . . , n)

=
∫

ψ∗
π Ĥ π ψπ dτ(1, . . . , k)∫
ψ∗

π ψπ dτ(1, . . . , k)
+

∫
ψ∗

σ Ĥ σ ψσ dτ(k + 1, . . . , n)∫
ψ∗

σ ψσ dτ(k + 1, . . . , n)

= Eπ + Eσ (8-4)

If these equations were valid, one could ignoreψσ and legitimately minimizeEπ by
varyingψπ , But the equations arenotvalid because it is impossible to rigorously satisfy
Eq. (8-3). We cannot defineĤ π andĤ σ so that they individually depend completely
on separate groups of electrons and still sum to the correct total hamiltonian. Writing
these operators explicitly gives

Ĥ π (1, . . . , k) = −1

2

k∑

i=1

∇2
i +

k∑

i=1

Vne(i) + 1

2

k∑

i=1

k∑

j=1,j �=i

1

rij

(8-5)

Ĥ σ (k + 1, . . . , n) = −1

2

n∑

i=k+1

∇2
i +

n∑

i=k+1

Vne(i) + 1

2

n∑

i=k+1

n∑

j=k+1,j �=i

1

rij

+ Vnn (8-6)
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whereVne(i) represents the attraction between electroni and all the nuclei. These
hamiltonians do indeed depend on the separate groups of electrons, but they leave out
the operators for repulsion betweenσ andπ electrons:

Ĥ − Ĥ π − Ĥ σ =
k∑

i=1

n∑

j=k+1

1

rij

(8-7)

In short, theσ andπ electrons really do interact with each other, and the fact that the
HMO method does notexplicitly include such interactions must be kept in mind when
we consider the applicability of the method to certain problems. Some account ofσ−π

interactions is includedimplicitly in the method, as we shall see shortly.

8-3 The Independent π-Electron Assumption

The HMO method assumes further that the wavefunctionψπ is a product of one-electron
functions and that the hamiltonianĤ π is a sum of one-electron operators. Thus, for
nπ electrons,

ψπ (1,2, . . . , n) = φi(1)φj (2) . . . φl(n) (8-8)

Ĥ π (1,2, . . . , n) = Ĥπ (1) + Ĥπ (2) + · · · + Ĥπ (n) (8-9)

and

∫
φ∗

i (1)Ĥπ (1)φi(1)dτ(1)∫
φ∗

i (1)φi(1)dτ(1)
≡ Ei (8-10)

It follows that the totalπ energyEπ is a sum of one-electron energies:

Eπ = Ei + Ej + · · · + El (8-11)

This means that theπ electrons are being treated as though they are independent of each
other, sinceEi depends only onφi and is not influenced by the presence or absence of
an electron inφj . However, this cannot be correct becauseπ electrons in fact interact
strongly with each other. Once again, such interactions will be roughly accounted for
in an implicit way by the HMO method.

The implicit inclusion of interelectronic interactions is possible because we never
actually write down a detailed expression for theπ one-electron hamiltonian operator
Ĥπ (i). (Wecannotwrite it down because it results from aπ–σ separability assumption
and an independentπ -electron assumption, and both assumptions are incorrect.)Ĥπ (i)
is considered to be an “effective” one-electron operator—an operator that somehow
includes the important physical interactions of the problem so that it can lead to a reason-
ably correct energy valueEi . A key point is that the HMO method ultimately evaluates
Ei via parameters that are evaluated by appeal to experiment. Hence, it is asemiem-
pirical method. Since the experimental numbers must include effects resulting from
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all the interelectronic interactions, it follows that these effects are implicitly included
to some extent in the HMO method through its parameters.

It was pointed out in Chapter 5 that, when the independent electron approximation
[Eqs. (8-8)–(8-11)] is taken, all states belonging to the same configuration become
degenerate. In other words, considerations of space-spin symmetry do not affect the
energy in that approximation. Therefore, the HMO method can make no explicit use of
spin orbitals or Slater determinants, and soψπ is normally taken to be a single product
function as in Eq. (8-8). The Pauli principle is provided for by assigning no more than
two electrons to a single MO.

EXAMPLE 8-1 If O2 were treated by the HMO method, what would be the form of
the wavefunction and energy for the ground state?

SOLUTION � The ground state configuration for O2 is 1σ 2
g 1σ 2

u 2σ 2
g 2σ 2

u 3σ 2
g 1π2

u,x1π2
u,y ×

1πg,x1πg,y , where we have shown the degenerate members ofπ levels explicitly and in their
real forms. The HMO wavefunction is simply a product of the pi MOs, one for each of the
six pi electrons: 1πu,x(1)1πu,x(2)1πu,y(3)1πu,y(4)1πg,x(5)1πg,y(6). The HMO energy is
2Eπ,u,x + 2Eπ,u,y + Eπ,g,x + Eπ,g,y , which reduces to 4Eπ,u + 2Eπ,g . Note that, because O2 is
linear, there is no unique molecular plane containing the internuclear axis. Therefore this molecule
has two sets ofπ MOs, one pair pointing in thex direction, the other pair pointing alongy. For a
planar molecule, only one of these pairs would qualify asπ MOs, as will be seen in the next section.

�

8-4 Setting up the H ¨uckel Determinant

8-4.A Identifying the Basis Atomic Orbitals and Constructing
a Determinant

The allyl radical, C3H5, is a planar molecule1 with three unsaturated carbon centers
(see Fig. 8-1). The minimal basis set of AOs for this molecule consists of a 1s AO
on each hydrogen and 1s, 2s, 2px , 2py , and 2pz AOs on each carbon. Of all these
AOs only the 2pz AOs at the three carbons are antisymmetric for reflection through the
molecular plane.

Figure 8-1 � Sketch of the nuclear framework for the allyl radical. All the nuclei are coplanar.
Thez axis is taken to be perpendicular to the plane containing the nuclei.

1The minimum energy conformation of the allyl system is planar. We will ignore the deviations from planarity
resulting from vibrational bending of the system.
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Figure 8-2 � The threeπ -type AOs in the minimal basis set of the allyl radical.

Following Hückel, we ignore all theσ -type AOs and take the three 2pz AOs as our
set of basis functions. Notice that this restricts us to the carbon atoms: the hydrogens
are not treated explicitly in the simple HMO method. We label our three basis functions
χ1, χ2, χ3 as indicated in Fig. 8-2. We will assume these AOs to be normalized.

Suppose that we now perform a linear variation calculation using this basis set. We
know this will lead to a 3×3 determinant having roots that are MO energies which can
be used to obtain MO coefficients. The determinantal equation is

∣∣∣∣∣∣∣

H11− ES11 H12− ES12 H13− ES13

H21− ES21 H22− ES22 H23− ES23

H31− ES31 H32− ES32 H33− ES33

∣∣∣∣∣∣∣
= 0 (8-12)

where

Hij =
∫

χiĤπ χj dv (8-13)

Sij =
∫

χiχj dv (8-14)

SinceHij and Sij are integrals over the space coordinates of a single electron, the
electron index is suppressed in Eqs. (8-13) and (8-14).

8-4.B The Quantity α

We have already indicated that there is no way to write an explicit expression forĤπ

that is both consistent with our separability assumptions and physically correct. But,
without an expression for̂Hπ , how can we evaluate the integralsHij ? The HMO
method sidesteps this problem by carrying certain of theHij integrals along as symbols
until they can be evaluated empirically by matching theory with experiment.

Let us first consider the integralsH11, H22 andH33. The interpretation consistent
with these integrals is thatH11, for instance, is the average energy of an electron in AO
χ1 experiencing a potential field due to the entire molecule. Symmetry requires that
H11= H33. H22 should be different since an electron in AOχ2 experiences a different
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environment than it does when inχ1 or χ3. It seems likely, however, thatH22 is not
verydifferent fromH11. In each case, we expect the dominant part of the potential to
arise from interactions with the local carbon atom, with more distant atoms playing a
secondary role. Hence, one of the approximations made in the HMO method is that all
Hii are identical ifχi is on a carbon atom. The symbolα is used for such integrals.
Thus, for the example at hand,H11 = H22 = H33 = α. The quantityα is often called
thecoulomb integral.2

8-4.C The Quantity β

Next, we consider theresonance integralsor bond integralsH12, H23, andH13. (The
requirement thatĤπ be hermitian plus the fact that theχ ’s andĤπ are real suffices
to make these equal toH21, H32, andH31, respectively.) The interpretation consistent
with these integrals is thatH12, for instance, is the energy of the overlap charge between
χ1 andχ2. Symmetry requires thatH12=H23 in the allyl system. However, even when
symmetry does not require it, the assumption is made that allHij are equal to the same
quantity (calledβ) when i andj refer to “neighbors” (i.e., atoms connected by aσ

bond). It is further assumed thatHij = 0 wheni andj are not neighbors. Therefore,
in the allyl case,

H12= H23≡ β,H13= 0.

8-4.D Overlap Integrals

Since theχ ’s are normalized,Sii = 1. The overlaps between neighbors are typically
around 0.3. Nevertheless, in the HMO method, allSij (i �= j ) are taken to be zero.
Although this seems a fairly drastic approximation, it has been shown to have little
effect on the qualitative nature of the solutions.

8-4.E Further Manipulation of the Determinant

Our determinantal equation for the allyl system is now much simplified. It is
∣∣∣∣∣∣∣

α − E β 0
β α − E β

0 β α − E

∣∣∣∣∣∣∣
= 0 (8-15)

Dividing each row of the determinant byβ corresponds to dividing the whole deter-
minant byβ3. This will not affect the equality. Letting (α − E)/β ≡ x, we obtain the
result

∣∣∣∣∣∣∣

x 1 0
1 x 1
0 1 x

∣∣∣∣∣∣∣
= 0 (8-16)

2The term “coulomb integral” forα is unfortunate since the same name is used for repulsion integrals of the
form

∫
χ1(1)χ2(2)(1/r12)χ1(1)χ2(2) dv. The quantityα also contains kinetic energy and nuclear–electronic

attraction energy.



250 Chapter 8 The Simple H ückel Method and Applications

Figure 8-3 � HMO determinants for some small systems.

which is the form we will refer to as theHMO determinantal equation. Notice thatx
occurs on the principal diagonal, 1 appears in positions where the indices correspond
to a bond, 0 appears in positions (e.g., 1,3) corresponding to no bond. This gives us a
simple prescription for writing the HMO determinant for any unsaturated hydrocarbon
system directly from a sketch of the molecular structure. The rules are (1) sketch
the framework defined by then unsaturatedcarbons; (2) number the atoms 1, . . . , n

(the ordering of numbers is arbitrary); (3) fill in then × n determinant withx’s on the
diagonal, 1’s in positions where row column indices correspond to bonds, 0’s elsewhere.
See Fig. (8-3) for examples. As a check, it is useful to be sure that the determinant is
symmetric for reflection through the diagonal ofx’s. This is necessary since, if atoms
i andj are neighbors, 1’s must appear in positionsi, j andj , i of the determinant.

Since the H¨uckel determinant contains only information about the number of unsat-
urated carbons and how they are connected together, it is sometimes referred to as a
topological determinant. (Topology refers to properties that are due to theconnected-
nessof a figure, but are unaffected by twisting, bending, etc.)

8-5 Solving the HMO Determinantal Equation
for Orbital Energies

The HMO determinantal equation for the allyl system (8-16) can be expanded to give

x3 − 2x = 0 (8-17)

or

x(x2 − 2) = 0 (8-18)

Thus, the roots arex = 0, x = √
2, andx = −√

2. Recalling the definition ofx, these
roots correspond respectively to the energiesE = α, E = α − √

2β, E = α + √
2β.

How should we interpret these results? Sinceα is supposed to be the energy of
a pi electron in a carbon 2p AO in the molecule, we expect this quantity to be neg-
ative (corresponding to a bound electron). Sinceβ refers to an electron in a bond
region, it too should be negative. Therefore, the lowest-energy root should beE1 =
α + √

2β, followed by E2 = α, with E3 = α − √
2β being the highest-energy root.
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Figure 8-4 � π -Electron configurations and total energies for the ground states of the allyl cation,
radical, and anion.

(It is convenient to number the orbital energies sequentially, starting with the lowest,
as we have done here.)

We have just seen that bringing three 2pπ AOs together in a linear arrangement
causes a splitting into three MO energy levels. This is similar to the splitting into two
energy levels produced when two 1s AOs interact, discussed in connection with H+

2 . In
general,n linearly independent separated AOs will lead ton linearly independent MOs.

The ground-stateπ -electron configuration of the allyl system is built up by putting
electrons in pairs into the MOs, starting with those of lowest energy. Thus far, we have
been describing our system as the allyl radical. However, since we have as yet made
no use of the number ofπ electrons in the system, our results so far apply equally well
for the allyl cation, radical, or anion.

Configurations and totalπ energies for these systems in their ground states are
depicted in Fig. 8-4. The totalπ -electron energies are obtained by summing the one-
electron energies, as indicated earlier.

EXAMPLE 8-2 For a planar, unsaturated hydrocarbon having formula CxHy , where
all the carbons are part of the unsaturated framework, how many pi MOs are there?

SOLUTION � Each carbon atom brings one 2pπ AO into the basis set, so there arex basis AOs.
Thesex independent AOs mix to formx independent MOs. �

8-6 Solving for the Molecular Orbitals

We still have to find the coefficients that describe the MOs as linear combinations
of AOs. Recall from Chapter 7 that this is done by substituting energy roots of the
secular determinant back into the simultaneous equations. For the allyl system, the
simultaneous equations corresponding to the secular determinant (8-16) are

c1x + c2 = 0 (8-19)

c1 + c2x + c3 = 0 (8-20)

c2 + c3x = 0 (8-21)

(Compare these equations with the secular determinant in Eq. (8-16) and note the
obvious relation.) As we noted in Chapter 7, homogeneous equations like these can give
us only ratios betweenc1, c2, andc3, not their absolute values. So we anticipate using
only two of these equations and obtaining absolute values by satisfying the normality
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condition. Because we are neglecting overlap between AOs, the latter step corresponds
to requiring

c2
1 + c2

2 + c2
3 = 1 (8-22)

The rootsx are, in order of increasing energy,−√
2,0,+√

2. Let us takex = −√
2

first. Then

−√
2c1+ c2 = 0 (8-23a)

c1−
√

2c2+ c3 = 0 (8-23b)

c2−
√

2c3 = 0 (8-23c)

Comparing Eqs. (8-23a) and (8-23c) givesc1 = c3. Equation (8-23a) givesc2 =√
2c1.

Inserting these relations into the normality equation (8-22) gives

c2
1 +

(√
2c1

)2+c2
1 = 1 (8-24)

4c2
1 = 1, c1 = ±1

2
(8-25)

It makes no difference which sign we choose forc1 since any wavefunction is equivalent
to its negative. (Both give the sameψ2.) Choosingc1 = +1

2 gives

c1 = 1

2
, c2 = 1√

2
, c3 = 1

2
(8-26)

These coefficients define our lowest-energy MO,φ1:

φ1 = 1

2
χ1 + 1√

2
χ2 + 1

2
χ3 (8-27)

A similar approach may be taken forx = 0 andx = +√
2. The results are

(x = 0) : φ2 = 1√
2

χ1 − 1√
2

χ3 (8-28)

(
x = +√

2
)

: φ3 = 1

2
χ1 − 1√

2
χ2 + 1

2
χ3 (8-29)

The allyl system MOs are sketched in Fig. 8-5.
The lowest-energy MO,φ1, has no nodes (other than the molecular-plane node

common to allπ MOs) and is said to be bonding in the C1 −C2 and C2 −C3 regions. It
is reasonable that such a bonding MO should have an energy wherein the bond-related
term β acts to lower the energy, as is true here. The second-lowest energy MO,φ2,
has a nodal plane at the central carbon. Because there are noπ AOs onneighboring
carbons in this MO, there are no interactions at all, andβ is absent from the energy
expression. This MO is said to benonbonding. The high-energy MO,φ3 has nodal
planes intersecting both bonds. Because theπ AOs show sign disagreement across both
bonds, this MO is everywhere antibonding andβ terms act to raise the orbital energy
aboveα.

EXAMPLE 8-3 According to HMO theory, do theπ electrons favor a linear, or a
bent allyl radical?
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Figure 8-5 � Sketches of the allyl system MOs. (a) emphasizes AO signs and magnitudes.
(b) resembles more closely the actual contours of the MOs.

SOLUTION � HMO theory favors neither. The difference between linear and bent allyl shows
up as a difference in C1 − C2 − C3 angle and in C1 to C3 distance. The HMO method has no
angular-dependent features and explicitly omits interactions between non-neighbor carbons, like
C1 and C3. �

8-7 The Cyclopropenyl System: Handling Degeneracies

The allyl system results when threeπ AOs interact in a linear arrangement wherein
H12 = H23 = β, but H13 = 0. We can also treat the situation where the threeπ AOs
approach each other on vertices of an ever-shrinking equilateral triangle. In this case,
each AO interacts equally with the other two. This triangular system is the cyclo-
propenyl system C3H3 shown in Fig. 8-6.

The HMO determinantal equation for this system is
∣∣∣∣∣∣∣

x 1 1
1 x 1
1 1 x

∣∣∣∣∣∣∣
= 0, x3 + 2− 3x = 0 (8-30)

Figure 8-6 � The cyclopropenyl system (all nuclei are coplanar).
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This equation can be factored as

(x + 2)(x − 1)(x − 1) = 0 (8-31)

Therefore, the roots arex = −2,+1,+1.
Since the rootx =1 occurs twice, we can expect there to be two independent HMOs

having the same energy–a doubly degenerate level. The energy scheme and ground
state electron configuration for the cyclopropenyl radical (threeπ electrons) (I ) gives
a totalEπ of 3α + 3β. We can surmise from these orbital energies thatφ1 is a bonding
MO, whereasφ2 andφ3 are predominantly antibonding. To see if this is reflected in the
nodal properties of the MOs, let us solve for the coefficients. The equations consistent
with the HMO determinant and with orbital normality are

c1x + c2 + c3 = 0

c1 + c2x + c3 = 0 (8-32)

c1 + c2 + c3x = 0

c2
1 + c2

2 + c2
3 = 1

Settingx = −2 and solving gives

φ1 = 1√
3

χ1 + 1√
3

χ2 + 1√
3

χ3 (8-33)

For this MO, the coefficients are all of the same sign, and so the AOs show phase
agreement across all bonds and all interactions are bonding.

To find φ2 andφ3 is trickier. We begin by insertingx = ±1 into our simultaneous
equations. This gives

c1 + c2 + c3 = 0 (three times) (8-34)

c2
1 + c2

2 + c2
3 = 1 (8-35)

With three unknowns and two equations, an infinite number of solutions is possible.
Let us pick a convenient one:c1 = −c2, c3 = 0. The normalization requirement then
givesc1 = 1/

√
2, c2 = −1/

√
2, c3 = 0. Let us call this solutionφ2:

φ2 = 1√
2

χ1 − 1√
2

χ2 (8-36)

We still need to findφ3. There remain an infinite number of possibilities, so let us pick
one:c1 = 1/

√
2, c2 = 0, c3 =−1/

√
2. We have used our experience withφ2 to choose

c’s that guarantee a normalizedφ3. Also, it is clear thatφ3 is linearly independent of
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φ2 since they contain different AOs. But it is desirable to haveφ3 orthogonalto φ2.
Let us testφ2 andφ3 to see if they are orthogonal:

SinceS �= 0, φ2 andφ3 are nonorthogonal. We can project out that part ofφ3 that
is orthogonal toφ2 by using the Schmidt orthogonalization procedure described in
Section 6-10. We seek a new functionφ′

3 given by

φ′
3 = φ3 − Sφ2 (8-38)

where

S =
∫

φ2φ3dv = 1

2
(8-39)

Therefore,

φ′
3 = φ3 − 1

2
φ2 = 1

2
√

2
(χ1 + χ2 − 2χ3) (8-40)

This function is orthogonal toφ2 but is not normalized. Renormalizing gives

φ′′
3 = 1√

6
(χ1 + χ2 − 2χ3) (8-41)

In summary, to produce HMO coefficients for degenerate MOs, pick any two indepen-
dent solutions from the infinite choice available, and orthogonalize one of them to the
other using the Schmidt (or any other) orthogonalization procedure.

The MOs for the cyclopropenyl systemas seen from above the molecular planeare
sketched in Fig. 8-7. The MOφ2 can be seen to have both antibonding(C1–C2) and
nonbonding(C1–C3,C2–C3) interactions. φ′′

3 has antibonding(C1–C3,C2–C3) and
bonding(C1–C2) interactions. The interactions are of such size and number as to give
an equal net energy value (α −β) in each case. Since nodal planes produce antibonding
or nonbonding situations, it is not surprising that higher and higher-energy HMOs in a

Figure 8-7 � The HMOs for the cyclopropenyl system: (a)φ1 = (1/
√

3)(χ1 + χ2 + χ3); (b) φ2 =
(1/

√
2)(χ1 − χ2) (c) φ′′

3 = (1/
√

6)(χ1 + χ2 − 2χ3). The nodal planes intersect the molecular plane
at the dashed lines.
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system display more and more nodal planes. Notice that the MOsφ2 andφ′′
3 have the

same number of nodal planes (one, not counting the one in the molecular plane) but
that these planes are perpendicular to each other. This is a common feature of some
degenerate, orthogonal MOs in cyclic molecules.

It is important to notice the symmetry characteristics of these MOs.φ1 is either
symmetric or antisymmetric for every symmetry operation of the molecule. (It is
antisymmetric for reflection through the molecular plane, symmetric for rotation about
the threefold axis, etc.) This must be so for any nondegenerate MO. But the degenerate
MOsφ2 andφ′′

3 are neither symmetric nor antisymmetric for certain operations. (φ2 is
antisymmetric for reflection through the plane indicated by the dashed line in Fig. 8-7,
but is neither symmetric nor antisymmetric for rotation about the threefold axis by
120◦.) In fact, one can easily show that, given a cycle with an odd number of centers,
each with oneAO of a common type, there is butoneway to combine theAOs (to form a
realMO) so that the result is symmetric or antisymmetric for all rotations and reflections
of the cycle. Hence, an HMO calculation for a three-, five, seven-,. . . membered ring
can give onlyonenondegenerate MO. However, for a cycle containing anevennumber
of centers, the analogous argument shows thattwonondegenerate MOs exist.

8-8 Charge Distributions from HMOs

Now that we have a method that provides us with orbitals and orbital energies, it should
be possible to get information about the way theπ -electron charge is distributed in the
system by squaring the total wavefunctionψπ . In the case of the neutral allyl radical,
we have (takingψπ to be a simple product of MOs)

ψπ = φ1(1)φ1(2)φ2(3) (8-42)

Hence, the probability for simultaneously finding electron 1 indv(1), electron 2 in
dv(2) and electron 3 indv(3) is

ψ2
π (1,2,3)dv(1)dv(2)dv(3) = φ2

1(1)φ2
1(2)φ2

2(3)dv(1)dv(2)dv(3) (8-43)

For most physical properties of interest, we need to know the probability for findingan
electron in a three-dimensional volume elementdv. Since the probability for finding
an electron indv is thesumof the probabilities for finding each electron there, the
one-electron density functionρ for the allyl radical is

ρ = 2φ2
1 + φ2

2 (8-44)

where we have suppressed the index fortheelectron. If we integrateρ over all space,
we obtain a value of three. This means we are certain of finding a totalπ charge
corresponding to threeπ electrons in the system.

To find out how theπ charge is distributed in the molecule, let us expressρ in terms
of AOs. First, we writeφ2

1 andφ2
2 separately:

φ2
1 = 1

4
χ2

1 + 1

2
χ2

2 + 1

4
χ2

3 + 1√
2

χ1χ2 + 1√
2

χ2χ3 + 1

2
χ1χ3

φ2
2 = 1

2
χ2

1 + 1

2
χ2

3 − χ1χ3 (8-45)
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If we were to integrateφ2
1 we would obtain

∫
φ2

1 dv = 1

4

−→1︷ ︸︸ ︷∫
χ2

1 dv +1

2

−→1︷ ︸︸ ︷∫
χ2

2 dv +1

4

−→1︷ ︸︸ ︷∫
χ2

3 dv + 1√
2

−→0︷ ︸︸ ︷∫
χ1χ2 dv

+ 1√
2

−→0︷ ︸︸ ︷∫
χ2χ3 dv +1

2

−→0︷ ︸︸ ︷∫
χ1χ3 dv

= 1

4
+ 1

2
+ 1

4
= 1 (8-46)

Thus, one electron inφ1 shows up, upon integration, as being “distributed”1
4 at

carbon 1,12 at carbon 2, and14 at carbon 3. We say that theatomicπ -electron densities
due to an electron inφ1 are 1

4, 1
2, 1

4 at C1, C2, and C3, respectively, If we accumulate
these figures for all the electrons, we arrive at a totalπ -electron density for each carbon.
For the allyl radical, Table 8-1 shows that each atom has aπ -electron density of unity.

Generalizing this approach gives for the totalπ -electron densityqi on atomi

qi =
all MOs∑

k

nkc2
ik (8-47)

Herek is the MO index,cik is the coefficient for an AO on atomi in MO k, andnk, the
“occupation number,” is the number of electrons (0, 1, or 2) in MOk. (In those rare
cases wherecik is complex,c2

ik in Eq. (8-47) must be replaced byc∗
ikcik.)

If we apply Eq. (8-47) to the cyclopropenyl radical, we encounter an ambiguity. If the
unpaired electron is assumed to be in MOφ2 of Fig. 8-7, we obtainq1 =q2 = 7

6, q3 = 4
6.

On the other hand, if the unpaired electron is taken to be inφ′′
3, q1 =q2 = 5

6, q3 = 8
6. The

HMO method resolves this ambiguity by assuming that each of the degenerate MOs is
occupied by half an electron. This has the effect of forcing the charge distribution to
show the overall symmetry of the molecule. In this example, it follows thatq1 = q2 =
q3 = 1. The general rule is that, for purposes of calculating electron distributions, the
electron occupation is averaged in any set of partially occupied, degenerate MOs.

TABLE 8-1 � HMO π Electron
Densities in the Allyl Radical

Carbon atom

Electron 1 2 3

1 in φ1
1
4

1
2

1
4

2 in φ1
1
4

1
2

1
4

3 in φ2
1
2 0 1

2

– – –
Sum 1 1 1
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Figure 8-8 � When the equilateral structure is distorted by decreasingR12 and increasingR13,
R23, the energies associated withφ1, φ2, φ′′

3 shift as shown.

In actuality, the equilateral triangular structure for the cyclopropenyl radical is unsta-
ble, and therefore the above-described averaging process is only a theoretical ideal-
ization. It is fairly easy to see that a distortion from equilateral to isosceles form will
affect the MO energiesE1, E2, andE′′

3 differently. In particular, a distortion of the
sort depicted in Fig. 8-8 would have little effect onE1 but would raiseE2 (increased
antibonding) and lowerE′′

3 (decreased antibonding and increased bonding). Thus, there
is good reason for the cyclopropenyl radical to be more stable in an isosceles rather
than equilateral triangular form. This is an example of the Jahn–Teller theorem, which
states, in effect, thata system having an odd number of electrons in degenerate MOs
will change its nuclear configuration in a way to remove the degeneracy.3 The pref-
erence of the cyclopropenyl radical for a shape less symmetrical than what we might
have anticipated is frequently calledJahn–Teller distortion.4

Many times we are interested in comparing theπ -electron distributionin the bonds
instead of on the atoms. In the integrated expression (8-46) are cross terms that vanish
under the HMO assumption of zero overlap. But the overlaps are not actually zero,
especially between AOs on nearest neighbors. Hence, we might view the factors 1/

√
2

as indicating how much overlap charge is being placed in the C1–C2 and C2–C3 bonds
by an electron inφ1. The C1–C3 bond is usually ignored because these atoms are not
nearest neighbors and therefore have much smaller AO overlap. SinceS12= S23= Sij

for neighborsi andj in anyπ system (assuming equal bond distances), we need not
includeSij , explicitly in our bond index. If we proceed in this manner, two electrons in

3Linear systems are exceptions to this rule. Problems are also encountered if there is an odd number of electrons
and spin-orbit coupling is substantial. The reader should realize that the above statement of the theorem is a little
misleading inasmuch as it makes it sound like the molecule finds itself in a symmetric geometry that produces
denerate MOs and then “distorts” to a lower-energy geometry. It is actually we who have guessed a geometry that
is too symmetric. When our calculations reveal that this results in degenerate orbital energies containing an odd
number of electrons, we are alerted that we have erred in our assumption, and that the molecule is really in a less
symmetric, lower energy geometry.

4See Salem [1, Chapter 8].
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φ would then give us a “bond order” of 2/
√

2=1.414. It is more convenient in practice
to divide this number in half, because then the calculatedπ -bond order for ethylene
turns out to be unity rather than two. Since ethylene has oneπ -bond, this can be seen
to be a more sensible index.

As a result of these considerations, theπ -bond order (sometimes calledmobile bond
order) of the allyl radical is 1/

√
2 = 0.707 in each bond. (Electrons inφ2 make no

contribution to bond order sincec2 vanishes. This is consistent with thenonbonding
label forφ2.)

Generalizing the argument gives, forpij , the π -bond order betweennearest-
neighboratomsi andj :

pij =
all MOs∑

k

nkcikcjk (8-48)

where the symbols have the same meanings as in Eq. (8-46). In cases in which partially
filled degenerate MOs are encountered, the averaging procedure described in connection
with electron densities must be employed for bond orders as well.

EXAMPLE 8-4 Calculatep13 for the cyclopropenyl radical, using data in Fig. 8-7.

SOLUTION � There are 2 electrons inφ1 and the coefficients on atoms 1 and 3 are1√
3
, so

this MO contributes 2× ( 1√
3
)2 = 2/3. We allocate1

2 electron toφ2. Sincec3 = 0 in this MO,

the contribution top13 is zero. The remaining12 electron goes toφ3, yielding a contribution of
1
2 × 1√

6
× −2√

6
= −1

6 . Sop13= 2
3 − 1

6 = 1
2. �

8-9 Some Simplifying Generalizations

Thus far we have presented the bare bones of the HMO method using fairly small
systems as examples. If we try to apply this method directly to larger molecules, it is
very cumbersome. A ten-carbon-atom system leads to a 10× 10 HMO determinant.
Expanding and solving this for roots and coefficients is tedious. However, there are
some short cuts available for certain cases. In the event that the system is too compli-
cated to yield to these, one can use computer programs which are readily available.

For straight chain and monocyclic planar, conjugated hydrocarbon systems, simple
formulas exist for HMO energy roots and coefficients. These are derivable from the
very simple forms of the HMO determinants for such systems.5 We state the results
without proof.

For a straight chain ofn unsaturated carbons numbered sequentially,

x = −2 cos[kπ/(n + 1)], k = 1,2, . . . , n (8-49)

clk = [2/(n + 1)]1/2 sin[klπ/(n + 1)] (8-50)

wherel is the atom index andk the MO index.

5See Coulson [2].
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For a cyclic polyene ofn carbons,

x = −2 cos(2xk/n), k = 0,1, . . . , n − 1 (8-51)

clk = n−1/2 exp[2πik(l − 1)/n], i = √−1 (8-52)

The coefficients derived from Eq. (8-52) for monocyclic polyenes will be complex
when the MO is one of a degenerate pair. In such cases one may take linear combinations
of these degenerate MOs to produce MOs with real coefficients, if one desires.

There is also a diagrammatic way to find the energy levels for linear and monocyclic
systems.6 Let us consider monocycles first. One begins by drawing a circle of radius
2 |β|. Into this circle inscribe the cycle, point down, as shown in Fig. 8-9 for benzene.
Project sideways the points where the polygon intersects the circle. The positions of
these projections correspond to the HMO energy levels if the circle center is assumed
to be atE =α (see Fig. 8-9). The number of intersections at a given energy is identical
to the degeneracy. The numerical values forE are often obtainable from such a sketch
by inspection or simple trigonometry.

For straight chains, a modified version of the above method may be used: For ann-
carbon chain, inscribe a cycle with 2n + 2 carbons into the circle as before. Projecting
out all intersectionsexcept the highest and lowest, andignoring degeneraciesgives the
proper roots. This is exemplified for the allyl system in Fig. 8-10.

Examination of the energy levels in Figs. 8-9 and 8-10 reveals that the orbital energies
are symmetrically disposed aboutE = α. Why is this so? Consider the allyl system.
The lowest-energy MO has two bonding interactions. The highest-energy MO differs
only in that these interactions are now antibonding. [See Fig. 8-5 and note that the
coefficients inφ1 andφ3 are identical except for sign in Eqs. (8-27) and (8-29).] The
role of theβ terms is thus reversed and so they act to raise the orbital energy forφ3 just
as much as they lower it forφ1. A similar situation holds for benzene. As we will see
shortly, the lowest energy corresponds to an MO without nodes between atoms, so this
is a totally bonding MO. The highest-energy MO has nodal planes between all neighbor
carbons, and so every interaction is antibonding. An analogous argument holds for the
degenerate pairs of benzene MOs. These observations suggest that the energy of an

Figure 8-9 � HMO energy levels for benzene produced by projecting intersections of a hexagon
with a circle of radius 2|β|.

6See Frost and Musulin [3].
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Figure 8-10 � HMO energy levels for the allyl system(n = 3) produced by projecting the inter-
sections of an octagon(n = 2× 3+ 2) with a circle of radius 2|β|.

MO should be expressible as a function of the net bond order associated with it, and
this is indeed the case. The energy of theith MO is given by the expression

Ei =
∫

φiĤπ φi dv =
∫ ∑

k

ckiχkĤπ

∑

l

cliχl dv (8-53)

=
∑

k

∑

l

ckicli

∫
χkĤπ χl dv (8-54)

When the atom indicesk andl are identical, the integral is equal toα; whenk andl are
neighbors, it equalsβ. Otherwise it vanishes. Hence, we may write

Ei =
∑

k

c2
kiα +

neighbors∑

k,l

ckicliβ (8-55)

However,c2
ki is qk,i , the electron density at atomk due to one electron in MOφi ,

and ckicli is pkl,i , the bond order between atomsk and l due to an electron inφi .
Therefore,

Ei =
∑

k

qk,iα + 2
neighbors∑

k<l

pkl,iβ (8-56)

We have seen that the sum of electron densities must equal the total number of electrons
present. For one electron inφi , this gives additional simplification.

Ei = α + 2β

bonds∑

k<l

pkl,i (8-57)

Thetotal π -electron energy is the sum of one-electron energies. Fornπ electrons

Eπ = nα + 2β

bonds∑

k<l

pkl (8-58)

wherepkl is the totalπ -bond order between neighborsk andl. Hence, the individual
orbital energies directly reflect the amount of bonding or antibonding described by
the MOs, and the total energy reflects the net bonding or antibonding due to all theπ

electrons together.
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EXAMPLE 8-5 The totalπ energy of cycloheptatrienyl radical(C7H7) is 7α +
8.5429β. What is the bond order for any bond in this molecule, assuming it to be
heptagonal?

SOLUTION � The totalπ -bond order must be 8.5429/2 or 4.2714. This results from seven
identical bonds, so each bond order is 4.2714/7= 0.6102. �

Does this pairing of energy levels observed for allyl and benzene always occur? It
is easy to show that it cannot in rings with an odd number of carbon centers. Consider
the cyclopropenyl system. The lowest-energy MO is nodeless, totally bonding and has
an energy of 2α + 2β. [Note from Eq. (8-51) and also from the diagram method that
every monocyclic system has a totally bonding MO at this energy.] To transform these
three bonding interactions into antibonding interactions of equal magnitude requires
that we cause a sign reversal across every bond. This is impossible, for, ifc1 disagrees
in sign withc2 andc3, thenc2 andc3 must agree in sign and cannot yield an antibonding
interaction.

Not surprisingly, this has all been considered in a rigorous mathematical fashion.
Systems containing a ring with an odd number of atoms are “nonalternant” systems. All
other homonuclear unsaturated systems are “alternant” systems. An alternant system
can always have asterisks placed on some of the centers so that no two neighbors are
both asterisked or unasterisked. For nonalternants, this is not possible (see Fig. 8-11).
It is convenient to subdivide alternant systems into even alternants or odd alternants
according to whether the number of centers is even or odd. With this terminology
defined, we can now state thepairing theoremand some of its immediate consequences.

The theorem states that, for alternant systems, (1) energy levels are paired such that,
for each level atE = α + kβ there is a level atE = α − kβ; (2) MOs that are paired
in energy differ only in the signs of the coefficients for one of the sets (asterisked or
unasterisked) of AOs.

It is easy to see that an immediate result of this theorem is that an odd-alternant
system, which must have an odd number of MOs, must have a nonbonding(E = α)

MO that is not paired with another MO. It is also possible to show that the electron
density is unity at every carbon for the neutral ground state of an alternant system. The
proofs of the pairing theorem and some of its consequences are given in Appendix 5.

Another useful short cut exists that enables one to sketch qualitatively the MOs
for any linear polyene. The HMOs for the allyl and butadiene systems are given in
Fig. 8-12. Notice that the envelopes of positive (or negative) phase in these MOs are
similar in appearance to the particle in a one-dimensional “box” solutions described

Figure 8-11 � (a) Even and (b) odd alternants have no two neighbors identical in terms of an
asterisk label. (c) Nonalternants have neighbors that are identical.
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Figure 8-12 � MOs for the allyl and butadiene systems. The dashed lines emphasize the similarity
between an envelope, or contour, of positiveφπ for these systems and the particle in a one-dimensional
box solutions.

in Chapter 2. This similarity makes it fairly easy to guess the first few MOs for
pentadienyl, hexatriene, etc. Also, if one knows the lowest-energy half of the MOs for
such molecules, one can generate the remaining MOs by appeal to the second part of
the pairing theorem. (The edges of the one-dimensional box should extend one C–C
bond length beyond the terminal atoms.)

As we consider larger systems, brute-force solution of determinantal equations
becomes too labor-intensive, and so such cases are always either solved on a computer7

or else by appeal to HMO tabulations in print.8 However, the above generalizations
continue to be useful in understanding the MO results.

8-10 HMO Calculations on Some Simple Molecules

Thus far, we have used the allyl and cyclopropenyl systems as examples. We will now
describe the results of HMO calculations on some other simple but important systems.

8-10.A Ethylene (Even Alternant)

The Hückel determinantal equation is
∣∣∣∣∣
x 1
1 x

∣∣∣∣∣ = 0

7Many types of quantum-chemical computer programs are available from: Quantum Chemistry Program
Exchange, Chemistry Department. IndianaÜniversity, Bloomington, Indiana 47401. On the Internet at
http://www.QCPE.Indiana.edu/

8See Coulson and Streitwieser [4], Streitwieser and Brauman [5], and Heilbronner and Straub [6]. See also
Appendix 6 of this text.
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and sox2 − 1= 0; x = +1, −1. The resulting orbital energies and coefficients are

E1 = α + β,φ1 = 1√
2

χ1 + 1√
2

χ2

E2 = α − β,φ2 = 1√
2

χ1 − 1√
2

χ2 (8-59)

These, with the ground state electronic configuration indicated, are shown in (II ).
π -Electron densities andπ -bond order are indicated in the diagram beneath the MO
sketches. Ethylene is an even alternant, so it has paired energies, unit electron densities,
and coefficients related by a sign change.

8-10.B Butadiene (Even Alternant)

This problem can be solved by expansion to a polynomial inx and factoring, but it
is simpler to use Eq. (8-49) or the decagon in a circle of radius 2|β|. The coefficients
are obtainable from Eq. (8-50). The results are

(8-60)

The MOs are given in Fig. 8-12.φ1 is bonding in all bonds,φ2 is bonding in the
outer bonds, antibonding in the central bond. As a result, butadiene has a lowerπ -bond
order in the central bond than in the outer bonds. This is in pleasing accord with the
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experimental observation that the central bond in butadiene is significantly longer than
the outer bonds.

The formal structural formula for butadiene (III ), indicating two pure double bonds
and one pure single bond, is clearly not an adequate description since we have just

found the central bond to have someπ -bonding order (0.447) and the outer bonds to
be lessπ bonding than ethylene (0.894 as opposed to 1.000). The MO parlance is that
theπ electrons in butadiene aredelocalizedover the entire carbon system rather than
being restricted to the formal double bonds only.

Because the HMO method allows for no interaction between terminal carbons
(i.e., H1,4 = 0), there is no distinction betweencis- andtrans-butadiene in this calcu-
lation. However, if a weak interaction were postulated, it is not difficult to see thatφ1
would give a bonding end-to-end contribution,φ2 a substantially larger antibonding
interaction, leading to a prediction (in agreement with experiment) thattrans-butadiene
is the more stable form.

8-10.C Cyclobutadiene (Even Alternant)

If we assume that this system is perfectly square, we can inscribe the square in a
circle, giving us the orbital energies immediately (IV ).

Sinceφ1 andφ4 are nondegenerate, they must be symmetric or antisymmetric for
the various rotations and reflections of the molecule. Also,φ1 andφ4 must have the
same coefficients, except for sign changes.

It follows at once that

φ1 = 1

2
χ1 + 1

2
χ2 + 1

2
χ3 + 1

2
χ4, φ4 = 1

2
χ1 − 1

2
χ2 + 1

2
χ3 − 1

2
χ4

φ2 andφ3 are degenerate, so there is some arbitrariness here. However, we expect each
of these MOs to have a nodal plane, and these planes should be perpendicular to each
other if φ2 andφ3 are to be orthogonal. Therefore, we choose the pair having nodal
planes indicated by dashed lines (V). The four MOs for cyclobutadieneas seen from
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aboveare shown in (VI ). It is clear thatφ2 andφ3 are nonbonding because the nodal
planes prevent interactions between neighbors, but it looks likeφ2 andφ3 violate the
pairing theorem since they cannot be interchanged by changing signs of coefficients.
This is only an apparent violation, because it is easy to find an equivalent pair of MOs
that follow the rule. We need only choose nodal planes that are rotated 45◦ (VII ) from
those we selected previously. These MOs are linear combinations ofφ2 andφ3 and
are equivalent to them for purposes of calculating electron densities and bond orders.
They are still nonbonding MOs (E still equalsα), but now it is not because of a nodal
plane preventing nearest-neighbor interactions, but because bonding and antibonding
interactions occur in equal number and magnitude.

Notice that this is an example of an even alternant system with nonbonding MOs.
Thus, whereas an odd alternant systemmusthavean unpaired nonbonding MO, even
alternantsmayhave nonbonding MOs in pairs.

Since this system is alternant, it must haveπ -electron densities of unity in its ground
neutral state. This would be necessary however, even if the molecule were not alternant,
due to the fact that all carbons are equivalent by symmetry. Hence, they must all have
the same electron density. Since it must sum to four electrons, the density of each atom
must be unity. The same argument applies to the cyclopropenyl radical, a nonalternant
that, nevertheless, has all electron densities equal to unity (if the unpaired electron is
divided between degenerate MOs).

Our assumed square symmetry also requires all four bonds to be identical. Since
the total energy, 4α +4β, is related to bond order through Eq. (8-58), it follows at once
that the total bond order is 2, and so each bond has order1

2.

EXAMPLE 8-6 We have assumed that cyclobutadiene is square. Could it be
otherwise?



Section 8-10 HMO Calculations on Some Simple Molecules 267

SOLUTION � Square cyclobutadiene leads to degenerate, nonbonding pi MOs, each of which
we are assuming to contain one electron. (SeeIV .)We have further assumed that these two electrons
have the same spin. This gives a triplet state (assumed to be the lower-energy choice) which forces
us to put each electron into a different MO. If cyclobutadiene were distorted into a rectangle by
shortening bonds 1–2 and 3–4, and lengthening 2–3 and 1–4, we would expectφ′

2 of VII to rise in
energy andφ′

3 to drop. If we continue having one electron in each MO, these changes would tend to
cancel but, if we put both electrons intoφ′

3, theπ energy would drop. However, this would require
paired spins—a singlet. We have here, then, a competition between two factors: the energy rise of
forming a singlet and the energy lowering from being distorted to a rectangle. HMO theory doesn’t
tell us which factor wins, but it does alert us to a possible extension to the Jahn-Teller effect: An
odd number of electrons (one or three) in a doubly-degenerate levelmust cause distortion. An even
number (two)may cause distortion if the destabilization caused by going from triplet to singlet is
more than counterbalanced by the stabilization resulting from “distortion.”9 �

8-10.D Benzene (Even Alternant)

Benzene is another molecule whose high symmetry enables one to use shortcuts. The
orbital energies have already been found from the hexagon-in-a-circle diagram (see
Fig. 8-9). The lowest- and highest-energy MOs must show all the symmetry of the
molecule, as they are nondegenerate. Therefore,

φ1
(6)

= 1√
6

(
χ1 +

(−)
χ2 + χ3 +

(−)
χ4 + χ5 +

(−)
χ6

)

where the carbon atoms are numbered sequentially around the ring.
The degenerate MOsφ2 andφ3 should have one nodal plane each, and these should

be perpendicular to each other.10 If we take one plane as shown in (VIII ), we can
immediately write downφ2. The node forφ3 is given in (IX ). It is obvious thatχ6,
χ1, χ2 have coefficients of the same sign, and thatc2 = c6 = −c5 = −c3, and also
c1 = −c4. However,c1 need not equalc2 as these atoms are differently placed with
respect to the nodal plane. To determine these coefficients, we will use the fact that
the neutral ground-stateπ densities are all unity in this system. We consider first atom
number 1. Its electron density due to two electrons inφ1 and two electrons inφ2 is
1
6 + 1

6 + 0+ 0= 1
3.

9Experiments and high-accuracy calculations indicate that the lowest-energy state for cyclobutadiene is a rect-
angular singlet. Surprisingly, calculations of high accuracy also indicate that, even in the square geometry, the
1B1g singletstate (corresponding to each degenerateπ MO containing one electron, but with spins paired) lies
below the triplet in energy—the opposite of what Hund’s rule predicts. This is thought to result from energy
lowering due to spin polarization. For a detailed review of studies on cyclobutadiene, see Minkin et al. [19].

10This statement applies to the real forms ofφ2 andφ3. The complex forms [derivable from Eq. (8-52)] do not
have a planar node. The situation is analogous to the 2p+1, 2p−1 versus 2px , 2py orbitals for the H atom.



268 Chapter 8 The Simple H ückel Method and Applications

Figure 8-13 � φ2 for benzene andφ1 for ethylene have the same HMO energy. The MOs are
sketched as seen from above.

Therefore, two electrons inφ3 must produce a contribution of2
3. Hence the coeffi-

cient for this atom inφ3 must be 1/
√

3. A similar argument for atom 2 gives a coefficient
of 1/

√
12 (or, one can use the normality condition forφ3). As a result,

φ3
(5)

= 1√
3

(
χ1 +

(−)

1

2
χ2 − 1

2
χ3 −

(+)
χ4 − 1

2
χ5 +

(−)

1

2
χ6

)

Appeal to the pairing theorem generatesφ4 andφ5 as indicated.
By symmetry, all bond orders must be identical, and their sum must be 4, since

E = 6α + 8β. Therefore,p12= p23= · · · = p61= 4
6 = 0.667.

The hexagon in a circle applies to ethylene (n=2,2n+2=6) as well as to benzene.
As a result, the orbital energies forφ2, φ3 of benzene are identical toE1 for ethylene.
Examination of these MOs (Fig. 8-13) makes the reason for their energy agreement
clear. Molecular orbitalφ2 of benzene is more revealing than isφ3 in this context.
The nodal plane produces an MO corresponding to twononinteractingethylene MOs.
Hence, an electron in this MO is always in a situation that is indistinguishable (under
HMO approximations) from that inφ1 of ethylene.

In this section, we have tried to illustrate some of the properties of HMO solutions
for simple systems and to indicate how symmetry and other relations are useful in
producing and understanding HMO results. It is often convenient to have HMO results
for various simple systems readily available in a condensed form. Therefore, a summary
of results for a number of molecules is provided in Appendix 6.

8-11 Summary: The Simple HMO Method for
Hydrocarbons

1. The assumption is made that theπ -electron energy can be minimized independently
of σ electrons. This is an approximation.

2. The assumption is made that eachπ electron sees the same field (the repulsion due to
the otherπ electrons is presumably included “in effect,” in a time averaged way) so
that theπ electrons are treated as independent particles. This approximation leads
to a total wavefunction that is a simple product of one-electron MOs and a totalπ

energy that is a sum of one-electron energies. Except for use of the Pauli principle
to build up configurations, no explicit treatment is made of electron spin.

3. The basis set is chosen to be a 2ρπ AO from each carbon atom in the unsaturated
system. Choosing a basis set of AOs means our MOs will be linear combinations
of AOs, and so this is an LCAO–MO method.



Section 8-12 Relation Between Bond Order and Bond Length 269

4. The Hückel determinant summarizes the connectedness of the unsaturated system,
and is independent ofcis–trans isomerism or bond length variation.

5. The energy of each MO is expressed in terms of atomic terms,α, and bond terms,β.
The amount ofα in each MO energy is always unity because the sum ofπ -electron
densities for one electron in the MO is always unity. The amount ofβ present is
related to the net bonding or antibonding character of the MO.

6. Alternant systems display paired energy levels and corresponding MOs having coef-
ficients related by simple sign reversals. For ground-state neutral alternants, theπ

electron densities are all unity.

7. A caveat: One can perform HMO calculations on very large systems such as pentahe-
licene (X) thereby making the implicit assumption that this is a planar molecule. But
repulsion between protons on the terminal rings is sufficient to cause this molecule
to deviate from planarity. Similarly, cyclooctatetraene is tub-shaped, probably due
to considerations of angle strain that would occur in the planar molecule. Hence,
one must recognize that, in certain cases, an HMO calculation refers to a planar
“ideal” not actually achieved by the molecule.

8-12 Relation Between Bond Order and Bond Length

In this and following sections we will describe some of the relations between HMO
theoretical quantities and experimental observations.11

It is natural to look for a correlation between calculatedπ -bond orders and exper-
imentally determined bond lengths. A high bond order should correspond to a large
π charge in the bond region, which should yield a shorter, stronger bond. The bond-
order–bond-length results for certain simple systems, given as a graph in Fig. 8-14,
do indeed show the anticipated behavior. However, as more and more data are added
(Fig. 8-15) it becomes clear that an exact linear relation between these quantities does
not exist at this level of refinement.

Nevertheless, the correlation between bond order and bond length is good enough
to make it useful for rough predictions of bond lengthvariations. An example of this
is given in Fig. 8-16, where calculated and observed bond lengths for phenanthrene are
plotted. Even though the predictedabsolutevalues of bond lengths are imperfect, the
theoretical values show a rough parallelism with observedchangesin values as we go
from bond to bond. The relation used here to calculate the theoretical bond lengths
from HMO bond orders is due to Coulson [8] and has the form

R = s − s − d

1+ k(1− p)/p
(8-61)

11For a more complete discussion of these phenomena as well as many others, see Streitwieser [7].
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Figure 8-14 � π -Bond order versus bond length for some simple unsaturated hydrocarbons.

Figure 8-15 � Bond lengths versusπ -bond orders for benzene, graphite, naphthalene, anthracene,
phenanthrene, triphenylene, and pyrene.

Here,s is the single bond length,d the double bond length,p theπ -bond order,k an
adjustable parameter, andR the predicted length. The double bond lengthd is taken
to be 1.337 Å, the bond length of ethylene. The single bond length may be taken to be
the length of the C–C bond in ethane, 1.54 Å, or it may be set by fitting to data points
(such as those in Fig. 8-15) on the assumption that the single bond between two CH2
groups (i.e., ethylene with itsπ bond “turned off”) is not necessarily the same length
as the single bond between two CH3 groups. Both of these alternatives have been used
in Fig. 8-16. Other mathematical forms have also been suggested. Because of the
scatter in the data, there is little basis for preferring one formula over another. It seems
generally true that all the proposed relationships work best for bonds in condensed ring
systems, and most poorly for bonds in acyclic polyenes (e.g., butadiene) or between
rings (e.g., biphenyl).
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Figure 8-16 � Theoretical versus experimental bond lengths for phenanthrene in order of decreas-
ing observed length: (•) experimental; (×) theoretical withs = 1.54 Å, k = 0.765; (◦) theoretical
with s = 1.515 Å, k = 1.05.

8-13 π-Electron Densities and Electron Spin Resonance
Hyperfine Splitting Constants 12

If a molecule with one or more unpaired electron spins is placed in an external magnetic
field, the interaction energy of an unpaired electron’s spin dipole with the external field
will be different depending on whether the electron’s spin isα or β. This produces two
slightly different energy levels for an unpaired electron. Suppose microwave radiation
is supplied in an effort to excite such electrons from the lower to the higher of these two
levels. If the radiation’s energy is larger than required, no absorption occurs. But, if we
gradually increase the strength of the magnetic field, thereby increasing the energy-level

12A number of reviews on this subject have been published. See, for example, Gerson and Hammons [9].
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gap, we eventually achieve a magnetic field where absorption of the microwave energy
occurs. This would give us a spectrum (absorption vs. magnetic field) with just one
line.

Now suppose that our radical has a hydrogen atom attached to it. The proton nucleus
of the hydrogen can have a spin ofα or β, and this can have a small effect on the
energies of the electron whose spin we are trying to flip. We find now that half of the
radicals absorb at a slightly different applied magnetic field than the other half giving us
a two-line spectrum: The original single line now exhibitshyperfine splittingdue to the
presence of a hydrogen atom, and the distance between the two peaks on the magnetic
axis is called thehyperfine splitting constant, usually given in millitesla (mT), or in
gauss (G).

If the unpaired electron is aπ electron, HMO theory can be applied to the value of the
ESR splitting constant. The interaction between anunpairedπ electronand a proton
(or other nucleus with nonzero nuclear spin) falls off rapidly with increasing separation.
Therefore, the hyperfine structure is generally ascribed to interactions involving protons
directly bonded to carbons in theπ system (α protons) or else separated from theπ

system by twoσ bonds (β protons). The equilibrium position of anα proton is in the
nodal plane of theπ system, so it is clear that any net spin density at the proton must
be only indirectly due to the presence of an unpairedπ electron. This indirect effect
arises because the unpairedπ electron interacts slightly differently withα- andβ-spin
σ electrons on carbon, and so the spatial distributions of these become slightly different
in theσ MOs, ultimately producing net spin density at the proton; theσ electrons are
said to bespin polarizedby theπ electron (see Fig. 8-17).

The extent of spin polarization at a given hydrogen should depend on the percent-
age of time the unpairedπ electron spends on the carbon to which that hydrogen is
bonded. It is therefore reasonable to look for relationships between the distribution of
π -spindensity in a radical and the hyperfine coupling constants characterizing its ESR
spectrum. The simplest assumption one can make in this regard, called the McConnell
relation, is that the hyperfine splitting constant,aHµ , for a proton directly bonded to
theµth carbon, is proportional to the netπ -spin densityρµ on that carbon:

aHµ = Qρµ (8-62)

Thus, if the unpairedπ electron density is twice as great on carbon 1 as on carbon 2,
the ESR splitting constant for a proton attached to carbon 1 should be twice as great as
that for a proton attached to carbon 2.

Figure 8-17 � The unpairedπ -spin density at carbon repels bothσ electrons in the C–H bond
region, but does not repel them equally. As a result, slight spin imbalance due toσ electrons occurs
at the proton.
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The HMO method predicts that the spin density at theµth carbon due to an unpaired
electron in themth MO is simply

∣∣cµm

∣∣2. This is only a first approximation toρµ,
but a graph of observed splitting constants plotted againstρµ calculated in this way
shows a respectable correlation (Fig. 8-18). The proportionality factorQ, given by the
slope of the line of best fit, varies somewhat depending on the type of system and the
charge of the radical. Thus, in Fig. 8-18, where all the data are from aromatic fused ring
hydrocarbon radical anions, the correlation is quite good. As data for nonalternants
and radical cations are added (Fig. 8-19) the scatter increases.

Some ESR spectra are interpreted to be consistent with the presence of somenegative
spin density. That is, if the extraπ electron is taken to haveα spin, some of the carbons
appear to have an excess ofβ-spinπ density. This has the effect of giving us a total spin
density that is greater than unity, even though we have only one electron with unpaired
spin. (It sounds absurd, but read on.) Now the amount of splitting seen in ESR spectra
depends only on themagnitudesof spin densities at the protons, not on whether these
spin densities areα or β, and the presence of negative spin density does not produce
a qualitativechange in an ESR spectrum (such as a “negative splitting,” whatever that
might be). Rather it leads to an increase in the totalamountof spin density in the
system, and this, in turn, leads to an increase in the sum of splitting constants (over

Figure 8-18 � ESR splitting constantsaHµ
in gauss versus HMO unpaired spin densities. The sys-

tems are fused ring alternant hydrocarbon radical anions (naphthalene, anthracene, tetracene, pyrene).
The underlined point is thought to result from negative spin density. (Data from Streitwieser [7].)
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Figure 8-19 � ESR hyperfine splitting constants in gauss versusc2 for the highest occupied MO
of the radical. All data are from hydrocarbon radical anions or cations of alternant or nonalternant
type. (•) Anion radical; (×) cation radical. Uncertain assignments: (◦) anion; (⊗) cation. The two
correlation lines are merely sight fitted to the anion and cation points separately and suggest that Q
for cations should be larger than for anions. Points thought to result from negative spin density are
underlined. [See Tables I, III, VIII, XII, XIII, XIV, XV, XVI, XVII, XVIII of Gerson and Hammons
[9], and Table 6.2 of Streitwieser [7] for data plotted here.]

what would be predicted in the absence of negative spin density). For example, the
HMO prediction for allyl radical would give a net spin density of1

2 at each terminal
carbon and zero at the central carbon. [The unpaired electron is in the nonbonding MO

1√
2
χ1 − 1√

2
χ3.] However, we might imagine the situation wherein there is a net spin

of 2
3α at each terminal carbon and13β at the central atom. This retains a net spin value

of 1α yet results in a larger splitting constantaHµ for every proton in the molecule.
It is possible to think of a physical explanation for this kind of spin distribution. The
π electrons in lower-energy, filled MOs are being spin polarized similarly to theσ

electrons mentioned earlier. If anα-spin electron in effect repels electrons ofβ spin
more strongly than those ofα spin, a buildup ofβ spin on the central carbon of allyl
radical could be expected. Because this secondary effect is expected to be fairly small,
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a net negative spin density is likely only on carbons where the primary effect (c2
µm) is

zero or quite small. Methods for calculating this spin polarization (which will not be
described here) indicate that certain of the splitting constants plotted in Figs. 8-18 and
8-19 do in fact result from negative spin densities. These data points are indicated in the
figures, and it can be seen that they do indeed occur wherec2

µm andaHµ are small. This
secondary effect is masked at higher values ofc2

µm andaHµ . but presumably accounts
for some of the scatter in the data. (Some scatter also results from solvent dependence
of aHµ . Several solvents were used in experiments yielding the data in Fig. 8-19.)

Because of the pairing-theorem relation between coefficients of MOs, the ESR spec-
tra of the radical cation and anion of an alternant system should appear very similar.
Hückel molecular orbital theory would predict them to be identical except for a slight
change of scale due to a change in the factorQ. In practice, this similarity has been
observed to hold fairly well.

8-14 Orbital Energies and Oxidation-Reduction Potentials

Many conjugated hydrocarbons can be oxidized or reduced in solution using standard
electrochemical techniques. Since oxidation involves removing an electron from the
highest occupied (π ) MO (HOMO), it is reasonable to expect molecules with lower-
lying HOMOs to have larger oxidation potentials. Similarly, we might expect reduction
to be easier for compounds wherein the lowest unoccupied MO (LUMO) is lower in
energy [see (XI )]. Thus, compoundA should have a lower oxidation potential than com-
pound B sinceEA

m > EB
m, but compound B should have the lower reduction potential.

A plot of oxidation potential versusEm in units of β for a series of aromatic hydro-
carbons (Fig. 8-20) yields a correlation that is remarkably free of scatter. Figure 8-21
indicates a similar correlation for reduction potential versusEm+1.

Since oxidation-reduction potentials correlate with HOMO–LUMO energies, and
since these energies are paired in even alternant systems, we should expect a plot of
oxidation vs. reduction potential for such compounds to be linear also. (Problem 8-14.)

The data in Figs. 8-20 and 8-21 provide a connection between theoretical energy
differences in units ofβ, and experimental energies. From the slope in Fig. 8-20 we
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Figure 8-20 � Oxidation potentials in acetonitrile solution versus energy of HOMO (in units ofβ).
(ε1/2 from Lund [10].)

obtain thatβ ∼= −2.03 eV, or−46.8 kcal/mole. Similarly, the reduction potential data
of Fig. 8-21 giveβ = −2.44 eV= −56.3 kcal/mole.

One must be cautious in interpreting the above values ofβ. The problem is that
the experimental numbers include effects of physical processes not included in the
theory. For example, when a neutral molecule in solvent becomes oxidized or reduced,
solvation energy changes occur. One might argue that the fit of the data to straight lines
in Figs. 8-20 and 8-21 implies this sort of contribution to be small, but the sensitivity
of redox potentials to solvent nature indicates that this is not the case. However, in
larger molecules, solvation energy change upon ionization tends to be smaller, and
larger molecules also tend to haveEm andEm+1 closer to theE = α level. In other
words, we expect both solvation energy changeandredox potential to be proportional
to Em or Em+1. Therefore, they can be combined in a single linear relation. There
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Figure 8-21 � First reduction potential in 2-methoxyethanol versus energy of LUMO (in units
of β). (ε1/2 from Bergman [11].)

is, in general, no guarantee that “extra” contributing effects will be of a nature to be
correctly assimilated into the theoretical formula, but, for this effect, it happens that
this is at least partially the case.

Another extra effect to consider is theπ -electron repulsion energy. Because the
energies of the HOMO and LUMO are both associated with the neutral molecule, their
energies fail to reflect the decrease or increase ofπ -electron repulsion energy resulting
from loss or gain of aπ electron. Here again, however, we expect the magnitude of the
effect to be larger for smaller molecules, where the change inπ densities is greatest,
and also whereEm andEm+1 deviate most fromα. Thus, as before, this extra effect
will not necessarily upset the linear relation expected from simpler considerations.

In view of the crudity of the HMO method together with the fact that the empirical
value ofβ includes the effects of several extra processes, theβ values cited above
for oxidation and reduction are considered to be in fairly good agreement, especially
considering that the electron repulsion change operates to make oxidation easier and
reduction harder.
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8-15 Orbital Energies and Ionization Energies

Suppose that monochromatic light is beamed into a gaseous sample of a compound.
If the light is of sufficient energy, electrons will be “knocked out” of the molecules. The
kinetic energy of such a photoelectron will be equal to the kinetic energy of the incident
photon (hν) minus the energy needed to remove the electron from the molecule, that is,
the ionization energy. Measurement of the kinetic energies of photoelectrons emitted
in this manner is known as “photo-electron spectroscopy” [12].

In measuring the kinetic energies of photoelectrons from, say, benzene, it is
found that a large number are near a particular energy value, another large number
of electrons are near a different value, and so on for several kinetic energy values.
Because the photoelectrons tend to clump near several kinetic energy values, it fol-
lows that we are, in effect, measuring several ionization energies. It is reasonable
to associate these with removal of electrons from different MOs of the molecule.13

A correlation plot (Fig. 8-22) between HMO orbital energies and experimentally
measured ionization energies for a number of alternant and nonalternant hydrocarbons
has been produced by Brogli and Heilbronner [13]. Their best fit was achieved using
α = −6.553± 0.340 eV, β = −2.734± 0.333 eV, where the limits define a range for
the predicted ionization energy (IE) that will include the experimental value nine
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Figure 8-22 � Experimental ionization energies for alternant and nonalternant hydrocarbons versus
HMO orbital energies usingα = −6.553 eV, β = −2.734 eV.

13Note that each ionization energy is associated with removal of an electron from a different MO of theneutral
molecule. This differs from the first, second, etc. ionization energies produced bysuccessiveionization.
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times out of ten (a 90% confidence level). There is a fair degree of scatter in the
correlation plot. By making some additional refinements in the theory, Brogli and
Heilbronner succeeded in substantially improving the correlation. We will describe
these refinements in Section 8-18.

In this section, we have dealt only with ionization energies assigned to removal of
a π electron. Removal of electrons fromσ orbitals is also observed. If the impinging
photons are of X-radiation frequencies, the inner shell electron ionization energies are
seen. Quantum-chemical treatments of these ionization energies are possible using
theoretical methods described later.

8-16 π-Electron Energy and Aromaticity

When propene is hydrogenated to form propane, the increase in heat content
H ◦
298

(called theheat of hydrogenation) is−30.1 kcal/mole. The heat of hydrogenation for 1-
butene is−30.3 kcal/mole. In general, the heat of hydrogenation of an isolated double
bond is about−30 kcal/mole. A similar constancy holds for the contribution of a double
bond to the heat of formation of a molecule. Therefore, isolated double bonds fit easily
into the usual chemical device of estimating the energy of a molecule by adding together
contributions from the substituent parts. This additivity appears to be violated when
double bonds are conjugated. Thus, the heat of hydrogenation fortrans-1,3-butadiene
is −57.1 kcal/mole compared with the value of−60.6 kcal/mole for a pair of butene
double bonds. Since the hydrogenation product in each case is butane, the energy differ-
ence of 3.5 kcal/mole must be due to the greater stability of conjugated double bonds.

There is a theoretical parallel to this. The HMO energy for butadiene is 4α +4.472β.
For a pair ofisolateddouble bonds, we double the energy of ethylene to obtain 4α +4β.
Therefore, the HMO method indicates that the conjugated double bonds are stabilized
by 0.472β.

Because theπ electrons in butadiene are delocalized over all three C–C bonds, this
0.472β has often been referred to asdelocalization energy. It was common practice for
many years to equate this theoretical delocalization energy for a molecule to its exper-
imentally measured “extra” stability (e.g., for butadiene, 0.472|β| = 3.5 kcal/mole).

In 1969, Dewar and co-workers [14, Chapter 5; 15; 16] demonstrated that conjugated
double bonds may be successfully included in an additivity scheme. Hess and Schaad
[17, 18] have considered this idea in the context of the HMO method. They distinguish
between several kinds of C–C single and double bond energy as indicated in Table 8-2.
Using these values of bond energy, theπ energy of butadiene is calculated to be 2×
2.000β + 0.4660β + 4α = 4α + 4.4660β compared with the HMO result of 4α +
4.472β. The difference is 0.006β, less than 0.002β perπ electron. Hess and Schaad
show that this level of agreement holds for acyclic polyenes in general, even when there
is much branching. Thus, it seems that conjugated double bonds in acyclic molecules
fit into an additivity scheme after all.

There is an important difference between the energy additivity scheme for conjugated
systems described above and the familiar additivity scheme used for C–H, C–C, and
isolated C–C bonds. In the latter cases the energy “contributed” by the bond is generally
thought of as being the same as the energyof that bond in the molecule(at least in
an averaged way–some care must be exercised with definitions), and, furthermore, the
bond is thought to be fairly independent of the identity of the molecule. For instance,
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TABLE 8-2 � π -Bond Types and Effective Binding Energies for Carbon–Carbon Double
and Single Bonds

Bond type Effective binding energy in units ofβ

2.0000

(cisor trans) 2.0699

2.0000

2.1083

2.1716

(cisor trans) 0.4660

(cisor trans) 0.4362

(cisor trans) 0.4358

aThe eight numbers associated with these bonds are not unique. They satisfy six simultaneous equations.
Hence, any two of them may be given arbitrary values and the remaining six found by solving the simultaneous
equations. Different arbitrary assignments lead to different sets of numbers, all equally valid and all giving
identicalπ -electron energies. These numbers can only be applied when a bond has an unambiguous formal
identity, which means we must deal with acyclic polyenes (even number of centers and electrons).

a C–H bond in butane is very similar to one in heptane. But this is not the case for
conjugated molecules. Inspection of Fig. 8-23 shows that a single C–C bond between
(formal) double bonds varies significantly in bond order from molecule to molecule.
Since the totalπ -electron energy depends on bond order [Eq. (8-58)], we can tell at once
that theactualtheoretical energy contribution due to such a “single” bond varies from
2× 0.4472=0.8944β in butadiene to 1.088β in decapentaene. However, examination
of Fig. 8-23 reveals that, in going from molecule to molecule, as the “single” bonds
increase inπ -bond order, the “double” bonds decrease in order. Thus, adding an
additional C–C–C group to a chain adds a constant amount of bond energy (about
2.54β) to the totalπ energy, but this energy increment contains contributions from
bond order changes over the whole molecule. We have, then, anadditivescheme for
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Figure 8-23 � HMO bond orders for butadiene, hexatriene, octatetraene, and decapentaene.

a delocalizedeffect. For this reason, the bond energy contributions of Table 8-2 are
calledeffectivebond energies.

We are now in a position to consider the concept of aromaticity. The term “aromatic”
originally referred to organic molecules having pleasant odors. Later it referred to a
class of molecules having a high degree of unsaturation. Benzene was recognized as
the parent compound for many such molecules, and the termaromatichas come to
meanhaving chemical properties peculiar to benzene and some of its relatives. The
chemical stability of these molecules, their relatively low heats of combustion or of
hydrogenation, and their tendency to prefer substitution rather than addition (thereby
preserving theirπ systems intact) distinguish these molecules from ordinary polyenes
and have come to be calledaromatic properties, or manifestations ofaromaticity.14

These properties suggest that theπ electrons in aromatic systems are unusually low in
energy, contributing to both the thermodynamic and the kinetic stability of the systems.
We can test whether this is the case by calculating an expectedπ energy for benzene
using the bond energies of Table 8-2 for an alternating single-double bond, or Kekul´e,
structure. The result, 6α + 7.61β, is significantly less stable (by 0.39β) than the HMO
energy of 6α + 8β. We shall refer to this difference as theresonance energy(RE) of
the system.

RE = En(HMO) − En (from Table 8-2) (8-63)

By this definition, a positive RE (in units ofβ) corresponds to extra molecular stabiliza-
tion. If we divide the RE by the number ofπ electrons, we obtain the RE per electron
(REPE). Hence, the REPE for benzene is 0.065β. Following Dewar we shall refer to a
system having significantly positive REPE asaromatic, significantly negative REPE as
antiaromatic, and negligible REPE asnonaromatic, or polyolefinic. (Recall thatβ is a
negative quantity. When REPE is tabulated in eV, it is conventional to use the absolute
value ofβ in eV so as to retain positive REPE foraromaticmolecules.)

Cyclic polyenes differ from acyclic polyenes in that many of them show significant
values for REPE. Some results of Schaad and Hess [18] are reproduced in Fig. 8-24.

14The definition of the term “aromatic” is not generally agreed upon. Various criteria based on structural,
magnetic, or reactivity properties have been proposed. See Minkin et al. [19] for a general review, and Schleyer
et al. [20] for consideration of ring-current-induced nmr chemical shifts as an aromaticity probe.
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It is evident that a strong correlation exists between REPE and the presence or absence
of aromatic properties.

The change from very aromatic to very antiaromatic nature as we go from a six-
membered to a four-membered system is striking, If we examine the HMO energy
levels, it is not difficult to see why these monocycles are so different. All sixπ electrons
in benzene occupy bonding MOs, whereas cyclobutadiene has two bonding and two
nonbonding electrons (XII ). The situation is optimal for benzene not only because
all of its π electrons are bonding, but also because all of the bonding levels are fully
occupied. Because all monocycles have a nondegenerate lowest level followed by
higher-energy pairs of degenerate levels, it is not hard to describe the conditions that
should produce maximum stability. There should be 4n + 2 electrons (2 for the lowest
level and 4 for each of then higher bonding levels), and there should be more than
4n centers (either 4n+1, 4n+2, or 4n+3) to force then doubly degenerate, occupied
levels to all be bonding. The stability of cyclopentadienyl anion (6 electrons, 5 centers)
and cycloheptatrienyl cation (6 electrons, 7 centers) was correctly predicted from these
simple considerations (XIII ). Extensive research has gone on in efforts to find examples

Figure 8-24 � Resonance energy per electron for a number of molecules. (From Schaad and
Hess [18].)
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wheren �= 1, but results are often complicated by angle strain and deviation from
planarity in the molecule.15

EXAMPLE 8-7 What would the above approach predict for the relative stabilities
of cyclic ions C5H+

5 and C5H−
5 ?

SOLUTION � C5H−
5 , the cyclopentadienyl anion shown in XIII, satisfies the 4n + 2 rule and

should be unusually stable. C5H+
5 has only fourπ electrons, hence should be less stable. (It has

two fewer bonding electrons than C5H−
5 .) �

In a molecule containing both cyclic and acyclic parts, does the RE arise only from
the cyclic part? For certain cases, the answer is yes. Dewar has recognized that side or
connecting chains contribute nothing to the RE of a system when the chain in question
is the same in all formal structures for the molecule. For example, stilbene can be
written in four equivalent formal ways, as shown below. The linking chain is identical
in all cases, and it should not contribute to the RE. Calculations confirm that the RE
for stilbene is just double that for benzene.

The intimate relation between aromaticity and the possibility for more than one
equivalent formal structure for a molecule has long been recognized. These “mobile”
bonds tend to favor equal bond lengths in contrast to the strong alternation characteristic
of acyclic polyenes. In benzene, the extra stabilization may be viewed as resulting from
the fact that all six bonds are identical and have a higher bond order (0.667) than the
average of 0.634 for double and single acyclic bonds. In antiaromatic cyclobutadiene,
the four identical bonds have a bond order of 0.5, which is significantly below the

15Research on aromaticity has been extended to Mobius conjugated hydrocarbons, where aromatic behav-
ior should be associated with 4n electrons (see Herges [21]), and also to clusters of boron or silicon atoms
(see Ritter [22]), as well as metal atoms (see Chen et al. [23]).
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average for acyclics. The very different bond orders in these two molecules is fully
consistent with the energy argument based on the 4n + 2 rule described earlier.16

To summarize, theπ bonds in acyclic polyenes exhibitdelocalizationin the sense
that bond orders are not transferable from one molecule to another,additivityin effective
bond energies,immobility in formal bonds. Cyclic molecules do not exhibit additivity
of effective energies or immobility of formal bonds. Their energy deviations from
energy calculated assuming additivity and immobility are good indicators of kinetic
and thermodynamic stability. Aromatic molecules possess extra stability because their
π electrons17 are more bonding than those in acyclic polyenes. Antiaromatics are
unstable because theirπ electrons are less bonding.

From a consideration of experimental heats of atomization, Schaad and Hess have
evaluatedβ to be−1.4199 eV. The physical processes involved in dissociating a gas-
phase molecule into constituent atoms are quite different from those involved in adding
or removing aπ electron from a molecule in a solvent. Therefore, it is not surprising
that theβ value obtained from heats of atomization differs substantially from values
obtained from redox experiments. Indeed, it is this variability ofβ as we compare HMO
theory with different types of experiment that compensates for many of the oversights
and simplifications of the approach. It is remarkable that, with but one such parameter,
HMO theory does as well as it does.

8-17 Extension to Heteroatomic Molecules

The range of application of the HMO method could be greatly extended if atoms other
than carbon could be treated. Consider pyridine as an example (XV ). A π electron at
a carbon atom contributes an energyα to Eπ . The contribution due to aπ electron at
nitrogen is presumably something different. Let us take it to beα′ = α + hβ, where
h is a parameter that will be fixed by fitting theoretical results to experiment. If the
π electron is attracted more strongly to nitrogen than to carbon,h will be a positive

16It has been noted that bond length equalization associated with bond mobility results in it energy lowering
when the C–C–C angles are near 120◦. When the angle is very different from this,π energies are higher than
expected. This has led to suggestions that “strain energy” may be an important factor in aromaticity. Because
of the present lack of a quantum mechanical quantity equivalent to strain energy, and because the HMO method
may include effects ofσ electrons in an implicit but poorly understood way, it is very hard to know whether such
suggestions are at variance with other statements or are simply equivalent to them but stated from a different
viewpoint.

17It is not necessarily true that all the “extra” stability of aromatic molecules is attributable toπ -electron effects;
σ -electron energies also depend on bond lengths and bond angles. Hence, we may be seeing, once again, a situation
where theπ -electron treatment includes other effects implicitly. Schaad and Hess [18] indicate thatσ energies
andπ energies are indeed simply related over the bond-length range of interest.
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number. In a similar spirit, we will take the energy of aπ electron in a C–N bond to be
β ′ = kβ and evaluatek empirically. Not surprisingly, the values ofh andk appropriate
for various heteroatoms depend somewhat on which molecules and properties are used
in the evaluation procedure. A set of values compiled and critically discussed by
Streitwieser [7] is given in Table 8-3. Other sets have been published.18

The dots over each symbol indicate the number ofπ electrons contributed by the
atom. In pyridine, the formal bond diagram indicates a sixπ -electron system, implying
that the nitrogen atom contributes oneπ electron. We also can argue that, of the five

TABLE 8-3 � Parameters for Heteroatoms in the H¨uckel Methoda

Heteroatom h Heteroatomic bond k

Ṅ 0.5 C. . .—N̈ 1.0
N̈ 1.5 C—N̈ 0.8
+
N 2.0
Ȯ 1.0 C——Ȯ 1.0
Ö 2.0 C—Ö 0.8
+
O 2.5 N—Ö 0.7
F̈ 3.0 C—F̈ 0.7
C̈l 2.0 C—C̈l 0.4
B̈r 1.5 C—B̈r 0.3
S′b 0.0 C—S′ 0.8
S′′ 0.0 C—S′′ 0.8

S′— S′ 1.0
Methyl (inductiveĊα—Me)−0.5 hCα = −0.5 none —
Methyl (heteroatoṁCα—M̈e)0.2 hMe = 0.2 Cα—Me 0.7
Methyl (conjugativeĊα—C—̈H3) hCα = −0.1 Cα—C 0.8

hc = −0.1 C—H3 3.0
hH3 = −0.5

aConsistent with the philosophy of this approach is a distinction between single, double, and intermediate C—C
bonds. Streitwieser recommendskC−C = 0.9, kC...−C = 1.0, kC=C = 1.1.

bSulfur is treated as a pair of AOs with a total of twoπ electrons, i.e., a sulfur in an aromatic ring isformally
treated astwoadjacent atoms S′ and S′′ with the indicated parameters.

18See McGlynn et al. [24, p. 87].
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valence electrons of nitrogen, two are involved inσ covalent bonds with neighboring
carbons, two more are in aσ lone pair, leaving one for theπ system. Therefore, the atom
parameter to use for this molecule ish=0.5. The pyridine ring, like benzene, admits two
equivalent structural formulas, and so the C–N bonds should be intermediate between
double and single, symbolized C...–Ṅ in Table 8-3. Sincek =1.0 in this case,β ′ =β, and
pyridine will have an HMO determinant differing from the benzene determinant only
in the diagonal position corresponding to the nitrogen atom–the 1, 1 position according
to our (arbitrary) numbering scheme. For this position, instead ofx, we will have

x′ = (α′ − E)/β = (α + 0.5β − E)/β = (α − E)/β + 0.5β/β = x + 0.5 (8-64)

The pyrrole molecule has a nitrogen atom of the typeN̈(XVI ). Since three valence
electrons of nitrogen are in covalentσ bonds, two remain for inclusion in theπ system.

Therefore, pyrrole has a total of sixπ electrons. The unique structural formula indicates
that the C–̈N bond is formally single, andk =0.8,h=1.5 are the appropriate parameters
here. Also, the carbon–carbon bonds are now formally single or double. If we choose to
distinguish among these bonds using the parameters in note a of Table 8-3, the resulting
HMO determinant is

∣∣∣∣∣∣∣∣∣∣∣

x + 1.5 0.8 0 0 0.8
0.8 x 1.1 0 0
0 1.1 x 0.9 0
0 0 0.9 x 1.1

0.8 0 0 1.1 x

∣∣∣∣∣∣∣∣∣∣∣

The methyl group can also be incorporated into the HMO method. Several
approaches have been suggested. One is simply to modify the coulomb integralα for
the carbon to which the methyl group is attached. A methyl group is thought to release
sigma electrons to the rest of the molecule as compared to a substituent hydrogen. This
suggests that an atom having a methyl group attached to it will be a bit electron rich
and hence will be less attractive toπ electrons. Use of a negativeh parameter for this
carbon is appropriate. This method is called theinductivemodel. Use of the inductive
model does not add any new centers or any moreπ electrons to the conjugated system
to which the methyl group is attached: The carbon to which the methyl is bonded is
merely treated as a less attractive atom. A second approach is to treat the methyl group
itself as a heteroatom. As we shall see shortly, the methyl group has two electrons that
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Figure 8-25 � Three MO symmetry solutions for a methyl group attached to a benzene ring.

can participate (to a slight extent) in theπ system, and so use of thisheteroatommodel
adds one more center and two moreπ electrons for each methyl group included in this
way. A third approach is theconjugativemodel. Because the methyl group haslocal
threefold symmetry, one of theσ MOs for the methyl group resembles theπ MOs
of cyclopropenyl in symmetry characteristics. The three types of symmetry solutions
are given in Fig. 8-25 for a methyl group on a benzene ring (compare with Fig. 8-7).
Notice that the MO at the right of the figure has its phases arranged so that it has
nonzero overlap with aπ AO on the benzene ring. This means that the two electrons in
this “methyl group MO” can participate in theπ system of the molecule. To emulate
this picture in our HMO determinant, we must add twoπ electrons and two more
centers to our system (one for C and one for H3) and findh andk values for the two
new centers and bonds. The inductive effect of the methyl group on the neighboring
ring carbon is often included in this model. In most cases, it is probably safe to say
that the conjugative model is superior to the heteroatom model, which is, in turn, better
than the inductive model, but no extensive critical comparison of these three models
has been made. Parameters for all three approaches are included in Table 8-3. (Cα is
the ring carbon.)

8-18 Self-Consistent Variations of α and β

Efforts have been made to improve the HMO method by taking account of molecular
π charge distribution. Suppose that we carry out an HMO calculation on a nonalternant
molecule and find an electron density of 1.2 at one carbon and 0.8 at another. It is
reasonable to argue that aπ electron at the latter carbon is more strongly bound because
it experiences less repulsion from otherπ electrons there. We can try to account for
this by makingα at that atom more negative. Thus, we could take

α′
i = αi + ω(1− qi)β (8-65)

whereqi is theπ -electron density at atomi andω is a parameter (assumed positive)
to be fixed empirically. Ifq < 1, thenα′ is more negative thanα. If q > 1, α′ is
less negative. Having now modifiedα (using a trial value forω), we must set up
our new HMO determinant and solve it again. This yields new MOs, new values
of qi , and therefore new values ofα′. We repeat this process over and over until
electron densities remain essentially unchanged for two successive iterations. At this
point, the electron densitiesleading tothe HMO determinant are the same as those
producedby the determinant, and the solution is said to be self-consistent with respect
to electron densities. This procedure, often referred to as the “ω technique,” discourages
extreme deviations of electronic densities from the “norm” of unity at each carbon and
thereby helps to compensate for the lack of explicit inclusion ofπ electron repulsion



288 Chapter 8 The Simple H ückel Method and Applications

in the HMO method. Streitwieser’s calculations have led him to favor a value for
ω of 1.4.

A similar idea has been applied to variations of the bond integralβ. Suppose that
we carry out an HMO calculation and find aπ -bond order of 0.5 in one bond and
0.9 in another. We expect that the latter bond is in fact shorter than the former. We
could roughly predict how much shorter it is by using the bond-order–bond-length
relation described earlier. It is reasonable to modifyβ in these bonds on the basis
of predicted length differences, set up a new HMO determinant, solve again, find
new bond orders, and iterate until self-consistency is achieved with respect to bond
orders.

These modifications to the simple HMO method improve predictions of some prop-
erties but not others. For example, Brogli and Heilbronner [13] have found that orbital
energy correlation with ionization energy, determined by photoelectron spectroscopy,
is significantly improved through inclusion of the effects of bond length variations in
the neutral molecule and the cation. This improved correlation, shown in Fig. 8-26,
showed no additional improvement upon subsequent variation ofα as a function of elec-
tron density. This is reasonable, sinceβ variation affects primarily bond order, hence
MO energy, and that is the property measured by photoelectron spectroscopy. Variation
of α shifts charge from atom to atom, but has smaller energy effects. On the other
hand,π -electron contributions to dipole moments, calculated from electronic excess
or deficiency at each center, are very sensitive to variation ofα, and quite insensitive
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Figure 8-26 � Experimental ionization energy for alternant and nonalternant hydrocarbons versus
orbital energy using a modified HMO technique which includes provisions for bond length variation
in molecule and cation. (Compare with Fig. 8-22.)
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to variation ofβ. Again, this is reasonable because dipole moments are sensitive to
electronic distribution rather than MO energy.

8-19 HMO Reaction Indices

In this section, we discuss some applications of the HMO method toreactivitiesof
conjugated molecules. The reactions of conjugated molecules that have received most
of this theoretical treatment are:

1. electrophilic aromatic substitution (XVII )

2. nucleophilic aromatic substitution (XVIII )

3. radical addition (XIX )

For any of these reactions, we imagine there to be a path of least energy connecting
reactants with products. For the two distinct reaction positions, 1 and 2 on naphthalene,
the activation energiesε may differ, as indicated in Fig. 8-27.

The problem is somehow to relate the differences inε (inferred from relative rate
data) to a number based on quantum chemical calculations. To do this in a sensible way
requires that we have some idea of the detailed way in which the reaction proceeds–
we have to know what the reaction coordinate is. In some cases, this is fairly well
known. For electrophilic aromatic substitution reactions, evidence suggests that a



290 Chapter 8 The Simple H ückel Method and Applications

Figure 8-27 � Generalized energy versus reaction coordinate for reaction at two positions in
naphthalene.

positive electrophile (e.g., Cl+) approaches the substrate (say, naphthalene). As it
draws closer, it causes a significant polarization of theπ -electron charge distribution,
drawing it toward the site of attack. Ultimately, it forms a partial bond with the carbon.
At this stage, the carbon has already begun to loosen its bond to hydrogen, but it is at
least partially bonded to four atoms (XX ). This means that the ability of the carbon to
participate in the aromatic system is temporarily hampered. At this point, the system is
at or near the transition state. Thereafter, as H+ leaves, the potential energy decreases
and Cl moves into the molecular plane. A similar detailed mechanism is thought to
apply for nucleophilic reactions except that the attacking group is negative.

For attack by a neutral radical, electrostatic attraction and charge polarization should
not be significant factors. The radical bonds to the site of attack to produce a more-or-
less tetrahedrally bonded carbon. This again leads to an interruption of theπ system,
but now it is not temporary as it was in the substitution reactions.

Based on these simple pictures, a number of MO quantities, often referred to as
reaction indices, have been proposed as indicators of preferred sites for reaction. It is
useful to divide these into two categories–those purporting to relate to early stages of
the reaction, and those specifically related to the intermediate stage.

Perhaps the most obvious reaction index to use for the earliest stages of electrophilic
or nucleophilic reactions is theπ-electron density. If Cl+ is attracted toπ charge,
it should be attracted most to those sites whereπ density is greatest. (Such an ion
should be attracted to sites having excessiveσ charge density also, but our basic HMO
assumptions ignore any variations inσ density.) For an alternant hydrocarbon like
naphthalene, allπ densities are unity, so this index is of no use. For nonalternant
molecules, however, it can be quite helpful. Azulene has varying HMOπ densities
(XXI ). (More sophisticated calculations described in future chapters are in qualitative
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agreement with theseπ -electron density variations.) Experimentally, it is found that
electrophilic substitution by Cl occurs almost entirely at position 1 (or 3). Nucleophilic
substitution by CH3 (from CH3 Li) occurs at the position of leastπ -electron density,
namely 4 (or 8).

The charge density index refers to the nature of the molecule before allowance is made
for perturbing effects due to the approaching reactant. Such a method is often called
a “first-order” method, a terminology that is discussed more fully in Chapter 12. For
alternant molecules, it is necessary to proceed to a high-order method, one that reflects
the ease with which molecular charge is drawn toward some atom, or pushed away from
it, as approach by a charged chemical reactant makes that atom more or less attractive for
electrons. An index which measures this is calledatom self-polarizability, symbolized
πr,r . The formulas for this and related polarizabilities are derived in Chapter 12. For
now, we simply note that the formula is

πr,r ≡ ∂qr

∂αr

= 4
occ∑

j

unocc∑

k

c2
rj c2

rk

Ej − Ek

(8-66)

A larger absolute value ofπrr means that a larger change inπ densityqr occurs
as a result of making atomr more or less attractive for electrons. (πr,r is negative
sinceEj − Ek is negative. This makes physical sense because it means that ifδαr

is negative, making atomr more attractive,δqr is positive, indicating that charge
accumulates there.) Since the most polarizable site should most easily accommo-
date either a positive- or a negative-approaching reactant, this index should apply
for both electrophilic and nucleophilic reactions. For naphthalene, the values are
π11= −0.433/ |β| ,π22= −0.405/ |β|. This agrees with the experimentally observed
fact that the 1 position of naphthalene is more reactive for both types of reaction.

Examination of Eq. (8-66) indicates that the MOs near the energy gap between
filled and empty MOs will tend to contribute most heavily toπr,r because, for these,
Ej − Ek is smallest. For this reason, the highest occupied and lowest unfilled MO
(HOMO and LUMO) are often the determining factor in relative values ofπrr . Fukui19

named these thefrontier orbitals and suggested that electrophilic substitution would
occur preferentially at the site where the HOMO had the largest squared coefficient. In
nucleophilic substitution, the approaching reagent seeks todonateelectronic charge to
the substrate, so here the largest squared coefficient for the LUMO should determine the
preferred site. For even alternants like naphthalene, the pairing theorem forces these two
MOs to have their absolute maxima at the same atom. The HOMO–LUMO coefficients
for naphthalene are 0.425 and 0.263 for atoms 1 and 2, respectively, in accord with
our expectations. For the nonalternant molecule azulene, discussed above, the largest
HOMO coefficient occurs at atoms 1 and 3, which have already been mentioned to
be the preferred sites for electrophilic attack. The largest LUMO coefficient occurs at

19See Fujimoto and Fukui [25].
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atom 6, with atoms 4 and 8 having the second-largest value (see Appendix 6). Atoms
4 and 8 are the preferred sites for nucleophilic attack. Here, then, is a case where
the charge density and frontier MO indices are not in agreement. The results suggest
that, when significantπ -density variations occur, this factor should be favored over
higher-order indices. However, the whole approach is so crude that no ironclad rule
can be formulated.

For radical attack, some other index should be used, for we do not expect electro-
static or polarization effects to be important in such reactions. An index called the
free valence20 has been proposed for free radical reactions. One assumes that the free
radical begins bonding to a carbon atom in early stages of the reaction and that the ease
with which this occurs depends on how much residual bonding capacity the carbon has
after accounting for its regularπ bonds. Thus, free valence is taken to be the difference
between the maximumπ bonding a carbon atom is capable of and the amount ofπ

bonding it actually exhibits in the unreacted substrate molecule. The extent ofπ bond-
ing is taken as the sum of all the orders ofπ bonds involving the atom in question.
A common choice of reference for a maximally bonded carbon is the central atom in
trimethylenemethane in its planar conformation (which is not the most stable). (XXII ).
Each bond in this neutral system has aπ -bond order of 1/

√
3, and so the totalπ -bond

order associated with the central carbon is
√

3.21 Using this as reference, the free
valence for some atomr in anyunsaturated hydrocarbon is defined as

Fr = √
3 −

neighbors ofr∑

z

prs (8-67)

A common way of representing the situation schematically is indicated in (XXIII ) for
butadiene. Bond orders are indicated on the bonds and free valences by arrows. It is
clear that butadiene has a good deal more “residual bonding capacity” on its terminal
atoms, and this is consistent with the fact that free radical attack on butadiene occurs
predominantly on the end atoms. Other examples of correlation between free valence
and rate of free radical addition have been reported.22 A plot of rate data for methyl

20See Coulson [26].
21Sometimes the three sigma bonds are included in this calculation, giving 3+ √

3. This has no effect on the
question ofrelativevalues ofFr .

22See Streitwieser [7] and Salem [1].
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Figure 8-28 � Rate data for methyl radical addition are plotted against the maximum free valence
found in each molecule. The original “methyl affinity” (Levy and Szwarc [27]) has been multiplied
by 6/m, wherem is the number of sites having maximum free valence. (The asterisks in the figure
identify these sites.)

radical addition to conjugated molecules versus the largest free valence of the molecule
is shown in Fig. 8-28. (We assume that the kinetics is dominated by the atom(s) having
the maximum free valence.)

The indices described above are most appropriate for indicating the relative ease of
reactionin the early stages. By the time the reactants have reached the transition state,
the substrate is quite far from its starting condition, so charge densities, polarizabilities,
free valences calculated from the wavefunction of the unperturbed molecule may no
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longer be very appropriate. If the energy curves being compared through our indices
behave in the simple manner described in Fig. 8-27, so that the higher-energy curve in
early stages is also the higher-energy curve in the region of the transition state, such
indices can be useful. Also, such simple behavior is very likely to occur when we
compare a single type of reaction down a series of molecules of similar type, as in
Fig. 8-28 (see also Problem 8-25). Experience, however, has indicated that indices
more closely linked to the nature of the transition state are more generally reliable. We
now describe one such reactivity index.

We mentioned earlier that addition and substitution reactions are expected to interrupt
theπ system at the site of attack. For substitution reactions, this interruption is only
temporary and is presumably most severe in the transition state. For addition reactions,
it is permanent. Thelocalization energyis defined as theπ energy lost in this process
of interrupting theπ system.

As an example, let us return to the naphthalene molecule. The situations resulting
from interruption of theπ system byneutral radicalattack at positions 1 and 2 are
illustrated in (XXIV ). The remaining unsaturated fragment is, in each case, a neutral
radical. [If attack were by a negative ion (nucleophilic), the fragment would be topo-
logically the same but would be negatively charged. Likewise, attack by a positive
electrophilic reagent leads to a positively charged fragment.] No matter where attack
occurs, ourπ energy must go from 10α + · · ·β to 9α + · · ·β. This decrease byα is
thus not expected to differ from case to case and hence is ignored in our localization
energy calculation. The decrease inπ energy is thus 2.299|β| for attack at position 1
and 2.480|β| for position 2. These localization energies indicate that attack at position
1 should be favored since the energy cost is smaller there, and this is in accord with
observation. (Localization energies are symbolizedL·

r , L+
r , L−

r depending, respec-
tively, on whether attack is by a free radical, an electrophilic cation, or a nucleophilic
anion.)

It is interesting to compare the various indices we have discussed for a single
molecule to see how well they agree. Data for azulene are collected in Table 8-4.
Experimentally, azulene is known to preferentially undergo electrophilic substitution
at positions 1 (and 3), nucleophilic substitution at positions 4 (and 8), and radical addi-
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TABLE 8-4 � Reactivity Indices for Azulene

r HOMO LUMO
(atom no) qr −|β|πr,r c2

r c2
r F r Lr+(|β|) Lr•(|β|) Lr−(|β|)

1 1.173 0.425 0.2946 0.0040 0.480 1.924 2.262 2.600
2 1.047 0.419 0.0000 0.0997 0.420 2.362 2.362 2.362
4 0.855 0.438 0.0256 0.22080.482 2.551 2.240 1.929

5 0.986 0.429 0.1126 0.0104 0.429 2.341 2.341 2.341
6 0.870 0.424 0.00000.2610 0.454 2.730 2.359 1.988

tion in positions 1 (and 3). Consider first electrophilic reaction. Examining the table
indicates that position 1 is heavily favored byqr , HOMO distribution, andL+

r . The
only other index relevant for this process,πrr , favors position 4. For nucleophilic
reaction,qr,πrr ,L−

r all favor position 4. The LUMO index favors position 6, but not
decisively over position 4. For radical addition, LUMO favors position 6, whereasFr

andL·
r favor position 4. The latter two indices, however, favor 4 over 1 by only a

slight margin. Thus, for a nonalternant molecule like azulene, these numbers are not
completely trustworthy and must be interpreted with caution. One difference between
a molecule like anthracene and one like azulene is that all the C–C–C angles in the
former molecule are similar(∼ 120◦) whereas in azulene they differ. One might antic-
ipate that the smaller angles in the five-membered subunit, being already closer to the
tetrahedral angle characteristic of saturated carbons, would allow easier substitution or
addition than would be the case in the seven-membered subunit. This factor is ignored
in our calculations ofL·

r and might easily tip the balance to favor position 1 over posi-
tion 4 for radical attack sinceL·

1 andL·
4 are so close in value. In short, these HMO

reactivity index approaches are once again techniques that ignore many aspects of the
physical processes being followed. It seems likely that many of these will cancel out of
comparisons among similar molecules, but dissimilarities between or within molecules
(most often encountered in nonalternant systems) will cause such cancellations to be
less complete. For more discussion of these and other HMO reaction indices, the reader
is referred to more specialized discussions.23 Application of some of these indices to
carcinogenicities of polycyclic aromatic hydrocarbons has been reviewed.24

8-20 Conclusions

In this chapter, we have seen how certain basic features of molecular structure manifest
themselves in molecular properties. Theconnectedness, or σ bond network, defines
the bond positions whereπ electrons can congregate to lower the energy of the system.

23See Streitwieser [7], Salem [1], Dewar [14], and Klopman [28].
24See Lowe and Silverman [29]. For a dialogue for for nonspecialists by the same authors, see [30].



296 Chapter 8 The Simple H ückel Method and Applications

The extent of congregation is a useful measure of bond length and also is directly
contributory to the total energy of the system.

The symmetry restrictions for MOs have been emphasized. The fairly successful
correlation of HMO results with certain experimental measurements suggests that the
method effectively accounts for the controlling factors in some molecular properties.

However, we have omitted discussion of other properties that correlate only poorly
with HMO theory. Notable in this regard are spectral energies. The natural idea of
relating a spectral transition energy to a difference between orbital energies has not
been very successful in HMO theory, except when one restricts attention to a particular
band in a series of related molecules. This is at least partly due to improper handling of
electron exchange symmetry in the HMO method leading to an inability to distinguish
between different states of a given configuration.

The HMO method can be an extremely instructive way to approach a problem since
it can describe the manner in which certain important factors are operating. Also,
for some situations, its predictive power is rather good. However, the limitation to
conjugated systems, the reliance on an increasing number of parameters as extensions
are made, the inability to conform to some kinds of experimental measurement, and
the conceptual slipperiness of the quantities used in the method have all contributed to
a decline of interest in further development of HMO theory. More powerful computers
have made it possible for more complicated but better defined methods to be used.

8-20.A Problems

8-1. Show that, if Ĥ = Ĥ1 + Ĥ2 + Ĥ3, and Ĥiφj (i) = Ej φj (i), then ψprod =
φ1(1)φ2(2)φ3(3) and ψdet = |φ1(1)φ2(2)φ3(3)| are both eigenfunctions of̂H
and have the same eigenvalue. Show also thatψ = (1/

√
2)[φ1(1)φ2(2)φ3(3) +

φ1(1)φ2(2)φ4(3)] is an eigenfunction ofĤ if and only if E3 = E4.

8-2. Set up the HMO determinant for each of the following molecules:

(a) (b)

(c) (d)

(e)

8-3. Set up and solve the H¨uckel determinantal equation for 2-allylmethyl (also called
trimethylenemethane) (XXV ). Display the orbital energy levels and indicate the
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electron configuration for the neutral ground state. CalculateEn. Find the coeffi-
cients for all MOs. (Be sure that degenerate MOs are orthogonal.) Calculate the
charge densities and bond orders.

8-4. Suppose that two MOs of a molecule are given by the formulas

φ1 = (1/
√

3)χ1 + (1/
√

3)χ2 + (1/
√

3)χ3,

φ2 = (1/
√

3)χ3 + (1/
√

3)χ4 + (1/
√

3)χ5,

where theχ ’s are AOs which are assumed to be orthonormal. By inspection, what
is the overlap between these MOs?

8-5. Given the following two degenerate MOs for cyclobutadiene (assumed square
planar):

Use the Schmidt procedure to obtain a normalized MO that has the same energy
asφ2 but is orthogonal toφ1.

8-6. For cyclooctatetraene (in its idealized, but incorrect, planar, octahedral form), see
if you can answer the following without reference to tabulations:

a) What is the HMO energy of thehighestenergyπ MO?
b) Sketch this MO (from above the molecule) showing signs and magnitudes

(actual numbers) of the MO coefficients.

8-7. a) What is the H¨uckel orbital energy for the following MO? (Assume that all
centers are carbons.) [Hint: Use Eq. (8-56).]

1 2 3

4

5

c 1 c 2 c 3 c 4 c 5

01
3

1
3

1
33

2

b) Calculate the contributions to bond orders due tooneelectron in this MO.
c) Calculate the H¨uckel energy of the following MO. (Figure out the value ofa

if you need to use it.)

8-8. Without performing an HMO calculation, sketch the MOs for the pentadienyl
radical. Use the particle-in-a-box solutions and the pairing theorem as a guide.
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8-9. Which, if any, of the following systems would you expect to exhibit Jahn–Teller
distortion? Indicate your thinking. (You should be able to answer without

reference to HMO data tables.) (a) Benzyl radical, C7H7, (b) Cyclopen-
tadienyl radical, C5H5. (c) Cyclobutadienyl radical cation, C4H+

4 . (d) Benzene
cation, C6H+

6 .

8-10. The bond lengths given in Table P8-10 have been reported for ovalene (XXVI ).
Using a library source or a computer program, obtain HMO bond orders for
ovalene and calculate theoretical bond lengths using a relation from Section 8-12.
Make a comparison plot for ovalene of the type shown in Fig. 8-16. (See caption
of Fig. 8-16 for values ofk ands.)

TABLE P8-10 �

Bond Length (Å) Bond Length (Å)

1–2 1.445 1− 10 1.401
2–3 1.354 6− 7 1.419
3–4 1.432 4− 25 1.411
4–5 1.429 24− 25 1.366
5–6 1.429 5− 22 1.424
6–1 1.425 7− 20 1.435

8-11. Horrocks et al. [31] report experimental bond lengths for quinoline complexed
to nickel. They display a comparison plot that uses theoretical data from an
MO method more refined than the simple HMO method. Using the appropriate
heteronuclear parameters, perform on the computer an HMO calculation for
quinoline. Calculate theoretical C–C bond distances and compare them with the
experimental and theoretical data of Horrocks et al.

8-12. When the molecule CH2=CH–CH=O absorbs light of a certain frequency, a
lone-pair electron on oxygen (called “n” for nonbonding) is promoted to the
lowest emptyπ MO of the molecule (calledπ∗; hence, ann −→ π∗ transition).
Assuming that theπ MOs of this molecule are identical to those in butadiene,
which C–C bond would you expect to become longer and which shorter as a result
of this transition? Calculate the expected bond length changes using butadiene
data, using either set ofk, s values in the caption of Fig. 8-16. (Observed:

CH2–CH∼= 0.06 Å,
CH–CH∼= −0.04 Å.)
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8-13. ESR coupling constants are shown in Table P8-13 for six hydrocarbon anion rad-
icals. Use HMO tabulations in the literature (or a computer) to obtainπ -electron
MO coefficients for these systems. Construct a plot of coupling constantaHµ

versusc2
µi , wherei is the MO containing the unpaired electron (aHµ values are

in gauss). The numbered positions in Table P8-13 refer to hydrogen atoms.

TABLE P8-13 �

8-14. Polarographic half-wave potentials for oxidation and reduction of aromatic
hydrocarbons are given in Table P8-14.

a) Make separate plots of these data against energy (in units ofβ) of the highest
occupied and lowest empty MO respectively. (Use tabulations or a computer
program.)

b) Now plot reduction versus oxidation half-wave potential for this series.
Explain adherence to or deviation from linearity.

TABLE P8-14 �

Compound Structure

Reduction half-wave
potential in

2-methyoxyethanol
(V)

Oxidation
half-wave

potential in
acetonitrile (V)

Tetracene 1.135 0.54

1,2-Benzpyrene 1.36 0.76

Anthracene 1.46 0.84

(Continued)
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TABLE P8-14 � (Continued)

Compound Structure

Reduction half-wave
potential in

2-methyoxyethanol
(V)

Oxidation
half-wave

potential in
acetonitrile (V)

Pyrene 1.61 0.86

1,2-Benzanthracene 1.53 0.92

1,2,5,6-Dibenzanthracene 1.545 1.00

Phenanthrene 1.935 1.23

Fluoranthene 1.345 1.18

Naphthalene 1.98 1.31

Biphenyl 2.075 1.48
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8-15. Use tabulated or computer-generated HMO data forneutralazulene (XXVII ) to
answer the following questions (Tabulated data may be found in Appendix 6.):

a) What values would you expect for oxidation and reduction half-wave poten-
tials for this molecule under conditions described in Problem 8-14?

b) If an electron were removed from the highest occupied MO to produce an
ion, which bonds would you expect to lengthen, which to shorten?

8-16. Use the effective bond energies of Table 8-2 to calculate the expectedπ energy
for (XXVIII ). Compare this with the HMO energy of 18α+ 21.906β.

8-17. Obtain the HMO data for naphthalene (XXIX ) and perylene (XXX ):

a) For each molecule, compareE to the energy predicted by use of Table 8-2.
Categorize each molecule as aromatic, nonaromatic or antiaromatic.

b) Compare the RE for these two molecules. Does the central ring in perylene
appear to be contributing?

c) Draw formal bond structures for perylene. What can you conclude about the
two bonds connecting naphthalene units in perylene?

d) Use HMO bond orders to calculate a predicted length for these two bonds.
How do they compare with the observed 1.471 Å value? Is this observed
length consistent with your conclusion of part (c)?

8-18. The third, fourth, and fifth molecules in Fig. 8-24 have dipole moments. Assum-
ing that the individual rings attract or repel charge in accordance with our expec-
tations from the 4n+2 rule, predict the direction of theπ -electronic contribution
to the dipoles. (Dipoles are defined by chemists as being directed from positive
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toward negative ends of electric dipoles. Physicists use the opposite conven-
tion.) How would you expect theπ -electron densities to vary in these molecules?
Compare your expectations with tabulated densities.

8-19. How manyπ electrons are there in each of the following neutral molecules?
Assume that each one is planar.

8-20. Use the parameters in Table 8-3 to construct the HMO determinant for molecule
(XXXI ). Use the conjugative model for the methyl group.

8-21. Substitution of a nitrogen for a carbon in benzene changes the HMO energy
levels, but not drastically. Hence the stability of the sixπ -electron molecule
pyridine can still be rationalized by the 4n + 2 rule. Which member of each of
the following pairs of molecules would you expect to be stable on the basis of
such arguments

8-22. It is observed that many even alternant hydrocarbons tend to undergo nucleophilic
substitution, electrophilic substitution, and radical addition at the same site(s).
Rationalize this behavior in terms of the following indices (where appropriate):
qr , HOMO, LUMO, L·

r .
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8-23. Canπrr be a successful index for nucleophilic and electrophilic substitution if
these are observed to occur at different sites?

8-24. For the methylene cyclopropene system C4H4 (see Appendix 6 for HMO data
and atomic numbering scheme):

a) Calculate the free valences for the neutral molecule.
b) Decide, using three appropriate reactivity indices, which site is most suscep-

tible to electrophilic attack.
c) Decide which protons would lead to hyperfine splitting of the ESR spectrum

of the radical anion, according to the simple H¨uckel approach.
d) Decide whether the second-lowest MO is net bonding or net antibonding.

Why?

8-25. Published data for free radical(CCI·3) addition to hydrocarbons are shown in
Table P8-25; see Kooyman and Farenhorst [32]. Assuming planarity in each
case, use standard HMO tabulations or computer programs to obtainFr values for
each molecule. Choose the largest value for each molecule and plot this against
the log of themodifiedrate constant. In each case, modify the rate constant by
dividingk by thenumberof sites on the molecule having the maximumFr value.

TABLE P8-24 �

Molecule Structure Rate constant

Benzene <10−3 (use this limit)

Biphenyl 2.7× 10−3

Triphenylene <4× 10−2 (use this limit)

Phenanthrene 1.6× 10−2

Naphthalene 4 × 10−2

(Continued)
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TABLE P8-24 � (Continued)

Molecule Structure Rate constant

Chrysene 6.7× 10−2

Pyrene 1.3

Stilbene 1.0

1,2,5,6-Dibenzanthracene 3.7

Styrene 12.5

Anthracene 22

Benzanthracene 30

3,4-Benzopyrene 70

Naphthacene 102
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(If a molecule hasFr values differing by 0.002 or less, treat them as equal.) If
any data points deviate greatly from the general trend, try to give an explanation.

8-26. Which ring of the fourth molecule in Fig. 8-24 would you predict an electrophilic
reagent would be more likely to attack, and why?

8-27.* Which of the following neutral unsaturated planar hydrocarbons should expe-
rience greater changes in bond order when aπ electron is added to form the
anion, and why?

8-28.* Consider an ESR experiment on the odd-alternant radical shown. Identify the
site(s) that have attached hydrogen atoms that should give

a) the largest coupling constant.
b) the second-largest coupling constant.
c) no coupling constant.

8-29.* Which of the following two seven-π -electron systems should be easier to ionize,
and why?

Multiple Choice Questions

(Try to answer the following questions from sketches that you generate without refer-
ence to the text.)

1. According to simple HMO theory, which one of the following statements about
butadiene is true?

a) It has a nonbonding MO.
b) Exciting an electron from the HOMO to the LUMO will not change theπ bond

orders.

*This problem assumes prior study of Appendix 5.
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c) Exciting an electron from the HOMO to the LUMO will not change theπ charge
densities.

d) Ionizing an electron from the HOMO results in allπ charge densities becoming
equal to 0.75.

e) It is most likely to undergo electrophilic substitution at one of the two inner
carbons.

2. Which of the following is a prediction that would result from a simple HMO treat-
ment of the butadienyl cation, C4H+

6 ?

a) The ESR coupling constant is larger for hydrogens attached to the two inner
carbons.

b) The central C–C bond has a higherπ -bond order than it has in the neutral
molecule.

c) The positive charge resides mostly on the two central carbons.
d) There are only threeπ energy levels.
e) The MO coefficients on the central pair of carbons are larger in all of theπ MOs

than they are in the neutral molecule.
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Chapter 9

Matrix Formulation of the
Linear Variation Method

9-1 Introduction

In Chapter 7 we developed a method for performing linear variational calculations. The
method requires solving a determinantal equation for its roots, and then solving a set of
simultaneous homogeneous equations for coefficients. This procedure is not the most
efficient for programmed solution by computer. In this chapter we describe thematrix
formulation for the linear variation procedure. Not only is this the basis for many
quantum-chemical computer programs, but it also provides a convenient framework
for formulating the various quantum-chemical methods we shall encounter in future
chapters.

Vectors and matrices may be defined in a formal, algebraic way, but they also
may be given geometric interpretations. The formal definitions and rules suffice for
quantum-chemical purposes. However, the terminology of matrix algebra is closely
connected with the geometric ideas that influenced early development. Furthermore,
most chemists are more comfortable if they have a physical or geometric model to
carry along with mathematical discussion. Therefore, we append some discussion of
geometrical interpretation to the algebraic treatment.1

9-2 Matrices and Vectors

9-2.A Definitions

A matrix is an ordered array of elements satisfying certain algebraic rules. We write our
matrices with parentheses on the left and right of the array.2 Unless otherwise stated,
we restrict the elements to be numbers (which need not be real). In general, however,
as long as the rules of matrix algebra can be observed, there is no restriction on what
the elements may be. In expression (9-1), we have written a matrix in three ways:





1.2 3.8 −4.0
5.0 1.0 0.0
9.1 0.0 −3+ 4i

6.0 −1.0 −1.0



 ≡





c11 c12 c13

c21 c22 c23

c31 c32 c33

c41 c42 c43



 ≡ C (9-1)

1More thorough discussions of matrix algebra at a level suitable for the nonspecialist are given by Aitken [1]
and Birkhoff and MacLane [2].

2Some authors use brackets.

308
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On the left, the numerical elements are written explicitly. In the center they are sym-
bolized by a subscripted letter. On the right the entire matrix is indicated by a single
symbol. We will use sans serif, upper-case symbols to represent matrices.

Individual matrix elements will be symbolized either by a subscripted lower-case
symbol (e.g.,c12) or by a subscripted symbol for the matrix in parentheses (e.g.,(C)12).

It is useful to recognize rows and columns in a matrix. The sample matrix given above
has four rows and three columns, so it is said to havedimensions4×3. When subscripts
are used to denote position in a matrix, the convention is that the first subscript indicates
the row, the second indicates the column. (The order “row-column” is important to
remember. The mnemonic “RC,” or “Roman Catholic” is helpful.) Rows are numbered
from top to bottom, columns from left to right. There is no limit on the dimensions for
matrices, but we usually will be concerned in a practical way with finite-dimensional
matrices in this book.

If a matrix has only one column or row, it is called acolumn vectoror row vector,
respectively. We will use sans serif, lower-case symbols to denotecolumnvectors.
Additional symbols, described shortly, will be used to denote row vectors. These two
kinds of vector behave differently under the rules of matrix algebra, so it is important
to avoid confusing them.

If a matrix has only one row and one column, its behavior under the rules of matrix
algebra becomes identical to the familiar behavior of ordinaryscalars(i.e., numbers),
and so a 1× 1 matrix is simply a number.

The similarity in appearance between a matrix and a determinant may be deceptive.
A determinant is denoted by bounding with vertical straight lines, and is equal to
a numberthat can be found by reducing the determinant according to a prescribed
procedure (see Appendix 2). For this to be possible, the determinant must be square
(i.e., have the same number of rows as columns). A matrix is not equal to a number
and need not be square. (However, one can take the determinant of a square matrixA.
Thisnumberis symbolized|A| and isnot the same asA without the vertical bars.)

Two matrices areequalif all elements in corresponding positions are equal. Thus,
A = B meansaij = bij for all i andj .

9-2.B Complex Conjugate,Transpose, and Hermitian Adjoint
of a Matrix

We define thecomplex conjugateof a matrixA to be the matrixA∗, formed by replacing
every element ofA by its complex conjugate. IfA = A∗,A is a real matrix. (Every
element is real.)

We define thetransposeof a matrixA to be the matrixÃ, formed by interchanging
row 1 and column 1, row 2 and column 2, etc. The transpose of the 4× 3 matrix in
expression (9-1) is the 3× 4 matrix given in

C̃ =



1.2 5.0 9.1 6.0
3.8 1.0 0.0 −1.0

−4.0 0.0 −3+ 4i −1.0



 (9-2)

If we denote some column vector asp, we can symbolize the corresponding row vector
asp̃. Thus, the tilde symbol is one device we can use to indicate a row vector.
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Transposing a square matrix corresponds to “reflecting” it through itsprincipal
diagonal(which runs from upper left to lower right) as indicated in

A =



1 2 3
4 5 6
7 8 9



 , Ã =



1 4 7
2 5 8
3 6 9



 (9-3)

If A = Ã,A is asymmetricmatrix.
We define thehermitian adjointof A to be the matrixA†, formed by taking the

transpose of the complex conjugate ofA (or the complex conjugate of the transpose.
The order of these operations is immaterial.) Hence,A† = (Ã)∗ = (Ã∗). If A = A†,
A is ahermitianmatrix.

9-2.C Addition and Multiplication of Matrices and Vectors

Multiplication of a matrix by a scalar is equivalent to multiplying every element in the
matrix by the scalar. Addition of two matrices is accomplished by adding elements in
corresponding positions in the matrices. Thus, for example,

(
1 2
3 4

)
+ 2

(
5 6
7 8

)
=

(
1+ 10 2+ 12
3+ 14 4+ 16

)
=

(
11 14
17 20

)

and it is evident that the operation of matrix addition is possible only within sets of
matrices of identical dimensions.

Matrix multiplication is a bit more involved. We start by considering multiplication
of vectors. Two types of vector multiplication are possible. If we multiply a row vector
on the left times a column vector on the right, we take theproductof the leading element
of eachplusthe product of the second element of each, plus. . . , etc., thereby obtaining
ascalaras a result. Hence, this is calledscalarmultiplication of vectors. For example,

(
1 2 3

)



4
5
6



 = 1× 4+ 2× 5+ 3× 6= 32

This kind of multiplication requires an equal number of elements in the two vectors.
It is important to retain in mind the basic operation described here: summation of
products taken by sweepingacross a row on the leftanddown a column on the right.
Since there exists butonerow on the left andonecolumn on the right, we obtainone
number as the result.

The other possibility is to multiply a column vector on the left times a row vector on
the right. Employing the same basic operation as above, we sweep across row 1 on the
left and down column 1 on the right, obtaining a product that we will store in position
(1, 1) of a matrix to keep track of its origin. The product of row 1 times column 2 gives
us element (1, 2) and so on. In this way, we generate a whole matrix of numbers. For
example,

(
1
2

)(
3 4 5

)
=

(
1× 3 1× 4 1× 5
2× 3 2× 4 2× 5

)
=

(
3 4 5
6 8 10

)
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This is an example ofmatrix multiplication of vectors. Just as before, the number of
columns on the left (one) equals the number of rows on the right. Now, however, the
number of elements in the vectors may differ, and the dimensions of the matrix reflect
the dimensions of the original vectors.

The two types of vector multiplication may be symbolized as follows, using our
notation for scalars, row vectors, column vectors, and matrices:

ãb = c (9-4)

ab̃ = C (9-5)

Multiplying two matrices together is most simply viewed as scalar multiplying all
the rows in the left matrix by all the columns of the right matrix. Thus, inAB = C, the
elementcij is the (scalar) product of rowi in A times columnj in B. This process is
possible only when the number of columns inA equals the number of rows inB. Thus,
AB may exist as a matrixC, whileBA may not exist due to a disagreement in number of
rows and columns. IfA andB are both square matrices and have equal dimension, then
AB andBA both exist, but they still need not be equal. That is,matrix multiplication
is not commutative.

In a triple product of matrices,ABC, one can multiplyAB first (call the resultD)
and then multiplyDC to get the final result (call itF). Or, if one takesBC = E, then
one always findsAE = F. Thus, the result is invariant to the choice between(AB)C or
A(BC), and so matrix multiplication isassociative.

9-2.D Diagonal Matrices, Unit Matrices, and Inverse Matrices

A diagonal matrixis a square matrix having zeros everywhere except on the princi-
pal diagonal. Diagonal matrices of equal dimension commute with each other, but a
diagonal matrix does not, in general, commute with a nondiagonal matrix.

A unit matrix 1 is a special diagonal matrix. Every diagonal element has a value
of unity. A unit matrix times any matrix (of appropriate dimension) gives that same
matrix as product. That is,1A = A1 = A. It follows immediately that the unit matrix
commutes with anysquarematrix of the same dimension.

We define theleft inverseof a matrixA to beA−1, satisfying the matrix equation
A−1A = 1. The right inverse is defined to satisfyAA−1 = 1.

In most of our quantum-chemical applications of matrix algebra, we will be con-
cerned only with vectors andsquarematrices. For square matrices, the left and right
inverses are identical, and so we refer simply to the inverse of the matrix.

9-2.E Complex Conjugate, Inverse, and Transpose
of a Product of Matrices

If AB = C, thenC∗ = (AB)∗ = A∗B∗. In words, the complex conjugate of a product
of matrices is equal to the product of the complex conjugate matrices. This is demon-
strable from the observation that(C)ij = (A)i1(B)1j + (A)i2(B)2j + · · · and(C)∗ij =
(A)∗i1(B)∗1j + (A)∗i2(B)∗2j + · · · and so the complex conjugate is produced by taking
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the complex conjugate of every element inA andB but not changing their order of
combination.

If AB = C, thenC−1 = (AB)−1 = B−1A−1. In words, the inverse of a product
of matrices is equal to the product of inverses, butwith the order reversed. We can
easily show that this satisfies the rules of matrix algebra.C−1C = (AB)−1AB =
B−1A−1AB=B−11B=B−1B=1. If we failed to reverse the order, we would instead
haveA−1B−1AB and, because the matrices do not commute, we would be prevented
from carrying through the reduction to1.

If AB = C, then C̃ = (ÃB) = B̃Ã. The transpose of a product is the product of
transposes, again in reverse order. SinceC̃ hascij andcji interchanged, it follows that,
where we had rowi of A times columnj of B, we must now have rowj of A times
columni of B. But this is the same as columnj of Ã times rowi of B̃. To obtain row
on left and column on right for proper multiplication, we must haveB̃Ã.

9-2.F A Geometric Model

Consider a vector in two-dimensional space emanating from the origin of a Cartesian
system as indicated in Fig. 9-1a. We can summarize the information contained in this
vector (magnitude and direction) by writing down thex andy components of the vector
terminus, (3 2) in this case. It must be understood that the first number corresponds to
thex component and not they, and so the vector (3 2) carries its information through
numberpositionas well as numbervalue.

If we multiply both numbers in the vector by 2, the result, (6 4), corresponds to a
vector collinear to the original but twice as long. Therefore, multiplying a vector by a
numberresults in a change ofscalebut no change in direction. Hence, the term “scalar”
is often used in place of “number” in vector terminology.

Suppose that we rotated the Cartesian axes counterclockwise through an angleθ ,
maintaining them orthogonal to each other and not varying the distance scales. We
imagine our original vector to remain unrotated during thiscoordinate transformation.
(Equivalently, we can imagine rotating the vectorclockwiseby θ , keeping the axes
fixed.) We wish to know how to express our vector in the new coordinate system. The
situation is depicted in Fig. 9-1b. Inspection reveals that the new coordinates (x′y′) are
related to the old (x y) as follows:

x′ = x cosθ + y sinθ, y′ = −x sinθ + y cosθ (9-6)

If we make use of matrix algebra, we can express Eqs. (9-6) as a matrix equation:

(
x′
y′

)
=

(
cosθ sinθ

−sinθ cosθ

)(
x

y

)
(9-7)

Multiplying the two-dimensional vector (call itv) by the 2× 2 matrix (call itR) gen-
erates a new vectorv′, that gives the coordinates of our vector in the new coordinate
system:

v′ = Rv (9-8)
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Figure 9-1 � (a) The vector (3 2). (b) The same vector and its relationship to two Cartesian axis
systems.

We have, then, a parallel between the vectorsv′ andv and matrixR on the one hand,
and the two-dimensional “geometrical” vector and rotating coordinate system on the
other.R representsthe rotation and is often referred to as arotationmatrix.

If we were to perform the rotation in the opposite direction, the rotation matrix would
be the same except for the sinθ terms, which would reverse sign:

rotation of coordinates

clockwise byθ

}
−→

(
cosθ −sinθ

sinθ cosθ

)
(9-9)

Note that this is just̃R, the transpose ofR.
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If we were to rotate counterclockwise byθ and then clockwise byθ , we should end
up with our original coordinates for the vector. Thus, we should expect

R̃Rv = v (9-10)

or

R̃R = 1 (9-11)

(Note that theorder of operations is consistent with reading from right to left, just as
with differential operators. Thus,R̃R means that firstR is performed, theñR.) Relation
(9-11) is easily verified by explicit multiplication. Thus we see that, if we think of a
matrix as representing some coordinate transformation in geometrical space, the inverse
of the matrix represents the reverse transformation. In thisparticular example, the
transposeof the transformation matrix turns out to be the inverse transformation matrix.
When this is so, the matrix is said to beorthogonal. (Orthogonal transformations do not
change the angles between coordinate axes; orthogonal axes remain orthogonal—hence
the name “orthogonal.”) The analogous transformation for matrices having complex
or imaginary coefficients is called aunitary transformation. A unitary matrix has its
hermitian adjoint as inverse:A†A = 1.

While it is easy to visualize a coordinate transformation in two or three dimensions,
it is more difficult in higher-dimensional situations. Nevertheless, the mathematics and
terminology carry forward to any desired dimension and are very useful. One may, if
one wishes, talk of vectors and coordinate transformations in hyperspace, or one can
eschew such mental constructs and simply follow the mathematical rules without a
mental model.

One must be a bit cautious about inverses of matrices. In the rotation described
above, we have a unique way of relating eachx, y point in one coordinate system to a
point atx′, y′ in the other. The transformation does not entail any loss of information
and can therefore be “undone.”

Such transformations (and their matrices) are callednonsingular. A nonsingular
matrix is recognizable through the fact that its determinant must be nonzero. If we had a
transformation which, for example, caused all or some points in one coordinate system
to coalesce into a single point in the transformed system, we would lose our ability to
back-transform in a unique way. Such asingular transformation has no inverse, and
the determinant of a singular matrix equals zero.

9-2.G Similarity Transformations

A matrix product of the formA−1HA is called asimilarity transformationon H. If
A is orthogonal, theñAHA is a special kind of similarity transformation, called an
orthogonal transformation. If A is unitary, thenA†HA is aunitary transformationonH.
There is a physical interpretation for a similarity transformation, which will be discussed
in a later chapter. For the present, we are concerned only with the mathematical
definition of such a transformation. The important feature is that the eigenvalues, or
“latent roots,” ofH are preserved in such a transformation (see Problem 9-5).

In this section we have quickly presented the salient rules of matrix algebra and
hinted at their connection with geometric operations. The results are summarized in
Table 9-1 for ease of reference.
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TABLE 9-1 � Some Matrix Rules and Definitions for a Square MatrixA of Dimensionn

A = B Matrix equality; meansaij = bij , i, j = 1, n

A + B = C Matrix addition;cij = aij + bij , i, j = 1, n

cA = B Multiplication ofA by scalar;bij = c ·aij , i, j =1, n

AB = C Matrix multiplication;cij =∑n
k=1 aikbkj , i, j =1, n

|A| The determinant of the matrixA (see Appendix 2)
A−1 The inverse ofA; A−1A = AA−1 = 1

If A−1 exists,A is nonsingularand|A| �= 0.
A∗ The complex conjugate ofA; aij → a∗

ij , i, j = 1, n

If A∗ = A,A is real.
Ã The transpose ofA; (Ã)ij = aji (rows and columns

inter changed)
If Ã = A, symmetric; ifÃ = −A, antisymmetric;
if Ã = A−1, orthogonal.

A† The hermitian adjoint ofA; (A†)ij = a∗
ji(A

† = Ã∗)

If A† = A, hermitian. IfA† = A−1, unitary.
(ABC)∗ = A∗B∗C∗ Complex conjugate of product

(ÃBC) = C̃B̃Ã Transpose of product
(ABC)† = C†B†A† Hermitian adjoint of product
(ABC)−1 = C−1B−1A−1 Inverse of product
|ABC| = |A| · |B| · |C| Determinant of product (any order)
T−1AT A similarity transformation

If T−1 = T†, this is aunitary transformation.
If T−1 = T̃, this is anorthogonaltransformation.

9-3 Matrix Formulation of the Linear Variation Method

We have seen that the independent-electron approximation leads to a series of MOs
for a molecular system. If the MOs are expressed as a linear combination ofn basis
functions (which are often approximations to AOs, although this is not necessary), the
variation method leads to a set of simultaneous equations:

(H11− ES11)c1 + (H12− ES12)c2 + · · · + (H1n − ES1n)cn = 0
... (9-12)

(Hn1 − ESn1)c1 + · · · + (Hnn − ESnn)cn = 0

All terms have been defined in Chapter 7. Given a value forE that satisfies the associated
determinantalequations, we can solve this set of simultaneous equations for ratios
between the ci ’s. Requiring MO normality establishes convenient numerical values for
the ci ’s.



316 Chapter 9 Matrix Formulation of the Linear Variation Method

A matrix equation equivalent to Eq. (9-12) is3




H11− ES11 H12− ES12 · · · H1n − ES1n

...

Hn1 − ESn1 · · · Hnn − ESnn









c1

c2
...

cn




=





0
0
...

0




(9-13)

The matrix in Eq. (9-13) is clearly the difference between two matrices. This enables
us to rewrite the equation in the form




H11 H12 · · · H1n

...
...

Hn1 · · · Hnn









c1

c2
...

cn




= E




S11 S12 · · · S1n

...
...

Sn1 · · · Snn









c1

c2
...

cn




(9-14)

or

Hci = EiSci , i = 1,2, . . . , n (9-15)

where we have introduced the subscripti to account for the fact that there are many
possible values forE and that each one has its own characteristic set of coefficients. Note
that the “eigenvector” ci is acolumnvector and that each element inci is (effectively)
multiplied by the scalarEi according to Eq. (9-15).

In general, there are as many MOs as there are basis functions, and so Eq. (9-15)
representsn separate matrix equations. We can continue to use matrix notation to
reduce these to a single matrix equation. We do this by stacking then c vectors together,
side by side, to produce ann × n matrix C. The numbersE must also be combined
into an appropriate matrix form. We must be careful to do this in such a way that the
scalarE1 still multiplies onlyc1 (now column 1 ofC) E2 multiplies onlyc2, and so
forth. This is accomplished in the following equation




H11 · · · H1n

...
...

Hn1 · · · Hnn








c11 · · · c1n

...
...

cn1 · · · cnn





=



S11 · · · S1n

...
...

Sn1 · · · Snn








c11 · · · c1n

...
...

cn1 · · · cnn









E1 0 0 · · · 0
0 E2 0 · · · 0
...

...
...

...

0 0 0 · · · En




(9-16)

or

HC = SCE (9-17)

The matrixE is a diagonal matrix of orbital energies (often referred to as thematrix
of eigenvalues). C is the matrix of coefficients (ormatrix of eigenvectors), and each

3Quantum-chemical convention is to use upper case letters for individual elements of the matricesH, S, andE.
This differs from the usual convention.
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columnin C refers to a different MO. The first column refers to the MO having energy
E1. In multiplying E by C from the left, each coefficient in column1 becomes multi-
plied byE1. This would not occur if we multipliedE by C1 from the right. Therefore,
HC = SCE is correct, whereasHC = ESC is incorrect.

9-4 Solving the Matrix Equation

Since we know the basis functions and the effective hamiltonian (in principle, at least),
we are in a position to evaluate the elements inH andS. How do we then findC andE?

Let us first treat the simplified situation where our basis set of functions is orthonor-
mal, either by assumption or design. Then all the off-diagonal elements ofS (which
correspond to overlap betweendifferentbasis functions) are zero, and all the diago-
nal elements are unity because of normality. In short,S = 1. Therefore, Eq. (9-17)
becomes

HC = CE (9-18)

and our problem is, givenH, find C andE.
Now, we want a set of coefficients that correspond to normalized MOs. We have

seen earlier that, for an orthonormal basis set, this requires each MO to have coefficients
satisfying the equation (assuming real coefficients)

c2
1i + c2

2i + · · · + c2
ni = 1 (9-19)

We can write this as a vector equation

c̃ici ≡
(
ci1 ci2 · · · cin

)





c1i

c2i

...

cni




= 1 (9-20)

Furthermore, we know that any two different MOs must be orthogonal to each other.
That isc̃icj = 0, i �= j . All this may be summarized in the matrix equation

C̃C = 1 (9-21)

Hence, the coefficient matrix isorthogonal. In the more general case in which coeffi-
cients may be complex,C is unitary; i.e.,C†C = 1. Our problem then is, givenH, find
a unitary matrixC such thatHC = CE with E diagonal.

We can multiply both sides of a matrix equation by the same matrix and preserve the
equality. However, because matrices do not necessarily commute, we must be careful
to carry out the multiplication from the left on both sides, or from the right on both
sides. Thus, multiplying Eq. (9-18) from the left by C†, we obtain

C†HC = C†CE = 1E = E (9-22)

where we have used the fact thatC is unitary. Now our problem may be stated as,
given H, find a unitary matrixC such thatC†HC is diagonal.4 Several techniques

4Not every matrix (not even every square matrix) can be diagonalized by a unitary transformation, but every
hermitianmatrix can be so diagonalized.
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exist for finding such a matrixC. These are generally much more suitable for machine
computation than are determinantal manipulations.

We can illustrate that the allyl radical energies and coefficients already found by the
HMO method do in fact satisfy the relationsC†C = 1 andC†HC = E. The matrixC
can be constructed from the HMO coefficients and is

C =





1
2

1√
2

1
2

1√
2

0 − 1√
2

1
2 − 1√

2
1
2



 (9-23)

Therefore

C†C =





1
2

1√
2

1
2

1√
2

0 − 1√
2

1
2 − 1√

2
1
2









1
2

1√
2

1
2

1√
2

0 − 1√
2

1
2 − 1√

2
1
2





=



1 0 0
0 1 0
0 0 1



 = 1 (9-24)

The matrixH for the allyl radical is, in HMO theory,

H =



α β 0
β α β

0 β α



 (9-25)

The reader should verify that

C†HC =



α + √

2β 0 0
0 α 0
0 0 α − √

2β



 = E (9-26)

The diagonal elements can be seen to correspond to the HMO energies. Note that the
energy in the (1 1) position of E corresponds to the MO with coefficients appearing in
column1 of C, illustrating the positional correlation of eigenvalues and eigenvectors
referred to earlier.

If the basis functions are not orthogonal,S �= 1 and the procedure is slightly more
complicated. Basically, one first transforms to anorthogonalbasis to obtain an equation
of the formH′C′ = C′E. One diagonalizesH′ as indicated above to findE andC′,
whereC′ is the matrix of coefficients in theorthogonalizedbasis. Then one back
transformsC′ into the original basis set to obtainC. There are many choices available
for the orthogonalizing transformation. The Schmidt transformation, based on the
Schmidt orthogonalization procedure described in Chapter 6, is popular because it is
very rapidly performed by a computer. Here we will simply indicate the matrix algebra
involved. Let the matrix that transforms a nonorthonormal basis to an orthonormal one
be symbolizedA. This matrix satisfies the relation

A†SA = 1 (9-27)
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Furthermore,|A| �= 0 and soA−1 exists. We can insert the unit matrix (in the form
AA−1) wherever we please in the matrix equationHC = SCE without affecting the
equality. Thus,

HAA−1C = SAA−1CE (9-28)

Multiplying from the left byA† gives

A†HAA−1C = A†SAA−1CE (9-29)

By Eq. (9-27), this reduces to

(A†HA)(A−1C) = (A−1C)E (9-30)

where the parentheses serve only to make the following discussion clearer. If wedefine
A†HA to beH′, andA−1C to beC′, Eq. (9-30) becomes

H′C′ = C′E (9-31)

Since we know the matrixH and can computeA from knowledge ofS, it is possible
to write down anexplicit H′ matrix for a given problem. Then, knowingH′ (which
is just thehamiltonian matrixfor the problem in the orthonormal basis), we can seek
the unitary matrixC′ such thatC′†H′C′ is diagonal. These diagonal elements are our
orbital energies. (Note thatE in Eq. (9-31) is the same asE in HC = SCE.) To find
the coefficients for the MOs in terms of theoriginal basis (i.e., to findC), we use the
relation

AC′ = A(A−1C) = 1C = C (9-32)

One nice feature of this procedure is that, even though we use the inverse matrixA−1 in
our formal development, we never need to actually compute it. (A andA† are used to
find H′, andA is used to findC.) This is fortunate because calculating inverse matrices
is a relatively slow process.

A few more words should be said about the process of diagonalizing a hermitian
matrix H with a unitary transformation. Two methods are currently in wide use. The
older, slower method, known as theJacobimethod, requires a series of steps on the
starting matrix. In the first step, a matrixO1 is constructed that causes the largest
off-diagonal pair of elements ofH to vanish in the transformationH1 = Õ1HO1. Now
a second transformation matrixO2 is constructed to force the largest off-diagonal pair
of elements inH1 to vanish in the transformatioñO2H1O2 = Õ2Õ1HO1O2. This
procedure is continued. However, since each transformation affects more elements in
the matrix than just the biggest pair, we eventually “unzero” the pair that was zeroed in
forming H1 or H2, etc. This means that many more transformations are required than
there are off-diagonal pairs. Eventually, however, the off-diagonal elements will have
been nibbled away (while the diagonal elements have been building up) until they are
all smaller in magnitude than some preselected value, and so we stop the process. The
transformation matrixC corresponds to the accumulated productO1O2O3 . . . .
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A more recently discovered, faster procedure is the Givens– Householder–Wilkinson
method. Here,H is first tridiagonalized, which means that all elements are made to
vanish except those on the main diagonalas well as on the codiagonals above and below
the main diagonal. This similarity transformation can be done in a few steps, each
step zeroing all the necessary elements in an entire row and column. The eigenvalues
for the tridiagonal matrix (and hence for the original matrix) may be found one at a
time as desired. If only the third lowest eigenvalue is of interest, that one alone can be
computed. This is a useful degree of freedom which results in substantial savings of
time. Once an eigenvalue is found, its corresponding eigenvector may be computed.

9-5 Summary

The steps to be performed in a matrix solution for a linear variation calculation are:

1. From the basis set, calculate the overlap matrixS.

2. From the basis set and hamiltonian operator, calculate the hamiltonian matrixH.

3. If S �= 1, find an orthogonalization procedure. In the Schmidt method,A is such
thatA†SA = 1. The matrix equation may now be written in the formH′C′ = C′E.

4. Find C′ such thatC′†H′C′ is a diagonal matrix. The diagonal elements are the
rootsE.

5. If necessary, back transform:AC′ = C. The columns ofC contain the MO coeffi-
cients appropriate for the original basis set.

9-5.A Problems

9-1. Evaluate the following according to the rules of matrix algebra:

a)
(
6 7 8

)



9
10
11





b)

(
6
7

)(
a b c

)

c)

(
4 6
i −3

)
+ 7

(
3 1

−1 3

)

d)

(
cosθ −sinθ

sinθ cosθ

)(
cosθ sinθ

−sinθ cosθ

)

e)




i 4
1 7
0 −3





(
3 2
4 7

)
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f)

(
3 2
4 7

)


i 4
1 7
0 −3





g)

∣∣∣∣∣
cosθ −sinθ

sinθ cosθ

∣∣∣∣∣

9-2. If Hij = ∫
χ∗

i Ĥχj dτ andĤ is hermitian, show thatH is a hermitian matrix.

9-3. Let

A =
(

a11 a12

a21 a22

)
, B =

(
b11 b12

b21 b22

)

Show that, in general,AB �= BA.

9-4. Let

A =



1 0 0
0 2 0
0 0 3



 , B =



4 0 0
0 5 0
0 0 6



 , andC =



1 0 1
0 1 0
1 0 1





Show thatAB = BA, butAC �= CA. Compare the matrixAC with CA. Do these
matrices show any simple relationship? Can you relate this to properties ofA and
C mathematically?

9-5. The “latent roots” λi of A are solutions to the equation|A − λi1| = 0,
i = 1,2, . . . , n, wheren is the dimension ofA.

a) Show that, under a similarity transformationB = T−1AT, the latent roots are
preserved.

b) Demonstrate that diagonalization ofA viaa similarity transformation produces
the latent roots as the diagonal elements.

9-6. Show that, if a matrix has any latent roots equal to zero, it has no inverse.

9-7. Thetrace(orspur) of a matrix is the sum of the elements on the principal diagonal.
Thus, trA = �n

i=1aii .

a) Show that the trace of a triple product of matrices is invariant under cyclic
permutation. That is, tr(ABC) = tr(CAB) = tr(BCA) but not tr(CBA).

b) Show that the trace of a matrix is invariant under a similarity transformation.

9-8. Thenormof a matrix is the positive square root of the sum of the absolute squares
of all the elements.

For a real matrixA,

norm A =



n∑

i,j=1

a2
ij




1/2

=



∑

i

∑

j

(
Ã

)

i,j
(A)j,i




1/2
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Prove that the norm of a real matrix is preserved in an orthogonal transformation
(or, you may prefer to prove that the norm of any matrix is preserved in a unitary
transformation).

9-9. Use the facts that the trace, the determinant, and the norm of a matrix are invari-
ant under an orthogonal transformation to find the eigenvalues of the following
matrices:

a)




0 1 1
1 0 1
1 1 0





b)





1
2

1√
2

1
2

1√
2

0 − 1√
2

1
2 − 1√

2
1
2





c)




0 1 0
1 2 1
0 1 0





9-10. Consider the matrix
(

cosθ 0
−sinθ 0

)

What is the effect of this transformation on

(
3
2

)
? On

(
3
3

)
? Can the transfor-

mation be uniquely reversed? (That is, for, say,θ = 0, and given a transformed

vector

(
3
0

)
, can one uniquely determine the vector this was transformed from?)

Does the matrix have an inverse? Evaluate its determinant.

9-11. What are the eigenvectors for the matrix

H =



1 0 0
0 −3 0
0 0 −2





9-12. Show that, ifA andB have “simultaneous eigenvectors” (i.e., both diagonalized
by the same similarity transformation), thenA andB commute.

9-13. If HC=CE, andC†C=1, thenC†HC=E, and we seek a unitary transformation
that diagonalizesH. If HC = SCE, andC†SC = 1, thenC†HC = C†SCE =
1E, andC†HC = E. Since this is the same working equation as the one we
found above, why do we not proceed in the same way? Why do we bother
orthogonalizing our basis first?

9-14. We have mentioned that a matrix may be used to represent the rotation of coor-
dinates by some angleθ . Such a rotation is a geometricoperation, so we have,
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in effect, represented anoperatorwith a matrix. It is possible to represent other
operators in a similar way. Indeed, an alternative approach to quantum mechan-
ics exists in which the whole formalism is based on matrices and their properties
(matrix mechanics, as opposed to wave mechanics). A particularly interesting
example is provided by the matrices constructed by Pauli to represent spin oper-
ators and functions. It was mentioned in Chapter 5 that spin functionsα andβ

satisfy rules similar to those for orbital angular momentum. Two of these are

Ŝzα = 1

2
α, Ŝzβ = −1

2
β

But it was pointed out thatα andβ could not be expressed in terms of spherical
harmonics. Pauli represented this operator and functions by

α =
(

1
0

)
, β =

(
0
1

)
, Ŝz = 1

2

(
1 0
0 −1

)

Using these definitions, show that
∫

α†β dω =
∫

β†α dω = 0,

∫
α†α dω =

∫
β†β dω = 1,

Ŝzα = 1

2
α, Ŝzβ = −1

2
β

[Note: sinceα andβ are essentially the Dirac delta functions in the spin coordi-
nateω, the process of integration reduces here to scalar multiplication of vectors.]
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Chapter 10

The Extended H ückel Method

10-1 The Extended H ückel Method

The extended H¨uckel (EH) method is much like the simple H¨uckel method in many
of its assumptions and limitations. However, it is of more general applicability since
it takes account of all valence electrons,σ and π , and it is of more recent vintage
because it can only be carried out on a practical basis with the aid of a computer. The
basic methods of extended H¨uckel calculations have been proposed at several times by
various people. We will describe the method of Hoffmann [1], which, because of its
systematic development and application, is the EHMO method in common use.

The method is described most easily by reference to an example. We will use
methane (CH4) for this purpose.

10-1.A Selecting Nuclear Coordinates

The first choice we must make is the molecular geometry to be used. For methane, we
will take the H–C–H angles to be tetrahedral and C–H bond distances of 1.1 Å. We can
try altering these dimensions later.

Cartesian coordinates for the five atoms are listed in Table 10-1, and the orientation
of the nuclei in Cartesian space is indicated in Fig. 10-1. (Even though the eigenvalues
and MOs one finally obtains are independent of how CH4 is oriented in Cartesian
space,1 it is generally a good idea to choose an orientation that causes some Cartesian
and symmetry axes to coincide. The resulting expressions for MOs in terms of AOs
are generally much simpler to sketch and interpret.)

10-1.B The Basis Set

Next we must select the basis set of functions with which to express the MOs. The
extended H¨uckel method uses the normalized valence AOs for this purpose. For CH4,
this means a 1s AO on each hydrogen and a 2s, 2px,2py , and 2pz AO on carbon. The
inner-shell 1s AO on carbon is not included. The AOs are represented by Slater-type
orbitals (STOs). Except for the 1s AOs on hydrogen, the exponential parameters of the
STOs are determined from Slater’s rules (Chapter 5). Various values for the hydrogen
1s AO exponent have been suggested. These have ranged from the 1.0 given by Slater’s

1It sometimes happens that an approximation is made that causes the solution to depend on orientation. This is
called “loss of rotational invariance.”

324
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TABLE 10-1 � Cartesian Coordinates (in Angstroms) for Atoms of
Methane Oriented as Shown in Fig. 10-1

Atom x y z

C 0.0 0.0 0.0
Ha 0.0 0.0 1.1
Hb 1.03709 0.0 −0.366667
Hc −0.518545 0.898146 −0.366667
Hd −0.518545 −0.898146 −0.366667

Figure 10-1 � Orientation of methane in a Cartesian axis system.

rules to a value of
√

2. We will use a value of 1.2, which is near the optimal value for
H2 (see Chapter 7). The STOs for methane are listed in Table 10-2.

10-1.C The Overlap Matrix

Knowing the AO functions and their relative positions enables us to calculate all of
their overlaps. This would be a tedious process with pencil and paper. However, the
formulas have been programmed for automatic computation, so this step is included in
any EH computer program.2 The computed overlap matrix for the methane molecule
is shown in Table 10-3.

This matrix is symmetric (since the overlap between two AOs is independent of their
numbering order) and has diagonal elements of unity since the AOs are normalized.
The zero values in the first four rows and columns reflect the orthogonality between the
s and all p AOs on carbon. Other zero values result when hydrogen 1s AOs are centered
in nodal planes of carbon p AOs. The geometry of the system is clearly reflected in the
overlap matrix. For instance, the overlap of the 2pz AO of carbon with the hydrogen
1s AO at Ha is large and positive, while its overlaps with AOs on Hb,Hc, and Hd are
negative, equal, and of smaller magnitude. The 2s AO of carbon, on the other hand,
overlaps all 1s AOs equally. Also, the overlap between every pair of hydrogen 1s AOs

2Several such programs are available from Quantum Chemistry Program Exchange, Chemistry Dept., Room 204,
Indiana University, Bloomington, Indiana 47401. http://www.QCPE.Indiana.edu
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TABLE 10-2 � Basis AOs for Methane

AO no. Atom Type na la ma exp

1 C 2s 2 0 0 1.625
2 C 2pz 2 1 0 1.625
3 C 2px 2 1 (1)b 1.625
4 C 2py 2 1 (1)b 1.625
5 Ha 1s 1 0 0 1.200
6 Hb 1s 1 0 0 1.200
7 Hc 1s 1 0 0 1.200
8 Hd 1s 1 0 0 1.200

an, l,m are the quantum numbers described in Chapter 4.
b2px and 2py are formed from linear combinations ofm=+1 andm=−1 STOs, and
neither of these AOs can be associated with a particular value ofm.

TABLE 10-3 � Overlap Matrix for STOs of Table 10-2

1 2 3 4 5 6 7 8

1 1.0000 0.0 0.0 0.0 0.5133 0.5133 0.5133 0.5133
2 0.0 1.0000 0.0 0.0 0.4855 −0.1618 −0.1618 −0.1618
3 0.0 0.0 1.0000 0.0 0.0 0.4577 −0.2289 −0.2289
4 0.0 0.0 0.0 1.0000 0.0 0.0 0.3964 −0.3964
5 0.5133 0.4855 0.0 0.0 1.0000 0.1805 0.1805 0.1805
6 0.5133 −0.1618 0.4577 0.0 0.1805 1.0000 0.1805 0.1805
7 0.5133 −0.1618 −0.2289 0.3964 0.1805 0.1805 1.0000 0.1805
8 0.5133 −0.1618 −0.2289 −0.3964 0.1805 0.1805 0.1805 1.000

is the same. Features such as these provide a useful check on the correctness of our
initial Cartesian coordinates.

10-1.D The Hamiltonian Matrix

We have the overlap matrixS. Next we must find the hamiltonian matrixH. Then we
will be in a position to solve the equationHC=SCE for C andE. (See Chapter 9.)
The matrixH is calculated from a very approximate but simple recipe. The basic ideas
are similar in spirit to those described in connection with the interpretations ofα and
β in the simple H¨uckel method. The energy integralHii in the EH method is taken to
be equal to the energy of an electron in theith AO of the isolated atom in the appro-
priate state. The various ionization energies of atoms are known,3 so this presents no
great difficulty. However, one special problem must be dealt with, namely, finding the

3See Moore [2].
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appropriate state. In the isolated carbon atom, the lowest-energy states are associated
with the configuration 1s22s22p2. In a saturated molecule such as methane, however,
carbon shares electrons with four hydrogens, and calculations indicate that the 2s and
all three 2p AOs are about equally involved in forming occupied MOs. That is, in the
molecule, carbon behaves as though it were in the 2s2p3 configuration. This configu-
ration (shortened to sp3) is referred to as thevalence stateof carbon in this molecule.
Since this is an “open-shell” configuration (i.e., not all the electrons are spin-paired
in filled orbitals), there are several actual physical states (corresponding to different
spin and orbital angular momenta of an isolated carbon atom) that are associated with
this configuration. Thus, there are several real physical states, with different ionization
energies, associated with our mentally constructed sp3 valence state for the atom in a
molecule. The question is, what real ionization energies should we use to evaluate our
valence state ionization energy (VSIE)? The approach that is used is simply toaverage
the real IEs for loss of a 2p or a 2s electron, the average being taken over all states
associated with the sp3 configuration. Various authors recommend slightly different
sets of VSIEs.4 We use here the values tabulated by Pople and Segal [7]. Because of
the rather crude nature of the EH method, the slight variations in VSIE resulting from
different choices are of little consequence.5 For methane, we have

(C2s): H11 = −19.44 eV= −0.7144 a.u. (10-1)

(C2p): H22 = H33= H44= −10.67 eV= −0.3921 a.u. (10-2)

(H1s): H55 = H66= H77= H88= −13.60 eV= −0.50000 a.u. (10-3)

The off-diagonal elements ofH are evaluated according to6

Hij = KSij

(
Hii + Hjj

2

)
(10-4)

whereK is an adjustable parameter. The rationalization for such an expression is that
the energy of interaction should be greater when the overlap between AOs is greater,
and that an overlap interaction energy between low-energy AOs should be lower than
that produced by an equal amount of overlap between higher-energy AOs. We will
discuss the energyversusoverlap relation in more detail in a later section. The value
of K suggested by Hoffmann [1] is 1.75. The reasons for choosing this value will be
discussed shortly. For now, we accept this value and arrive at the hamiltonian matrix
given in Table 10-4.

By examiningH we can guess in advance some of the qualitative features of the MOs
that will be produced. For instance, the value ofH25 (−0.3790 a.u.) indicates a strong
energy-lowering interaction between the 2pz AO and the 1s AO on Ha. This interaction
refers to AOs with positive and negative lobesas they are assigned in the basis set.
Therefore, we expect a low-energy (bonding) MO to occur where these AOs are mixed
with coefficients of the same sign so as not to affect thisAO sign relation. A high-energy
MO should also exist where the mixing occurs through coefficients of opposite sign,
producing an antibonding interaction. The values ofH26,H27, andH28 are positive,

4See Skinner and Pritchard [3], Hinze and Jaff´e [4], Basch et al. [5], Anno [6], and Pople and Segal [7].
5The proper valence state for carbon in methane differs from that in ethylene, which in turn differs from that

in acetylene. Generally, this is ignored in EHMO calculations and a compromise set of VSIEs is selected for use
over the whole range of molecules.

6This formula is often called the Wolfsberg–Helmholtz relation.
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TABLE 10-4 � The Extended H¨uckel Hamiltonian Matrix for CH4a

1 2 3 4 5 6 7 8

1 −0.7144 0.0 0.0 0.0 −0.5454 −0.5454 −0.5454 −0.5454
2 0.0 −0.3921 0.0 0.0 −0.3790 0.1263 0.1263 0.1263
3 0.0 0.0 −0.3921 0.0 0.0 −0.3573 0.1787 0.1787
4 0.0 0.0 0.0 −0.3921 0.0 0.0 −0.3094 0.3094
5 −0.5454 −0.3790 0.0 0.0 −0.5000 −0.1579 −0.1579 −0.1579
6 −0.5454 0.1263 −0.3573 0.0 −0.1579 −0.5000 −0.1579 −0.1579
7 −0.5454 0.1263 0.1787 −0.3094 −0.1579 −0.1579 −0.5000 −0.1579
8 −0.5454 0.1263 0.1787 0.3094 −0.1579 −0.1579 −0.1579 −0.5000

aAll energies in a.u.

due to negative overlap in corresponding positions ofS. In this case, energy lowering
will be associated with mixing 2pz with 1s AOs on hydrogensb, c, andd, but now
the mixing coefficients will have signs that reverse the AO sign relations from those
pertaining in the original basis. The AOs that are orthogonal have zero interaction, and
so mixing between such AOs will not affect MO energies. (When such AOs are mixed
in the same MO, it is often the result of arbitrary mixing between degenerate MOs. In
such cases, one can find an orthogonal pair of MOs such that two noninteracting AOs
do not appear in the same MO. Methane will be seen to provide an example of this.)

10-1.E The Eigenvalues and Eigenvectors

HavingH andS, we now can use the appropriate matrix-handling programs to solve
HC=SCE for the matrix eigenvalues on the diagonal ofE and the coefficients for the
MOs, which are given by the columns ofC. The eigenvalues for methane, together
with their occupation numbers, are given in Table 10-5. The corresponding coefficients
are given in Table 10-6.

TABLE 10-5 � Energies for Methane by the
Extended H¨uckel Method

MO no. Energy (a.u.) Occ. no.

8 1.1904 0
7 0.2068 0
6 0.2068 0
5 0.2068 0
4 −0.5487 2
3 −0.5487 2
2 −0.5487 2
1 −0.8519 2
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TABLE 10-6 � Coefficients Defining MOs for Methane

MO number
1 2 3 4 5 6 7 8

1(2s) 0.5842 0.0 0.0 0.0 0.0 0.0 0.0 1.6795
2(2pz) 0.0 0.5313 −0.0021 −0.0007 −0.0112 −0.0137 1.1573 0.0
3(2px) 0.0 0.0021 0.5313 −0.0021 1.1573 −0.0178 0.0110 0.0
4(2py) 0.0 0.0007 0.0021 0.5313 0.0176 1.1572 0.0139 0.0
5(1sa) 0.1858 0.5547 −0.0022 −0.0007 0.0105 0.0128 −1.0846 −0.6916
6(1sb) 0.1858 −0.1828 0.5237 −0.0019 −1.0260 0.0114 0.3518 −0.6916
7(1sc) 0.1858 −0.1853 −0.2589 0.4542 0.4943 −0.8977 0.3558 −0.6916
8(1sd ) 0.1858 −0.1865 −0.2626 −0.4516 0.5213 0.8734 0.3770 −0.6916

Only two of the eight MOs are nondegenerate. These two MOs must be symmet-
ric or antisymmetric for every symmetry operation of the molecule. This is easily
checked by sketching the MOs, referring to the coefficients in the appropriate columns
of Table 10-6. The lowest nondegenerate energy occurs in position 1 of our eigenvalue
list (Table 10-5), and so the coefficients for this MO are to be found in column 1 of
Table 10-6. This column indicates that the MOφ1 is equal to 0.5842 2s+0.1858 1sa +
0.1858 1sb + 0.1858 1sc + 0.1858 1sd , where the symbols 2s, 1sa, etc., stand for AOs
on carbon, Ha, etc. A sketch of this MO appears in Fig. 10-2. It is obviously symmetric
for all rotations and reflections of a tetrahedron. Notice that this MO is bonding in all
four C–H bond regions since the 2s STO on carbon is in phase agreement with all the
hydrogen 1s AOs. The higher-energy, nondegenerate MOφ8 is qualitatively similar to
φ1 except that the signs are reversed on the 1s AOs (see Table 10-6). Hence, this MO
has the same symmetry properties asφ1, but is antibonding in the C–H regions.

Figure 10-2 � A drawing of the lowest-energy nondegenerate EHMO for methane. The AOs are
drawn as though they do not overlap. This is done only to make the drawing simpler. Actually, the
AOs overlap strongly.
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Since these two MOs resemble the 2s STO in being symmetric for all the symmetry
operations of a tetrahedron, we will refer to them as s-type MOs.

The remaining six MOs are grouped into two energy levels, each level being triply
degenerate. (It is possible to predict from symmetry considerations alone that the energy
levels resulting from this calculation will be nondegenerate and triply degenerate. This
is discussed in a later chapter.) Because they are degenerate, the MOs cannot be
expected to showall the symmetry of the molecule, but it should be possible for them to
showsomesymmetry. Considerφ2, as given by column 2 of Table 10-6. This is mainly
constructed from the 2pz AO on carbon and 1s AOs on the four hydrogens. Small
contributions from 2px and 2py are also present, however. It would be nice to remove
these small contributions and “clean up” the MO. We can do this, as mentioned earlier,
by mixing φ2 with appropriate amounts ofφ3 andφ4 since these are all degenerate.
The equations that our cleaned-up MO,φ′

2, must satisfy are

φ′
2 = d2φ2 + d3φ3 + d4φ4 (10-5)

where (in order to cause all 2px and 2py contributions to vanish)

0.0021d2 + 0.5313d3 +−0.0021d4=0.0

0.0007d2 + 0.0021d3 + 0.5313d4=0.0 (10-6)

d2
2 + d2

3 + d2
4=1

As a result,

φ′
2 = 0.9999φ2 − 0.0040φ3 − 0.0013φ4 (10-7)

A similar procedure to produce an orbital with no pz or py contribution (φ′
3), and one

with no pz or px contribution (φ′
4) gives

φ′
3 = 0.9999φ3 + 0.0040φ2 − 0.0040φ4 (10-8)

φ′
4 = 0.9999φ4 + 0.0013φ2 + 0.0039φ3 (10-9)

The coefficients for these MOs appear in Table 10-7.

TABLE 10-7 � Coefficients for MOsφ′
2, φ′

3, φ′
4

φ′
2 φ′

3 φ′
4

2s 0.0 0.0 0.0
2pz 0.5313 0.0 0.0
2px 0.0 0.5313 0.0
2py 0.0 0.0 0.5313
1sa 0.5547 0.0 0.0
1sb −0.1849 0.5228 0.0
1sc −0.1849 −0.2614 0.4529
1sd −0.1849 −0.2614 −0.4529
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Figure 10-3 � The three lowest-energy degenerate MOs of methane.

There is no fundamental change produced by intermixing degenerate MOs in this
way. The total electronic density and the orbital energies are uninfluenced. The only
advantage is that the cleaned-up MOs are easier to sketch and visualize. The MOsφ′

2,
φ′

3, andφ′
4 are sketched in Fig. 10-3.

Each of the MOs in Fig. 10-3 is symmetric or antisymmetric for some of the opera-
tions that apply to a tetrahedron.φ′

2 is symmetric for rotations about thez axis by 2π/3,
and also for reflection through thexz plane. This same reflection plane is a symmetry
plane forφ′

3andφ′
4, but neither of these MOs shows symmetry or antisymmetry for

rotation about thez axis. Each MO contains one p AO and, perforce, has the symmetry
of that AO. We shall refer to these as p-type MOs. Note that hydrogen 1s AOs lying in
the nodal plane of a p AO do not mix with that p AO in formation of MOs. This results
from zero interaction elements inH, which, in turn, results from zero overlap elements
in S. Note also that the MOφ′

2 is the MO that we anticipated earlier on the basis of
inspection of the matrixH. Because of phase agreements between the hydrogen 1s
AOs and the adjacent lobes of the p AOs,φ′

1, φ′
2, andφ′

3 are C–H bonding MOs.
A similar “cleaning up” procedure can be performed onφ5, φ6, andφ7. These turn

out to be the C–H antibonding mates to the MOs in Fig. 10-3.
The broad results of this calculation are that there are four occupied C–H bonding

MOs, one of s type and three of p type. At higher energies are four unoccupied C–H
antibonding MOs, again one of s type and three of p type.

Note that the s- and the three p-type MOs fall into the same energy pattern as the s and
p AOs of isolated carbon. Because of their highly symmetric tetrahedral geometry, the
hydrogen atoms do not lift the degeneracy of the p AOs. There are many molecules and
complexes in which a cluster of atoms or molecules surrounds a central atom in such
a highly symmetric way that the degeneracies among certain AOs on the central atom
are retained.

10-1.F The Total Energy

The total EH energy is taken as the sum of the one-electron energies. For methane, this
is 2× (−0.8519)+6× (−0.5487), or−4.9963 a.u. There is some ambiguity as to how
this energy is to be interpreted. For instance, does it include any of the internuclear
repulsion energy? Also, what problems will arise from our neglect of inner-shell
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electrons? By comparing EH total energy changes with experimental energy changes,
it has been decided7 that thechangein EH total energy upon change of geometry is
approximately the same as the actual change in total electronic plus nuclear repulsion
energy for the system. Thus, our value of−4.9963 a.u. is not a realistic value for
the total (nonrelativistic) energy of methane (the actual value is−40.52 a.u.), but it
is meaningful when compared to EH energies for methane at other geometries. For
example, if we uniformly lengthen or shorten all the C–H bonds in methane and repeat
our EH calculation several times, we can generate an energy curve versusRC–H for
the symmetrical stretch vibrational mode of methane. The resultant plot is given in
Fig. 10-4. The EH total energy is minimized at aboutRC–H = 1 Å, reasonably close to
the experimentally observed 1.1- Å distance for the minimumtotal energy of methane.

The appearance of the curve in Fig. 10-4 does encourage us to equate EH total energy
changes to changes in actual electronic-plus-nuclear-repulsion energies. As we shall
see later, this procedure fails for some molecules (notably H2) and for methane may be
regarded as fortuitous.

Figure 10-4 � Total extended H¨uckel energy for CH4 as a function of C–H bond length.

7See Hoffmann [1].
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Figure 10-5 � Staggered ethane MO energies versusK. C–H distances are 1.1 Å; C–C distance
is 1.54 Å; all angles are tetrahedral.

10-1.G Fixing the Parameter K

We mentioned earlier that Hoffmann suggested a value of 1.75 forK. We will now
indicate the considerations behind this suggestion.

Hoffmann used the ethane molecule C2H6 to evaluateK. A plot of the orbital
energies of staggered ethane as a function ofK is shown in Fig. 10-5. The energies are
linearly dependent onK at values ofK greater than about 1.5. At lower values, the
lines curve and some crossing occurs. Hence, in order that the MO energy order not be
highly sensitive toK, its value should exceed 1.5. A plot of the amount of electronic
charge in a bond or at an atom in ethane, as calculated by the EHMO method, versusK

is shown in Fig. 10-6. We will describe the details of such calculations shortly, but for
now, we merely note that the disposition of charge in ethane becomes rather insensitive
to K at values ofK greater than about 1.5. In Fig. 10-7 a plot of the EH total energy
difference between staggered and eclipsed ethanes versusK is given. This energy
difference has an experimentally determined value of 2.875± 0.025 kcal/mole, the
staggered form being more stable. To give reasonable agreement with this experimental
value,K should be about 1.75. Thus, the valueK = 1.75 is selected because the MO
energy order and charge distribution are not sensitive toK in this region and because
this value ofK gives the correct total energy change for a known physical process. We
have also seen earlier that this same value ofK leads to a reasonable prediction for the
equilibrium bond length in CH4. Notice that the evaluation ofK comes by matching the
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Figure 10-6 � Mulliken gross population on H [N (H)] and Mulliken overlap populations in C–C and
C–H bonds [n(C–C) andn(C–H)] of ethane as calculated by the EH method with various values ofK.

Figure 10-7 � Extended H¨uckel energy difference between staggered and eclipsed ethanes as a
function ofK.
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EH total energychangeto the total (nuclear repulsion plus electronic) observed energy
changefor internal rotation in ethane. This is consistent with our earlier interpretation
of EH total energy.

10-2 Mulliken Populations

We found that the electron densities and bond orders calculated in the simple H¨uckel
method were extremely useful for relating theory to observable molecular properties
such as electron spin-resonance splittings or bond lengths. Hence, it is desirable that
we find analogous quantities to describe the distribution of electrons in an all-valence-
electron method like the EH method. A number of suggestions have been made. The
one we use is due to Mulliken [8]. It is the most widely used, and, as we shall see, it
has an especially direct and useful connection with the EH method.

Consider a real, normalized MO,φi , made up from two normalized AOs,χj andχk:

φi = cjiχj + ckiχk (10-10)

We square this MO to obtain information about electronic distribution:

φ2
i = c2

jiχ
2
j + c2

kiχ
2
k + 2cjickiχj χk (10-11)

If we integrate Eq. (10-11) over the electronic coordinates, we obtain (sinceφi , χj , and
χk are normalized)

1= c2
ji + c2

ki + 2cjickiSjk (10-12)

whereSjk is the overlap integral betweenχj andχk. Mulliken suggested that one
electron inφi should be considered to contributec2

ji to the electronnet AO population

of χj , c2
ki to the population ofχk, and 2cjickiSjk to theoverlap populationbetween

χj andχk. If there are two electrons inφi , then these populations should be doubled.
Let qi

j symbolize the net AO population ofχj due to one electron in MOφi , and

pi
jk symbolize the overlap population betweenχj andχk due to this same electron. The

above example leads to the following general definitions:

qi
j = c2

ji (10-13)

pi
jk = 2cjickiSjk (10-14)

We can now sum the contributions due to all the electrons present in the model system,
obtaining aMulliken net AO populationqj for each AOχj , and aMulliken overlap
populationpjk, for each distinct AO pairχj andχk:

qj =
MOs∑

i

nic
2
ji ≡

MOs∑

i

niq
i
j (10-15)

Pjk = 2
MOs∑

i

nicjickiSjk ≡
MOs∑

i

nip
i
jk (10-16)

Notice that the sum of all the net AOandoverlap populations must be equal to the total
number of electrons in the model system. (In the EH method, this is the total number
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of valenceelectrons.) This contrasts with the situation in the simple H¨uckel method
where the sum of electron densitiesalone, exclusive of bond orders, equals the total
number ofπ electrons.

The Mulliken populations are useful indices of the location of electronic charge in the
molecule and its bonding or antibonding nature. The contributions to such populations
from oneelectron in MOφ′

4 of methane are given below (data taken from Tables 10-3
and 10-7):

q4′
2py

= (0.5313)2= 0.2823 (10-17)

q4′
1sc = q4′

1sd = (0.4529)2= 0.2051 (10-18)

p4′
2py−1sc = p4′

2py−1sd = 2(0.5313)(0.4529)(0.3964) = 0.1908 (10-19)

p4′
1sc−1sd = 2(0.4529)(−0.4529)(0.1805) = −0.0740 (10-20)

All the other populations forφ4′ are zero. These numbers show that an electron in this
MO contributes about 28%, of an electron to the carbon 2py netAO population, 20–21%
to each of two hydrogen AOs, 19% to each of two C–H bonds, and a negative 7% to
the region between Hc and Hd . The last corresponds to an antibonding interaction, as
is obvious from an examination of the sketch ofφ4′ in Fig. 10-3. (A negative overlap
population is interpreted to mean that the amount of charge in the overlap region is less
than what would exist if one squared the two AOs and then combined them.)

By summing over the contributions due to all eight valence electrons, we obtain the
Mulliken populations shown in Table 10-8. These data are part of the normal output of
an EH computer program. The matrix is symmetric, and only the unique elements are
tabulated. Such a matrix is named aMulliken overlap population matrix.

The data in Table 10-8 indicate that the hydrogens have positive overlap populations
with the 2s and 2pAOs of carbon but have small negative overlap populations with each
other. This corresponds to saying that the hydrogens interact with the carbon AOs in a
bonding way and in a weakly antibonding way with each other. The symmetry equiva-
lence of the four hydrogen atoms results in their having identical net AO populations.

Often we are interested in knowing how the hydrogen atoms interact with the carbon
in toto, rather than with the 2s and 2p AOs separately. This can be obtained simply

TABLE 10-8 � Mulliken Net AO and Overlap Populations for Methane as Computed by the
Extended H¨uckel Method

2s 2pz 2px 2py 1sa 1sb 1sc 1sd

2s 0.6827 0.0 0.0 0.0 0.2229 0.2229 0.2229 0.2229
2pz 0.5645 0.0 0.0 0.5723 0.0636 0.0636 0.0636
2px 0.5645 0.0 0.0 0.5087 0.1272 0.1272
2py 0.5645 0.0 0.0 0.3815 0.3815
1sa 0.6844 −0.0491 −0.0491 −0.0491
1sb 0.6844 −0.0491 −0.0491
1sc 0.6844 −0.0491
1sd 0.6844
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TABLE 10-9 � Reduced Net AO and Overlap Population Matrix for Methane

C Ha Hb Hc Hd

C 2.3762 0.7952 0.7952 0.7952 0.7952
Ha 0.6844 −0.0491 −0.0491 −0.0491
Hb 0.6844 −0.0491 −0.0491
Hc 0.6844 −0.0491
Hd 0.6844

by summing all the carbon atom AO contributions together to give a reduced overlap
population matrix, shown in Table 10-9. The reduced population matrix makes evident
the equivalence of the four C–H bonds, all of which have a total overlap population of
0.7952 electrons.

The Mulliken population scheme described above assigns some electronic charge to
AOs, the rest to overlap regions. An alternative scheme, which assigns all the charge
to AOs, was also proposed by Mulliken. One simply divides each overlap population
in half, assigning half of the charge to each of the two participating AOs. When all
the overlap populations have been reassigned in this way, the electronic charge is all
in the AOs, and the sum of these AO charges still equals the total number of electrons.
Mulliken called theAO populations resulting from this proceduregross AO populations.
We will use the symbolN(X) for the gross population inX, whereX can be an AO or
an atom (i.e., the sum of all gross AO populations on one atom). Clearly

N(X) = qx + 1

2

∑

j �=x

pxj (10-21)

The grossAO populations, gross atomic populations, and the resultant atomic charges
(obtained by combining electronic and nuclear charges) for methane are listed in
Table 10-10. These data suggest that the carbon has lost a very small amount of charge
to hydrogen upon formation of the molecule. It would be very risky, however, to place
much faith in such an interpretation. It turns out that populations are rather sensitive to
choice of VSIEs. For example, Hoffmann’s original choice of VSIEs differs from that

TABLE 10-10 � Gross AO Populations, Gross Atomic
Populations, and Net Atomic Charges for Methane

Gross AO Gross atom Net atomic
population population charge

C2s 1.128
}

3.966 +0.0334
C2p

a 0.946
Ha 1.008 1.008 −0.0083

aAll 2p AOs and all H AOs have identical values because they are
equivalent through symmetry.
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used here, and he obtained gross populations for hydrogen atoms of around 0.9, giving
net positive charges of 0.1. Thus, absolute values are not very useful, butchanges
in gross population as we go from one hydrogen to another in the same hydrocarbon
molecule or in closely related molecules do appear to be rather insensitive to VSIE
choice and are often in accord with results of more accurate calculations.

10-3 Extended H ückel Energies and Mulliken
Populations

In Chapter 8 it was shown that a simple quantitative relation exists between the energy
of a simple Hückel MO and the contributions of the MO to bond orders [Eq. (8-56)].
The more bonding such an MO is, the lower is its energy. A similar relationship will
now be shown to hold for extended H¨uckel energies and Mulliken populations.

The orbital energy for the real MOφi is (ignoring the spin variable)

Ei =
∫

φiĤφi dv∫
φ2

i dv
(10-22)

=
∑AOs

j,k cjickiHjk
∑AOs

j,k cjickiSjk

(10-23)

Assume thatφi is normalized: The denominator is unity. The numerator of
Eq. (10-23) contains diagonal and off-diagonal terms. If we separate these, and
substitute the relation (10-4) for the off-diagonal terms, we obtain

Ei =
AOs∑

j,k

c2
jiHjj + 2

AOs∑

j<k

cjickiKSjk

Hjj + Hkk

2
(10-24)

Comparison with Eqs. (10-13) and (10-14) shows that the first sum contains contribu-
tions to net AO populations and the second sum contains overlap population contribu-
tions. That is,

Ei =
AOs∑

j

qi
j Hjj +

AOs∑

j<k

pi
jkK

Hjj + Hkk

2
(10-25)

This equation indicates that the energy of an extended H¨uckel MO is equal to its net con-
tributions to AO populations times AO energy weighting factors plus its contributions
to overlap populations times overlap energy weighting factors.

By summing over all MOs times occupation numbers, we arrive at a relation between
total EH energy and net AO and overlap populations:

E =
AOs∑

j

qj Hjj +
AOs∑

j<k

pjkK
Hjj + Hkk

2
(10-26)

Equations (10-25) and (10-26) are useful because they permit us to understand
computed energies in terms of electron distributions. This is helpful when we seek to
understand energy changes which occur as molecules are stretched, bent, or twisted.
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There is an important difference between the extended H¨uckel formulas (10-25) and
(10-26) and their simple H¨uckel counterparts. In a simple H¨uckel MO, the charge
density contributionsqi always add up to unity, contributingα to the MO energy
(omitting heteroatom cases). The deviation of the MO energy fromα is thus due only to
the bond-order contributionspi . As a result, for hydrocarbons, the simple H¨uckel MO
that is the more bonding of a pair isalwayslower in energy. This is not so, however, in
extended H¨uckel MOs. Since the sum of AO and overlap populations must equal the
number of electrons present, we can increase the total amount of overlap population
only at the expense of net AO populations. Therefore, energy lowering due to the
second sum of Eq. (10-25) is purchased at the expense of that due to the first sum. This
complicates the situation and requires that we take a more detailed look before issuing
any blanket statements.

The following simple example provides a convenient reference point for discussion.
Consider two identical 1sAOs,χa andχb, on identical nuclei separated by a distanceR.
TheseAOs combine to form MOs ofσg andσu symmetry. Theσg MO has an associated
positive overlap population and equal positive net AO populations forχa andχb. If R

now is decreased slightly, the overlap population increases slightly (say by 2δ), so the
net AO populations must each decrease byδ. The energy change for the MO, then, is

�Eσg = −δ (Haa + Hbb) + 2δK
Haa + Hbb

2
(10-27)

Since the molecule is homonuclear,Haa = Hbb, and

�Eσg = 2δHaa (K − 1) (10-28)

If K > 1,�Eσg is negative (sinceHaa is negative). This analysis shows that the choice
of 1.75 as the value forK has the effect of making the increase in overlap population
dominate the energy change. IfK were less than unity, the net AO population changes
would dominate.

The above example suggests that the EHMO method lowers the energy by maxi-
mizing weighted overlap populations at the expense of net AO populations. It also
suggests that the EH energy should be lowered whenever a molecule is distorted in a
way that enables overlap population to increase. These are useful rules of thumb, but
some caution must be exercised since the existence of several different kinds of atom
in a molecule leads to a more complicated relation than that in the above example.

Our methane example illustrates the above ideas. We have already seen that the total
EH energy for methane goes through a minimum aroundRC–H = 1 Å. Let us see how
the individual MO energies change as a function ofRC–H and try to rationalize their
behaviors in terms of the overlap population changes. A plot of the MO energies is given
in Fig. 10-8. The lowest-energy MO is s type and C–H bonding. The overlap between H
1sAOs and the C 2s STO increases asRC–H decreases. As a result, the energy of this MO
decreases asRC–H decreases, favoring formation of the united atom. The second-lowest
energy level is triply degenerate and belongs to p-type C–H bonding MOs. A glance at
Fig. 10-3 indicates that overlap between AOs will first increase in magnitude asRC–H
decreases. But ultimately, at smallRC–H this behavior must be reversed because the 1s
and 2p AOs are orthogonal when they are isocentric. Therefore, asRC–H decreases, the
overlap population first increases, then decreases toward zero. Consequently, the EH
energy of this level first decreases, then increases. Since there are six electrons in this
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Figure 10-8 � Extended H¨uckel MO energies for methane as a function ofRC–H.

level and only two in the lowest-energy MO, this one dominates the total energy and is
responsible for the eventual rise in total energy at smallR that creates the minimum in
Fig. 10-4. The two remaining (unoccupied) levels belong to antibonding MOs, and the
overlap population becomes more negative asRC–H decreases. The p-type level rises
less rapidly and eventually passes through a maximum (not shown), again because the
overlap population must ultimately approach zero asRC–H approaches zero.

It is important to remember that all these remarks apply to the EH method only. The
relationships between the EH method and other methods or with experimental energies
is yet to be discussed.

10-4 Extended H ückel Energies and Experimental
Energies

We have seen that a change in EH energy reflects certain changes in calculated Mulliken
populations. We now consider the circumstances that should exist in order that such
EH energy changes agree roughly with actual total energy changes for various systems.
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In essence, there are two requirements. First, the population changes calculated
by the EH method ought to be in qualitative agreement with the charge shifts that
actually occur in the real system. This condition is not always met. Some systems,
especially those having unpaired electrons, are not accurately representable by a single-
configuration wavefunction (that is, by a single product or a single Slater determinant).
An example of this was seen for some 1s2s states of helium (see Chapter 5). Since the
EHMO method is based on a single configuration, it is much less reliable for treating
such systems. Special methods exist for handling such systems, but they normally are
not applied at the H¨uckel level of approximation.

The second requirement is that, as the charge shifts in the real system, the total
energy should change in the way postulated by the EH method. For instance, if the
charge increases in bond regions, this should tend to lower the total energy. In actuality,
this does not always happen. We can see this by returning to our example of two
identical 1sAOs separated byR. The associatedσg MO increases its overlap population
monotonically asR decreases. Therefore, the EH postulate predicts that the total energy
should decrease monotonically. It is clear, however, that this does not happen in any
real system. If our system is H2, we know that the experimental energy decreases
with decreasingR until R = Re, and increases thereafter (Fig. 7-18). If our system is
He2+

2 , the experimental total energyincreasesasR decreases, due to the dominance
of internuclear repulsion.8 Consideration of many examples such as these indicates
that the postulate is usually qualitatively correct when we are dealing with interactions
between neutral, fairly nonpolar systems that are separated by a distance greater than
a bond length typical for the atoms involved. These, then, are circumstances under
which the EHMO method might be expected to be qualitatively correct.

In brief, we find two kinds of condition limiting the applicability of the EH method.
The first is that the system must be reasonably well represented by a single configuration.
Hence, closed-shell systems are safest. The second condition is that we apply the
method to uncharged nonpolar systems where the nuclei that are undergoing relative
motion are not too close to each other.

These conditions are often satisfied by molecules undergoing internal rotation about
single bonds. Thus, it is indeed appropriate that the internal rotation barrier in ethane
was used to help calibrate the method. A comparison of other EH calculated barriers
with experimental values (Table 10-11) gives us some idea of the capabilities and
limitations of the method. For all the molecules listed, the most stable conformation
predicted by the EH method agrees with experiment. This suggests that one can place
a fair amount of reliance on the conformational predictions of the method, at least
for threefold symmetric rotors. Also, certain gross quantitative trends, such as the
significant reduction as we proceed down the series ethane, methylamine, methanol, are
displayed in the EH results, but it is evident that the quantitative predictions of barrier
height are not very good. This is not too surprising since the method was calibrated on
hydrocarbons. Introduction of halogens, nitrogen, or oxygen produces greater polarity
and might be expected to require a different parametrization.

For reasons outlined earlier, we expect even less accuracy in EH calculations of
molecular deformations involving bond-angle or bond-length changes. This expecta-
tion is generally reinforced by calculation. Molecular shape predictions become poorer

8Actually, He2+
2 has a minimum at shortR in its energy curve due to an avoidance of curve crossing (discussed

in Chapter 14), but this minimum is unstable with respect to the separated ions. See Pauling [9].
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TABLE 10-11 � Energy Barriers for Internal Rotation about Single Bondsa

Barrier (kcal/mole)b

Molecule Calculated Experiment

CH3–CH3 3.04 2.88
CH3–NH2 1.66 1.98
CH3–OH 0.45 1.07
CH3–CH2F 2.76 3.33
CH3–CHF2 2.39 3.18
CH3–CF3 2.17 3.25
CH3–CH2Cl 4.58 3.68
CH3–CHCH2 1.20 1.99
cis–CH3–CHCHCl 0.11 0.62
CH3–CHO 0.32 1.16
CH3–NCH2 0.44 1.97

aCalculated barriers are for rigid rotation, where no bond length or angle changes occur
except for the torsional angle change about the internal axis.

bThe stable form for the first seven molecules has the methyl C–H bonds staggered with
respect to bonds across the rotor axis. For the last four molecules, the stable form has
a C–H methyl bond eclipsing the double bond.

for more polar molecules (water is calculated to be most stable when it is linear), and
bond-length predictions are quite poor too.

Results such as these have tended to restrict use of the EH method to qualitative
predictions of conformation in molecules too large to be conveniently treated by more
accurate methods. However, just as the simple H¨uckel method underwent various
refinements (such as theω technique) to patch up certain inadequacies, so has the EH
method been refined. Such refinements9 have been shown to give marked improvement
in numerical predictions of various properties. The EH method has been overtaken in
popularity by a host of more sophisticated computational methods. (See Chapter 11.)
However, it is still sometimes used as a first step in such methods as a way to produce a
starting set of approximate MOs. The EHMO method also continues to be important as
the computational equivalent of qualitative MO theory (Chapter 14), which continues
to play an important role in theoretical treatments of inorganic and organic chemistries
(as, for example, in Walsh’s Rules and in Woodward-Hoffmann Rules).

10-4.A Problems

The following output is produced by an EH calculation on the formaldehyde molecule,
and is referred to in Problems 10-1 to 10-10.

9See Kalman [10], Boyd [11], and the references cited in these papers. Also, see Anderson and Hoffmann [12]
and Anderson [13].
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Formaldehyde (Ground State) Orbital Numbering

Orbital Atom n l m x y z exp Hii

1 H-1 1 0 0 −0.550000 0.952600 0.0 1.200–13.60
2 H-2 1 0 0 −0.550000 −0.952600 0.0 1.200–13.60
3 C-3 2 0 0 0.0 0.0 0.0 1.625–19.44
4 C-3 2 1 0 0.0 0.0 0.0 1.625–10.67
5 C-3 2 1 1 0.0 0.0 0.0 1.625–10.67
6 C-3 2 1 1 0.0 0.0 0.0 1.625–10.67
7 O-4 2 0 0 1.220000 0.0 0.0 2.275–32.38
8 O-4 2 1 0 1.220000 0.0 0.0 2.275–15.85
9 O-4 2 1 1 1.220000 0.0 0.0 2.275–15.85

10 O-4 2 1 1 1.220000 0.0 0.0 2.275–15.85

Hij = KSij (Hii + Hjj )/2, with K = 1.75.

Distance Matrix (a.u.)

1 2 3 4

1 0.0 3.6004 2.0787 3.7985
2 3.6004 0.0 2.0787 3.7985
3 2.0787 2.0787 0.0 2.3055
4 3.7985 3.7985 2.3055 0.0

Total effective nuclear repulsion= 17.69537317 a.u.

Formaldehyde Eigenvalues

Eigenvalues (a.u.) Occ. no. Eigenvalues (a.u.) Occ. no.

E(1) = 1.039011 0 E(6) = −0.587488 2
E(2) = 0.472053 0 E(7) = −0.597185 2
E(3) = 0.314551 0 E(8) = −0.611577 2
E(4) = −0.342162 0 E(9) = −0.755816 2
E(5) = −0.517925 2 E(10) = −1.242836 2

Sum= −8.625654 a.u.
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Reduced Overlap Population Matrix Atom by Atom

1 2 3 4

1 0.6876 −0.0702 0.7945 −0.0615
2 −0.0702 0.6876 0.7945 −0.0615
3 0.7945 0.7945 1.4866 0.8148
4 −0.0615 −0.0615 0.8148 6.9277

Orbital Charges

1 1.018973 6 0.879574
2 1.018973 7 1.767672
3 1.026764 8 1.782529
4 0.217471 9 1.749778
5 0.564637 10 1.973630

Net Charges

1 −0.018973 3 1.311555
2 −0.018973 4 −1.273609

Total charge = 0.000000.

10-1. Use the output to determine the orientation of the molecule with respect to Carte-
sian coordinates. Sketch the molecule in relation to these axes and number the
atomsin accord with their numbering in the output.

10-2. Use the orbital numbering data together with the overlap matrix to figure out
which of the labels 1s, 2s, 2px , 2py , 2pz goes with each of the ten AOs (i.e., it is
obvious that AO 1 is a 1s AO, but it is not so obvious what AO 5 is).

10-3. Use your conclusions from above, together with coefficients in the eigenvector
matrix, to sketch the MOs having energies of−0.756,−0.611, and−0.597 a.u.
Which of these areπ MOs? Which areσ MOs?

10-4. Label each of the ten MOs “π ” or “ σ ” by inspecting the coefficient matrix.

10-5. What is the Mulliken overlap population between C and O 2pπ AOs in this
molecule? Should removal of an electron from MO 7 cause the C=O bond to
shorten or to lengthen?

10-6. Demonstrate that MO 7 satisfies Eq. (10-24). (Note thatHii values in the first
table are in units of electron volts, while orbital energies are in atomic units.)

10-7. Use the reduced overlap population matrix to verify that the sum of AO and
overlap populations is equal to the number of valence electrons.

10-8. Using MO 7 as your example, verify that the charge matrix table is a tabulation
of the contributions of each MO togrossatom populations.

10-9. In the list of “orbital charges,” are the “orbitals” MOs or AOs? Demonstrate how
these numbers are derived from those in the charge matrix.
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10-10. What is the physical meaning of the “net charges” in the data? Would you char-
acterize these results as indicative of low polarity? Which end of the molecule
should correspond to the negative end of the dipole moment?

10-11. How many MOs will be produced by an EHMO calculation on butadiene?
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Chapter 11

The SCF-LCAO-MO Method
and Extensions

11-1 Ab Initio Calculations

A rigorous variational calculation on a system involves the following steps:

1. Write down the hamiltonian operator̂H for the system.

2. Select some mathematical functional formψ as the trial wavefunction. This form
should have variable parameters.

3. Minimize

Ē =
∫

ψ∗Ĥψdτ∫
ψ∗ψdτ

(11-1)

with respect to variations in the parameters.

The simple and extended H¨uckel methods are not rigorous variational calculations.
Although they both make use of the secular determinant technique from linear variation
theory, no hamiltonian operators are ever written out explicitly and the integrations in
Hij are not performed. These aresemiempiricalmethods because they combine the
theoretical form with parameters fitted from experimental data.

The termab initio (“from the beginning”) is used to describe calculations in which
no use is made of experimental data. In anab initio variational method, all three steps
listed above are explicitly performed. In this chapter we describe a certain kind of
ab initiocalculationcalled theself-consistent field (SCF)method. This isoneof themost
commonly encountered types ofab initio calculation for atoms or molecules. We also
describe a few popular methods for proceeding beyond the SCF level of approximation.

The SCF method and extensions to it are mathematically and physically consider-
ably more complicated than the one-electron methods already discussed. Thus, one
normally does not perform such calculations with pencil and paper, but rather with
complicated computer programs. Therefore, in this chapter we are not concerned with
how one does such calculations because, in most cases, they are done by acquiring a
program written by a group of specialists. Rather we are concerned with a description
of the mathematical and physical underpinnings of the method. Because the method
is simultaneously complicated and rigorously defined, a special jargon has developed.
Terms like “Hartree–Fock,” or “correlation energy” have specific meanings and are
pervasive in the literature. Hence, a good deal of emphasis in this chapter is put on
defining some of these important terms.

348
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11-2 The Molecular Hamiltonian

In practice, one usually does not use the complete hamiltonian for an isolated molecular
system. The complete hamiltonian includes nuclear and electronic kinetic energy oper-
ators, electrostatic interactions between all charged particles, and interactions between
all magnetic moments due to spin and orbital motions of nuclei and electrons. Also
an accounting for the fact that a moving particle experiences a change in mass due to
relativistic effects is included in the complete hamiltonian. The resulting hamiltonian
is much too complicated to work with. Usually, relativistic mass effects are ignored,
the Born–Oppenheimer approximation is made (to remove nuclear kinetic energy oper-
ators), and all magnetic interactions are ignored (except in special cases where we are
interested in spin coupling). The resulting hamiltonian for the electronic energy is, in
atomic units,

Ĥ = −1

2

n∑

i=1

∇2
i −

N∑

µ=1

n∑

i=1

Zµ/rµi +
n−1∑

i=1

n∑

j=i+1

1/rij (11-2)

wherei andj are indices for then electrons andµ is an index for theN nuclei. The
nuclear repulsion energyVnn is

Vnn =
N−1∑

µ=1

N∑

ν=µ+1

ZµZν/rµν (11-3)

In choosing this hamiltonian, we are in effect electing to seek an energy of an
idealized nonexistent system—a nonrelativistic system with clamped nuclei and no
magnetic moments. If we wish to make a very accurate comparison of our computed
results with experimentally measured energies, it is necessary to modify either the
experimental or the theoretical numbers to compensate for the omissions inĤ .

11-3 The Form of the Wavefunction

The wavefunction for an SCF calculation is one or more antisymmetrized products of
one-electron spin-orbitals. We have already seen (Chapter 5) that a convenient way to
produce an antisymmetrized product is to use a Slater determinant. Therefore, we take
the trial functionψ to be made up of Slater determinants containing spin-orbitalsφ.
If we are dealing with an atom, then theφ’s are atomic spin-orbitals. For a molecule,
they are molecular spin-orbitals.

In our discussion of many-electron atoms (Chapter 5), we noted that certain atoms
in their ground states are fairly well described by assigning two electrons, one of each
spin, to each AO, starting with the lowest-energy AO and working up until all the
electrons are assigned. If the last electron completes the filling of all the AOs having a
given principal quantum number,n, we have aclosed shellatomic system. Examples
are He(1s2) and Ne(1s22s22p6). Atoms wherein the last electron completes the filling
of all AOs having a givenl quantum number are said to have aclosed subshell. An
example is Be(1s22s2). Both types of system tend to be well approximated by a single
determinantal wavefunction if the highest filled level is not too close in energy to the
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lowest empty level. (Beryllium is the least successfully treated of these three at this level
of approximation because the 2s level is fairly close in energy to the 2p level.) A similar
situation holds for molecules; that is, the wavefunctions of many molecules in their
ground states are well represented by single determinantal wavefunctions with electrons
of paired spins occupying identical MOs. Such molecules are said to beclosed-shell
systems. We can represent a trial wavefunction for a 2n-electron closed-shell system as

ψclosed shell=
∣∣φ1 (1) φ̄1 (2)φ2 (3) φ̄2 (4) · · ·φn (2n − 1) φ̄n (2n)

∣∣ (11-4)

where we have used the shorthand form for a Slater determinant described in Chapter 5.
For the present, we restrict our discussion to closed-shell single-determinantal wave-
functions.

11-4 The Nature of the Basis Set

Some functional form must be chosen for the MOsφ. The usual choice is to approximate
φ as a linear combination of “atomic orbitals” (LCAO), these AOs being located on the
nuclei. The detailed nature of these AOs, as well as the number to be placed on each
nucleus, is still open to choice. We consider these choices later. For now, we simply
recognize that we are working within the familiar LCAO-MO level of approximation.
If we represent the basis AOs byχ , we have, for theith MO,

φi =
∑

j

cjiχj (11-5)

where the constants cji are as yet undetermined.

11-5 The LCAO-MO-SCF Equation

Having a hamiltonian and a trial wavefunction, we are now in a position to use the linear
variation method. The detailed derivation of the resulting equations is complicated
and notationally clumsy, and it has been relegated to Appendix 7. Here we discuss the
results of the derivation.

For our restricted case of a closed-shell single-determinantal wavefunction, the vari-
ation method leads to

F̂ φi = εiφi (11-6)

These equations are sometimes called the Hartree–Fock equations, andF̂ is often
called theFock operator. The detailed formula for̂F is (from Appendix 7)

F̂ (1) = −1

2
∇2

1 −
∑

µ

Zµ/rµ1 +
n∑

j=1

(2Ĵj − K̂j ) (11-7)

The symbolsĴj andK̂j stand for operators related to the 1/rij operators inĤ . Ĵj is
called acoulomb operatorbecause it leads to energy terms corresponding to charge
cloud repulsions. It is possible to writêJj explicitly:

Ĵj =
∫

φ∗
j (2)

(
1/r12)φj (2)dτ(2

)
(11-8)
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K̂j leads ultimately to the production of exchange integrals, and so it is called an
exchange operator. It is written explicitly in conjunction with a function on which it
is operating, viz.

K̂j φi(1) =
∫

φ∗
j (2) (1/r12)φi(2)dτ(2)φj (1) (11-9)

Notice that an index exchange has been performed. It is not difficult to see that the
expression (see Appendix 9 for bra-ket notation)

〈φi |F̂ |φi〉 = εi (11-10)

will lead to integrals such as

〈φi |Ĵj |φi〉 = 〈φi (1)φj (2) |1/r12|φi (1)φj (2)〉 = Jij (11-11)

〈φi |K̂j |φi〉 = 〈φi (1)φj (2) |1/r12|φi (2)φj (1)〉 = Kij (11-12)

which are formally the same as the coulomb and exchange terms encountered in
Chapter 5 in connection with the helium atom. Notice that, if the spins associated with
spin-orbitalsφi andφj differ, Kij must vanish. This arises because integrations over
space and spin coordinates of electron 1 (or 2) in Eq. (11-12) lead to integration over
two different (and orthogonal) spin functions. On the other hand,Jij is not affected by
such spin agreement or disagreement.

It would appear from Eq. (11-6) that the MOsφ are eigenfunctions of the Fock
operator and that the Fock operator is, in effect, the hamiltonian operator. There is an
important qualitative difference betweenF̂ andĤ , however.The Fock operator is itself
a function of theMOs φ. Since the summation indexj in Eq. (11-7) includesi, the
operatorsĴi andK̂i must be known in order to write down̂F , butĴi andK̂i involveφi ,
andφi is an eigenfunction of̂F . Hence, we need̂F to findφi , and we needφi to know
F̂ . To circumvent this problem, an iterative approach is used. One makes an initial
guess at the MOsφ. (One could use a semiempirical method to produce this starting
set.) Then these MOs are used to construct an operatorF̂ , which is used to solve for
the new MOsφ′. These are then used to construct a new Fock operator, which is in
turn used to find new MOs, which are used for a newF̂ , etc., until at last no significant
change is detected in two successive steps of this procedure. At this point, theφ’s
produced byF̂ are the same as theφ’s that produce the coulomb-and-exchange fields
in F̂ . The solutions are said to be self-consistent, and the method is referred to as the
self-consistent-field (SCF) method.

11-6 Interpretation of the LCAO-MO-SCF Eigenvalues

The physical meaning of an eigenvalueεi is best understood by expanding the integral

εi = 〈φi |F̂ |φi〉 (11-13)

with F̂ given by Eq. (11-7). We obtain

εi = 〈φi

∣∣∣∣−
1

2
∇2

1

∣∣∣∣φi〉 −
∑

µ

〈φi

∣∣Zu/rµ1
∣∣φi〉 +

n∑

j=1

(
2Jij − Kij

)
(11-14)
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It is common practice to combine the first two terms of Eq. (11-14), which depend
only on the nature ofφi , into a single expectation value of the one-electron part of the
hamiltonian, symbolizedHii . Thus,

εi = Hii +
n∑

j=1

(2Jij − Kij ) (11-15)

The quantityHii is the average kinetic plus nuclear-electronic attraction energy for the
electron inφi .

The sum of coulomb and exchange integrals in Eq. (11-15) contains all the electronic
interaction energy. Observe that the indexj runs over all the occupied MOs. For a
particular value ofj , sayj = k �= i, this gives 2Jij − Kij as an interaction energy. This
means that an electron inφi , experiences an interaction energy with thetwo electrons
in φk of

2〈φi(1)φk(2)|1/r12|φi(1)φk(2)〉 − 〈φi(1)φk(2) |1/r12|φk(1)φi(2)〉 (11-16)

The first part is the classical repulsion between the electron having an orbital charge
cloud given by|φi |2 and the two electrons having charge cloud|φk|2. The second part is
the exchange term which, as we saw in Chapter 5, arises from the antisymmetric nature
of the wavefunction. It enters (11-16) only once because the electron inφi , agrees in
spin with only one of the two electrons inφk, [Equation (11-15) applies because we
have restricted our discussion to closed-shell systems.]

The summation over 2Jij − Kij includes the casej = i. Here we get 2Jii − Kii .
However, examination of Eqs. (11-11) and (11-12) shows thatJii = Kii , and so we are
left with Jii . This corresponds to the repulsion between the electron inφi (the energy
of which we are calculating) and the other electron inφi . Because these electrons must
occur with opposite spin, there is no exchange energy for this interaction.

In brief, then, the quantityεi , often referred to as anorbital energyor aone-electron
energy, is to be interpreted as the energy of an electron inφi , resulting from its kinetic
energy, its energy of attraction for the nuclei, and its repulsion and exchange energies
due to all the other electrons in their charge clouds|φj |2.

11-7 The SCF Total Electronic Energy

It is natural to suppose that the total electronic energy is merely the sum of the one-
electron energies, but this is not the case in SCF theory. Consider a two-electron system.
The energy of electron 1 includes its kinetic and nuclear attraction energies and its
repulsion and exchange energies for electron 2. The energy of electron 2 includes its
kinetic and nuclear attraction energies and its repulsion and exchange energies for elec-
tron 1. If we sum these, we have accounted properly for kinetic and nuclear attraction
energies, but we have included the interelectronic interactionstwiceas much as they
actually occur. (The energy of repulsion, say, between two charged particles, 1 and 2, is
given by the repulsion of 1 for 2 or of 2 for 1, but not by the sum of these.) Therefore, if
we sum one-electron energies, we get the total electronic energy plus an extra measure
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of electron repulsion and exchange energy. We can correct this by subtracting this extra
measure away. Thus, for our closed-shell system

Eelec=
n∑

i=1



2εi −
n∑

j=1

(2Jij − Kij )



 (11-17)

where the summation is over theoccupied orbitals. Comparing Eq. (11-17) with (11-18)
makes it evident that we can also write

Eelec=
n∑

i=1



2Hii +
n∑

j=1

(2Jij − Kij )



 (11-18)

or

Eelec=
n∑

i=1

(εi + Hii) (11-19)

To obtain thetotal (electronic plus nuclear) energy, we add the internuclear repulsion
energy for theN nuclei:

Etot = Eelec+ Vnn (11-20)

Vnn =
N−1∑

µ=1

N∑

ν=µ+1

ZµZν

rµν

(11-21)

11-8 Basis Sets

A great deal of research effort has gone into devising and comparing basis sets for
ab initio calculations. There are essentially two important criteria:

1. We want a basis set that is capable of describing the actual wavefunction well enough
to give chemically useful results.

2. We want a basis set that leads to integralsFij andSij that we can evaluate reasonably
accurately and quickly on a computer.

Many types of basis set have been examined and two of these have come to dominate
the area ofab initiomolecular calculations. These two, which we refer to as the gaussian
and the Slater-type-orbital (STO) basis sets, are actually very similar in many important
respects.

Let us consider the STO basis set first. The essence of this basis choice is to place
on each nucleus one or more STOs. The number of STOs on a nucleus and the orbital
exponent of each STO remain to be chosen. Generally, the larger the number of STOs
and/or the greater the care taken in selecting orbital exponents, the more accurate the
final wavefunction and energy will be.

At the least sophisticated end of the spectrum of choices is theminimal basis set of
STOs, which we encountered in Chapter 7. This includes only those STOs that corre-
spond to occupied AOs in the separated atom limit. If we choose a minimal basis set,
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then we must still decide how to evaluate the orbital exponents in the STOs. One way
is to use Slater’s rules, which are actually most appropriate for isolated atoms. Another
way is to vary the orbital exponents until the energy of the molecular system is mini-
mized. This amounts to performing a nonlinear variational calculation along with the
linear variational calculation. For molecules of more than a few atoms, this procedure
consumes much computer time, for reasons we will describe shortly, but for small
molecules (two or three first-row atoms plus a few hydrogens) it is possible to accom-
plish this task. From this, one discovers what orbital exponent best suits an STO in a
molecular environment. This leads us to the third way of choosing orbital exponents—
choose the values that were found best for each type of atom in nonlinear variational
calculations in smaller molecules.

One may improve the basis by adding additional STOs to various nuclei. Suppose,
for example, each carbon 2pAO were represented as a linear combination of two p-type
STOs, each having a different orbital exponent. An example of the basic principle
involved is indicated in Fig. 11-1. If we treat these functions independently and do a
linear variational calculation, they will both be mixed into the final wavefunction to
some degree. If thelinear coefficient for the “inner” STO is much larger, it means that
the p-type charge cloud around this atom in the molecule is calculated to be fairly con-
tracted around the nucleus. To describe a more diffuse charge cloud, the wavefunction
would contain quite a lot of the “outer” STO, and not so much of the “inner” STO.

Thus, we have a linear variation procedure that, in effect, allows for AO expansion
and contraction. It is akin to optimizing an orbital exponent, but it does not require
nonlinear variation. Of course, one still has to choose the values of the “largerζ ” and
“smallerζ ” of Fig. 11-1. This is normally done by optimizing the fit to very accurate
atomic wavefunctions or by a nonlinear variation on atoms. A basis set in which every
minimal basis AO is represented by an “inner-outer” pair of STOs is often referred to
as a “double-zeta” basis set.

A further kind of extension is frequently made. In addition to the above types of STO,
one includes STOs with symmetries different from those present in the minimal basis.
This has the effect of allowing charge to be shifted in or out of bond regions in new
ways. For example, one could add p-type STOs on hydrogen nuclei. By mixing this
with the s-type STOs there, one can describe a skewed charge distribution in the regions
of the protons. We have already seen (Chapter 7) that a hydrogen atom in a uniform

Figure 11-1 � Radial functionsR(r)= r exp(−ζ r) for 2p-type STOs. The largerζ value gives an
STO more contracted around the nucleus. Hence, it is sometimes called the “inner” STO.
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electric field is polarized in a way that is reasonably well described by an s-p linear
combination. Since the hydrogen atom in a molecule experiences an electric field due
to the remainder of the molecule, it is not surprising that such p functions are indeed
mixed into the wavefunction by the variational procedure if we provide them in the
basis set. Similarly, d-type STOs may be added to atoms that, in the minimal basis set,
carried only s- and p-type STOs. Functions of this nature are often calledpolarization
functionsbecause they allow charge polarization to occur within the molecule as a
result of the internally generated electric field.

It should be evident that one could go on indefinitely, adding more and more STOs to
the basis, even placing some of them in bonds, rather than on nuclei. This is not normally
done because the computing task goes up enormously as we add more basis functions.
In fact, the number of integrals to be calculated eventually increases asN4, whereN is
the number of basis functions. The evaluation of integrals can be a logistic bottleneck in
ab initio calculations, and for this reason nonlinear variations (of orbital exponents) are
impractical for any but smaller molecules. Each new orbital exponent value requires
re-evaluation of all the integrals involving that orbital. In essence, a change of orbital
exponent is a change of basis set. In linear variations, the basis functions are mixed
together but they do not change. Once all the integrals between various basis functions
have been evaluated, they are usable for the remainder of the calculation.

The STO basis would probably be the standard choice if it were not for the fact
that the many integrals encountered in calculatingFij elements are extremely time
consuming to evaluate, even on a computer. This problem has led to the development of
an alternative basis set class that is based on gaussian-type functions. Gaussian func-
tions include an exponential term of the form exp(−αr2). The radial dependence of
such a function is compared to that for a hydrogenlike 1s function (which is identical to
a 1s STO) in Fig. 11-2. There are two obvious problems connected with using gaussian
functions as basis functions:

1. They do not have cusps atr = 0 as s-type hydrogen-like AOs do.

2. They decay faster at largerr than do hydrogen-like AOs.

Both of these deficiencies are relevant in molecules because, atr = 0 (on a nucleus)
and atr =∞, the molecular potential is like that in an atom, so similar cusp and asymp-
totic behavior are expected for molecular and atomic wavefunctions. Balanced against
these deficiencies is an advantage: gaussian functions have mathematical properties
that make it extremely easy to compute the integrals they produce inFij . This has led
to a practice of replacing each STO in a basis set by anumberof gaussian functions.

Figure 11-2 � Radial dependence of hydrogen-like and gaussian functions.
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By choosing several values ofα in exp(−αr2), one can create a set of “primitive”
gaussian functions ranging from very compact to very diffuse, and then take a linear
combination of these to build up an approximation to the radial part of an STO function.
Multiplication by the standardθ andφ dependences (spherical harmonics) generates
p, d, etc. functions. Once this approximation is optimized, the linear combination of
gaussian functions is “frozen,” being treated thereafter as a single function insofar as
the subsequent molecular variational calculation is concerned. This linear combination
of primitive gaussian functions is called acontracted gaussian function.

Once we have a contracted gaussian function corresponding to each STO, we can go
through the same hierarchy of approximations as before—minimal basis set, double-
ζ basis set, double-ζ plus polarization functions-only now using contracted gaussian
functions in place of STOs. Typically,ab initio calculations on systems involving only
light elements, e.g., H–Ne, involve anywhere from 1 to 15 primitive gaussian functions
for each contracted gaussian function. Basis sets for heavier elements, however, can
contain more than 30 primitive gaussians for each contracted gaussian.

We have already described a certain amount of quantum-chemical jargon. Some of
the basis set descriptions that one commonly encounters in the modern literature are as
follows:

• DZP [double-ζ gaussian basis with polarization]

• STO-3G [each STO approximated as a linear combination of three gaussian prim-
itives]

• 6-31G [each inner shell STO represented by a sum of six gaussians and each valence
shell STO split into inner and outer parts (i.e., double-ζ ) described by three and
one gaussian primitives, respectively]

• 6-31G∗ [the 6-31G basis set augmented with six d-type gaussian primitives on each
heavy(Z > 2) atom, to permit polarization]

• 6-31G∗∗ [same as 6-31G∗ but with a set of gaussian p-type functions on H and He
atoms. Good for systems where hydrogen is a bridging atom, as in diborane or in
hydrogen bonds]

• 6-31+G∗ [the 6-31G∗ basis set augmented with a set of diffuse s- and p-type gaus-
sian functions on each heavy atom, to permit representation of diffuse electronic
distribution, as in anions]

• cc-pVnZ,n=D, T, Q, 5 [correlation consistent polarized valencen-ζ gaussian basis
sets. The inner shell STOs are described by single contracted gaussian functions
while the valence STOs are described byn contracted gaussian functions,n = D
for double-ζ , n = T for triple-ζ , etc. Both the number and angular momentum
symmetry type of the polarization functions are increased with each successive
correlation consistent basis set in a systematic manner. For example, the cc-pVDZ
basis set has a set of 5 d-type gaussian primitive functions on each heavy atom, while
the cc-pVTZ basis set has 2 sets of d-type gaussian functions and one set of 7 f-type
gaussian primitives. These families of basis sets are designed to converge the total
energy to the complete basis set limit for the SCF method and its extensions.]
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• aug-cc-pVnZ [cc-pVnZ basis sets augmented with one set of diffuse primitive
gaussian functions for each angular momentum symmetry present in the cc-pVnZ
basis set, to provide an accurate description of anions and weak interactions, e.g.,
van der Waals forces and hydrogen bonding.]

11-9 The Hartree–Fock Limit

It should be apparent that different choices of basis set will produce different SCF
wavefunctions and energies. Suppose that we do an SCF calculation on some molecule,
using a minimal basis set and obtain a total electronic energyE1. If we now choose
a double-ζ basis and do a new SCF calculation, we will obtain an energyE2 that
normally will be lower thanE1. (If one happens to choose the first basis wisely and
the second unwisely, it is possible to findE2 higher thanE1. We assume here that
each improvement to the basis extends the mathematical flexibility while including the
capabilities of all preceding bases.) If we now add polarization functions and repeat
the SCF procedure, we will findE3 to be lower thanE2. We can continue in this way,
adding new functions in bonds and elsewhere, always increasing the capabilities of our
basis set, but always requiring that the basis describe MOs in a single determinantal
wavefunction. The electronic energy will decrease with each basis set improvement, but
eventually this decrease will become very slight for any improvement; that is, the energy
will approach a limiting value as the basis set approaches mathematical completeness.
This limiting energy value is the lowest that can be achieved for a single determinantal
wavefunction. It is called theHartree–Fock energy. The MOs that correspond to this
limit are called Hartree–Fock orbitals (HF orbitals), and the determinant is called the
HF wavefunction.

Sometimes the termrestricted Hartree–Fock(RHF) is used to emphasize that the
wavefunction is restricted to be a single determinantal function for a configuration
wherein electrons ofα spin occupy the same space orbitals as do the electrons of
β spin. When this restriction is relaxed, and different orbitals are allowed for electrons
with different spins, we have anunrestricted Hartree–Fock(UHF) calculation. This
refinement is most likely to be important when the numbers ofα- andβ-spin electrons
differ. We encountered this concept in Section 8-13, where we noted that the unpaired
electron in a radical causes spin polarization of other electrons, possibly leading to
negative spin density.

11-10 Correlation Energy

The Hartree–Fock energy is not as low as the true energy of the system. The mathemat-
ical reason for this is that our requirement thatψ be a single determinant is restrictive
and we can introduce additional mathematical flexibility by allowingψ to contain many
determinants. Such additional flexibility leads to further energy lowering.

There is a correspondingphysicalreason for the HF energy being too high. It is con-
nected with the independence of the electrons in a single determinantal wavefunction.
To understand this, consider the four-electron wavefunction

ψ = ∣∣φ1(1)φ1(2)φ2(3)φ2(4)
∣∣ (11-22)
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Recall from Chapter 5 that the numbers in parentheses stand for the spatial coordinates
of an electron; that is,φ1(1) really meansφ1(x1, y1, z1)α(1) or φ1(r1, θ1, φ1)α(1).1 In
other words, if we pick values ofr, θ , andφ for each of the four electrons and insert
them into Eq. (11-22) we will be able to evaluate each function and we will obtain
a determinant of numbers which can be evaluated to give a numerical value forψ

andψ2. The latter number (timesdν) can be taken as the probability for finding one
electron in the volume element aroundr1, θ1, andφ1, another electron simultaneously
in dν2 at r2, θ2, andφ2, etc. The important point to notice is that the effect onψ2 of
a particular choice ofr1, θ1, andφ1, is not dependent on choices ofr, θ , φ for other
electrons because the form of the wavefunction isproducts of functions of independent
coordinates. Physically, this corresponds to saying that the probability for finding an
electron indν1, at some instant is not influenced by the presence or absence of another
electron in some nearby elementdν2, at the same instant. This is consistent with the
fact that the Fock operator̂F [Eq. (11-7)] treats each electron as though it were moving
in thetime-averagedpotential field due to the other electrons.

Because electrons repel each other, there is a tendency for them to keep out of
each other’s way. That is, in reality, their motions arecorrelated. The HF energy
is higher than the true energy because the HF wavefunction is formally incapable of
describing correlated motion. The energy difference between the HF and the “exact”
(for a simplified nonrelativistic hamiltonian) energy for a system is referred to as the
correlation energy.

11-11 Koopmans’ Theorem

Despite the fact that the total electronic energy is not given by the sum of SCF one-
electron energies, it is still possible to relate theεi ’s to physical measurements. If
certain assumptions are made, it is possible to equate orbital energies with molecular
ionization energies or electron affinities. This identification is related to a theorem due
to Koopmans.

Koopmans [1] proved2 that the wavefunction obtained by removing one electron
from φk, or adding one electron to the virtual (i.e., unoccupied) MOφj in a Hartree–
Fock wavefunction is stable with respect to any subsequent variation inφk, or φj .
Notice that this ignores the question of subsequent variation of all of the MOsφ with
unchanged occupations. It is not necessarily true that they remain optimized, since
the potential they experience is changed by addition or removal of an electron. Nev-
ertheless, Koopmans’ theorem suggests a model. It suggests that we approximate the
wavefunction for a positive ion by removing an electron from one of the occupied HF
MOs for a neutral molecule without reoptimizing any of the MOs. Let us do this and
compare the electronic energies for the two wavefunctions.

For the neutral molecule, which we assume is a closed-shell system,

E =
∑

i



2Hii +
∑

j

(2Jij − Kij )



 (11-23)

1Note thatφ1 in parentheses represents a coordinate of electron 1, whereasφ1 outside the parentheses represents
an MO.

2See also Smith and Day [2].
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For the cation, produced by removing an electron fromφk,

E+
k =

∑

i �=k



2Hii +
∑

j �=k

(2Jij − Kij )



 + Hkk +
∑

i �=k

(2Jik − Kik) (11-24)

The first sum in Eq. (11-24) gives the total electronic energy due to all but the unpaired
electron inφk. Hkk gives the kinetic and nuclear attraction energies for the unpaired
electron and the final sum gives the repulsion and exchange energy between this electron
and all the others. Now we note that the last sum is exactly equal to the void produced in
the first sum due to the restrictionj �= k. Therefore, we can combine these by removing
the index restriction and deleting the last sum. This gives

E+
k =

∑

i �=k



2Hii +
∑

j

(2Jij − Kij )



 + Hkk (11-25)

To compare this withE of (11-23) we should remove the remaining index restriction.
We do this by allowingi to equalk in the sum and simultaneously subtracting the new
terms thus produced:

E+
k =

∑

i



2Hii +
∑

j

(2Jij − Kij )



 − Hkk −
∑

j

(2Jkj − Kkj ) (11-26)

But, by virtue of Eqs. (11-15) and (11-23), this is

E+
k = E − εk (11-27)

Hence, the ionization energyI0
k , for ionization from theφk is

I0
k = E+

k − E = −εk (11-28)

This illustrates that, within the context of this simplifiedmodel, the negative of the
orbital energies for occupied HF MOs are to be interpreted as ionization energies.

Another way to see the relation betweenI0
k and−εk, is to recognize that the physical

interactions lost upon removal of an electron fromϕk, are precisely those that constitute
εk, [See Eq. (11-15).]

A similar result holds for orbital energies of unoccupied HF MOs and electron
affinities. (However, this is less successful in practice; see Problem 11-3.)

In actuality, the relation (11-28) is only approximately obeyed. One reason for this
has to do with our assumption that doubly occupied SCF MOs produced by a variational
procedure on the neutral molecule will be suitable for the doubly occupied MOs of the
cation as well. These MOs minimize the energy of the neutral molecule but give an
energy for the cation that is higher than what would be produced by an independent vari-
ational calculation. For this mathematical reason, we expect the Koopmans’ theorem
prediction for the ionization energy to be higher than the value predicted by taking the
difference between separate SCF calculations on the molecule and cation (which we
will symbolize�SCF). The correspondingphysicalargument is that use of Eq. (11-28)
views ionization as removal of an electron without any reorganization of the remaining
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TABLE 11-1 � Ionization Energies (in electron volts) of Water as
Measured Experimentally and as Predicted from SCF Calculations

SCF (near HF limit)b

Cation state Observeda Koopmans �SCF

2B2 12.62 13.79 11.08
2A1 14.74 15.86 13.34
2B2 18.51 19.47 17.61

aFrom Potts and Price [3].
bFrom Dunning et al. [4].

electronic charge. This neglects a process that stabilizes the cation and lowers the ion-
ization energy. Whichever argument we choose, we have here a reason for expecting
−ε to be anoverestimateof the value obtained by independent calculations,�SCF.

Another error results from the neglect of change in correlation energy. We have seen
that the total SCF energy for the molecule is too high because the single determinantal
form of the wavefunction cannot allow for correlated electronic motion.The SCF energy
for the cation is too high for the same reason, but the error is different for the two
cases because there are fewer electrons in the cation. We expect the neutral molecule
to have the greater correlation energy (since it has more electrons)3 so that proper
inclusion of this feature would lower the energy of the neutral molecule more than the
cation, making the trueI0

k larger than that obtained by neglect of correlation. Hence,
this leads us expect�SCF tounderestimateI0

k . Since−ε overestimates�SCF, and
�SCF underestimates the ionization energy, we can expect some cancellation of errors
in using Eq. (11-28).

An illustration of these relations is provided in Table 11-1, where observedvertical
ionization energies (i.e., no nuclear relaxation), the appropriate values of−ε, and the
values of�SCF are compared.

11-12 Configuration Interaction

There are several techniques for going beyond the SCF method and thereby including
some effects of electron correlation. Some extremely accurate calculations on small
atoms and molecules, making explicit use of interparticle coordinates, were described
in Section 7-8. There is one general technique, however, that has traditionally been used
for including effects of correlation in many-electron systems. This technique is called
configuration interaction(CI).

The mathematical idea of CI is quite obvious. Recall that we restricted our SCF
wavefunction to be a single determinant for a closed-shell system. To go beyond the
optimum (restricted Hartree–Fock) level, then, we allow the wavefunction to be a linear

3This reasoning is rather naive. Significant correlation energy contribution can result from a small energy-level
separation between filled and empty MOs (rather than from merely the number of electrons), but production of a
cation should normally increase this gap and lead to reduced correlation.
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combination of determinants. Suppose we choose two determinantsD1 andD2, each
corresponding to a different orbital occupation scheme (i.e., different configurations).
Then we can let

ψ = c1D1 + c2D2 (11-29)

and minimizeE as a function of the linear mixing coefficientsc1 andc2.
If we go through the mathematical formalism and expressĒ as〈ψ |Ĥ |ψ〉/〈ψ |ψ〉,

expand this as integrals overD1 andD2, and require∂Ē/∂ci = 0, we obtain the same
sort of 2× 2 determinantal equation that we find when minimizing an MO energy as a
function of mixing of two AOs. That is, we obtain

∣∣∣∣∣
H11− ĒS11 H12− ĒS12

H21− ĒS21 H22− ĒS22

∣∣∣∣∣ = 0 (11-30)

where now

Hij =
〈
Di

∣∣∣Ĥ
∣∣∣Dj

〉
(11-31)

Sij = 〈
Di |Dj

〉
(11-32)

We see that, whereas before we might have had two AOs interacting to form two
MOs, here we have two configurations (i.e., two determinantal functions) interacting to
form two approximate wavefunctions. Our example involves only two configurations,
but there is no limit to the number of configurations that can be mixed in this way.

Since each configurationD contains products of MOs, each of which is typically a
sum of AOs, the integralsHij andSij can result in very large numbers of integrals over
basis functions when they are expanded. This is the sort of situation where a computer
is essential, and CI on atoms and molecules, while still expensive compared to SCF,
have become routine on modern computers.

Our purpose in this chapter is not to describe how to carry out a CI calculation, but
rather to convey what a CI calculation is and what its predictive capabilities are. There-
fore, we will not concern ourselves with the mathematical complexities of evaluating
Hij andSij .4 But we will consider one practical aspect of CI calculations, namely, how
one goes about choosing which configurations should be mixed together, and which
ones may be safely ignored.

We begin by considering the H2 molecule. The LCAO-MO-SCF method expresses
the ground state wavefunction for H2 as

ψ(1,2) =
∣∣∣∣∣
1σg(1)α(1) 1σg(2)α(2)

1σg(1)β(1) 1σg(2)β(2)

∣∣∣∣∣ (11-33)

that is, as the configuration 1σ 2
g . The SCF procedure mixes the AO basis functions

together in the optimum way to produce the 1σg MO.
We have noted at several points in this book that, if one begins with a basis set ofn

linearly independent functions, one ultimately arrives atn independent MOs. Hence,
the 1σg MO of Eq. (11-33) is but one of several MOs produced by the SCF procedure.

4In most actual calculations, theD’s are orthonormal, andSij = δij .
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It is called anoccupiedMO because it is occupied with electrons in this configuration.
All the other MOs in this case areunoccupiedor virtual MOs. The virtual MOs of
H2 have symmetry properties related to the molecular hamiltonian, just as does the
occupied MO. Thus, we can refer to 1σu, 2σg, 2σu, 1πu, 1πg, etc., virtual MOs of H2.
Which of these virtual MOs are produced by an SCF calculation depends on the number
and nature of the AO basis set provided at the outset. If noπ -type AOs are provided,
no π -type MOs will be produced. If only a minimal basis (1sa and 1sb) is provided,
1σu will be the only virtual MO produced.

It is important to distinguish between the physical content of occupied versus virtual
SCF MOs. The SCF procedure finds the set ofoccupiedMOs for a system leading to the
lowest SCF electronic energy. The virtual orbitals are the residue of this process. The
virtual MOs span that part of the basis set function space that the SCF procedure found
leastsuitable for describingψ . The subspace is sometimes referred to as theorthogonal
complementof the occupied orbital subspace. (Note that this situation differs from that
pertaining to H¨uckel-type calculations, where MOs and energy levels are calculated
without regard for electron occupancy. Only after the variational procedure are electrons
added.)

Our concern with virtual MOs is due to the fact that they provide a ready means for
constructing new configurations to mix with our 1σ 2

g configuration for H2. Thus, using
some of the above-mentioned virtual MOs, we could write determinantal functions cor-
responding to the excited configurations 1σg1σu,1σg2σg,1σg2σu,1σg1πu, etc.5 These
are commonly referred to assingly excitedconfigurations because one electron has
been promoted from a ground-state-occupied MO to a virtual MO. (This isnot meant
to imply that the orbital energy difference is equal to the expected spectroscopic energy
of the transition.) It is also possible to constructdoubly excitedconfigurations, such as
1σ 2

u ,1σu2σg,2σ 2
g ,1σu2σu,1σu1πu, etc. For systems having more electrons, one can

write determinants corresponding to triple, quadruple, etc., excitations. If one has a
reasonably large number, say 50, of virtual orbitals and, say, 10 electrons to distribute
among them, then there is an enormous number of possible configurations. A major
step in doing a CI calculation is deciding which configurations might be important in
affecting the results and ought therefore to be included.

We can gain insight into this problem by considering our minimal basis set H2
problem in more detail. We have

1σg = Ng(1sA + 1sB) (11-34)

1σu = Nu(1sA − 1sB) (11-35)

whereNg andNu are normalization constants. The spatial part of the ground con-
figuration is

ψspace= 1σg(1)1σg(2) (11-36)

5As was shown in Chapter 5, the symmetry requirements of the wavefunction require that each of these open
shell configurations be expressed as a linear combination of two 2× 2 determinants; for example, 1σg2σu stands
for the combination

(
1/

√
2
){∣∣1σg(1)2σ̄u(2)

∣∣ ± ∣∣1σ̄g(1)2σu(2)
∣∣}



Section 11-12 Configuration Interaction 363

which expands to

ψspace= N2
g [1sA (1)1sA (2) + 1sB (1)1sB (2) + 1sA (1)1sB (2) + 1sB (1)1sA (2)]

If both electrons are near nucleusA, the first term is quite large. This may be
rephrased to say thatψ2 gives a sizable probability for finding both electrons near
nucleusA. The second term gives a similar likelihood for finding both electrons nearB.
These two terms are referred to asionic terms because they become large whenever the
instantaneous electronic dispositions correspond to H−

AH+
B and H+

AH−
B , respectively.

The last two terms causeψ2 to be sizable whenever an electron is near each nucleus.
Hence, these are calledcovalent terms, and their presence means thatψ contains sig-
nificant “covalent character.” In fact, because all four terms have the same coefficient,
the configuration 1σ 2

g is said to have 50% covalent and 50% ionic character.
Is this bad? It turns out to be no problem at all when the nuclei are close together.

Indeed, in the united-atom (helium) limit, the ionic-covalent distinction vanishes. But
at large internuclear separations it is very inaccurate to describe H2 as 50% ionic. In
reality, H2 dissociates to two neutral ground state H atoms—that is, 100% “covalent,”
with an electron near each nucleus. In short, the SCF-MO description does not properly
describe the molecule as it dissociates. This means that the calculation ofĒ versus
RAB for H2 will deviate from experiment more and more asRAB increases. This defect
in the SCF treatment of H2 occurs for many other molecular species also.

Can we correct this defect through use of CI? We ask the question this way: “What
configuration could we mix with 1σ 2

g in order to make the mixture of covalent and ionic

character variable?” Since 1σ 2
g expands to give us covalent and ionic terms of thesame

sign, we need an additional configuration that will give them withoppositesign. Then
admixture of the two configurations will affect the two kinds of term differently. The
configuration that will accomplish this is 1σ 2

u :

1σu (1)1σu (2) = N2
u [1sA (1)1sA (2) + 1sB (1)1sB (2) − 1sA (1)1sB (2)

−1sB (1)1sA (2)] (11-37)

Mixing these two configurations together gives

ψ (c1/c2) = c11σg (1)1σg (2) + c21σu (1)1σu (2)

=
(
c1N2

g + c2N2
u

)
[1sA (1)1sA (2) + 1sB (1)1sB (2)]

+
(
c1N2

g − c2N2
u

)
[1sA (1)1sB (2) + 1sB (1)1sA (2)] (11-38)

If c1/c2 is readjusted at each value ofRAB to minimize Ē, it is evident that the
relative weights of covalent and ionic character in Eq. (11-38) will change to suit
the circumstances. Actual calculations on this system show that, asRAB gets large,
c1/c2 approaches a value such thatc1N2

g + c2N2
u approaches zero, so that the ionic

component ofψ vanishes.
This example illustrates that CI of this sort has an associated physical picture.

It suggests that, in any CI calculation involving the dissociation (or extensive stretching)
of a covalent bond, important configurations are likely to include double excitations
into the antibonding virtual “mates” of occupied bonding MOs.
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What about other configurations for H2? What will 1σg2σg do for the calculation,
assuming now an extended basis set has produced a 2σg MO? Suppose we take as our
trial function

ψ = c11σ 2
g + c21σg2σg (11-39)

where the configurations are understood to stand for determinants. If the 1σg MO has
been produced by an SCF calculation on the ground state, and 2σg is a virtual MO from
that SCF calculation, then it is possible to show that the CI energy minimum occurs
whenc2 in Eq. (11-39) is zero. In other words, these determinants will not mix when
they are combined in this way. An equivalent statement is that the mixing element
H12 = 〈1σ 2

g |Ĥ |1σg2σg〉 vanishes. Hence, the CI determinant (11-33) is already in
diagonal form, and no variational mixing will occur. This is an example ofBrillouin’s
theorem, which may be stated as follows:

EXAMPLE 11-1 If D1 is an optimized single determinantal function andDj is a
determinant corresponding to any single excitation out of an orbitalφj occupied in
D1 and into the virtual subspace (orthogonal complement) ofD1, then no improve-
ment in energy is possible by takingψ = c1D1 + c2Dj .

The proof of Brillouin’s theorem is very simple. We start with a basis set that
spans a function space. An SCF calculation is performed, which produces the best
single-determinantal wavefunction we can possibly get within this function space.
This isD1. Dj differs fromD1 in only one orbital, which means they differ in only
one row. A general property of determinants is that, if two of them differ in only
one row or column, any linear combination of the two can be written as a single
determinant (see Problem 11-4). This means that any combinationc1D1 + c2Dj

is still expressible as a single determinant. SinceDj makes no use of functions
outside our original basis set,c1D1 + c2Dj is a single determinant within our
original function space. However,D1 is already known to be the single determinant
within this function space that gives the lowest energy, andc1D1 + c2Dj cannot
do better. QED.

A doubly excited configuration differs fromD1 in two rows, and mixing such
a configuration withD1 produces a result that cannot be expressed as a single
determinant.

Because of Brillouin’s theorem, one might decide to omit all single excitations from
CI calculations. But it is important to recognize that singly excited configurations can
affect the results of CI calculationsin the presence of doubly excited configurations.
This comes about because nonzero mixing elements can occur between singly and
doubly excited configurations in the CI determinant. To illustrate, letψ0 be an SCF
single determinant,ψ1 be a singly excited configuration, andψ2 be a “double.” Then
the CI determinant could be, assuming orthogonal determinants,

∣∣∣∣∣∣∣

H00− E 0 H02

0 H11− E H12

H02 H12 H22− E

∣∣∣∣∣∣∣
= 0 (11-40)
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The zeros result from Brillouin’s theorem. However,H12 does not necessarily vanish,
and solution of this 3× 3 determinantal equation leads to a wavefunction of the form

ψ = c0ψ0 + c1ψ1 + c2ψ2 (11-41)

with c1 not zero. ψ1 comes in on the coattails ofψ2 and is referred to as a second-
order correction. This is not a guarantee that it will be unimportant, however.
(See Example 7-4 for similar behavior in a different context.)

Another rule that is useful for recognizing configurations that may be omitted is
the rather obvious one that each configuration must share the same set of eigenval-
ues for operators commuting with the hamiltonian. That is, ifψ is to be associated
with a particular symmetry, angular momentum, spin angular momentum, etc., then
each configuration inψ must have that same symmetry, angular momentum, etc. This
means that, for the ground state of H2, 1σ 2

g will not mix with 1σg1σu because the
latter has overall u symmetry. 1σu2σu could contribute, but the symmetrized combina-
tion corresponding to thesingletstate(|1σu2σ̄u| − |1σ̄u2σu|) must be used rather than
the (positive) triplet state combination. The configuration 1σu1πu will not contribute
because it has the wrong total angular momentum.

Even with the aid of all these rules, a calculation on a molecule such as N2 or O2
using a reasonably extended basis set gives rise to an enormous number of possible
configurations. Additional rules of thumb have been found to help choose the major
configurations. It has been found, for example, that triply or higher excited configura-
tions are usually of lesser importance than doubly excited configurations. [Since the
hamiltonian contains only one- and two-electron operators, interaction elements must
vanish between the ground-state configuration and all triply or higher-excited configu-
rations. But, like singly excited configurations, these can, in principle, come in on the
coattails of doubly (or other) excited configurations.] In addition, a study of the energy
change in some process involving primarily the valence electrons (e.g., stretching N2)
really does not require calculation of the correlation energy of the 1s electrons since
they are fairly unaffected by the change. Any correlation energy for these electrons
tends to cancel itself when initial and final state energies are subtracted. Therefore, in a
CI calculation of such a process, it is reasonable to omit configurations corresponding
to excitation of a 1s electron unless high accuracy is desired.

The acronym CID refers to a CI calculation in which only all doubly excited con-
figurations are included. Inclusion of all singly and doubly excited configurations is
referred to as a CISD calculation.Full CI (FCI) means all excited configurations have
been included, and this is the limit that gives all of the correlation energy within the
chosen basis set. The combination of full CI and a complete basis gives the exact energy
(generally nonrelativistic and within the Born–Oppenheimer approximation).

11-13 Size Consistency and the Møller–Plesset
and Coupled Cluster Treatments of Correlation

Whenever certain parts of a well-defined procedure are omitted, as when full CI is trun-
cated to CID or CISD, one must consider whether systematic errors are introduced. This
is indeed the case in the above example. Suppose CID calculations are made for the
energy of N2 as a function of internuclear distance. At short distances, we treat the
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system as a 14-electron molecule, including configurations in which 12 of the electrons
are in their HF-occupied MOs. At very large distances we have two nitrogen atoms,
which we normally treat as having twice the energy of one atom. Now CID on atom A
includes the HF configuration,DA

0 , as well as doubly excited configurations in which
five of the seven electrons are in their HF-occupied AOs. LetDA

2 represent this class
of configuration. ThenψA = c0DA

0 + c2DA
2 . Atom B has a similar CID wavefunc-

tion: ψB = c0DB
0 + c2DB

2 . The wavefunction for the overall, noninteracting system is
the antisymmetrized product of these wavefunctions. It will contain terms likeDA

0 DB
0 ,

DA
0 DB

2 , andDA
2 DB

2 . There are no terms present corresponding to a single excita-
tion at each atom,DA

1 DB
1 , and such termswouldbe present in a CID treatment of the

combined system. Also, there is a class of terms present corresponding tofour pro-
moted electrons,DA

2 DB
2 , and these terms wouldnotbe present in a CID treatment of the

combined system. The dilemma is that, if we treat the system as a single 14-electron
“molecule,” which is appropriate at smallR, we mix in different terms than if we treat it
as two separate atoms, which is appropriate at largeR. If we choose some fairly largeR
value to redefine N2 as two separate atoms, we change the nature of the CI in a discontin-
uous way at an arbitrary point. This feature of truncated CI is called the problem ofsize
consistency; CID and CISD methods are not size consistent. Doing separate calculations
on each of two separated atoms and combining the energies yields a different result from
doing a calculation on one system made up of two separated atoms.

A correlation method that is size consistent has been developed by Pople and
co-workers.6 It is based on perturbation theory that was introduced many years ago
by Møller and Plesset.7 This approach divides the process of treating correlation into
a series of corrections to an unperturbed starting point. If one chooses to do such a
calculation to, say, third order (MP3, standing for Møller–Plesset to third order), then
the set of configurations to be included is determined by the perturbation formulas.8 It
does not require further decision by the person doing the calculation and can be wholly
managed by a computer program. Møller–Plesset perturbation theory is different from
standard CI in at least two important respects: It is size consistent, and it is not varia-
tionally bound. One cannot assume, therefore, that going to higher and higher orders
of perturbation will cause the calculated energy to approach closer and closer to the
true energy from above.

Because of the way MP theory defines the unperturbed system, the starting point
energy (MP0) is the sum of HF one-electron energies. The first-order correction to
the energy (MP1) brings in the appropriate electronic coulomb and exchange integrals,
giving the correct HF energy. MP2 brings in contributions wherein doubly excited
configurations “interact with” (i.e., occur in the same integral with) the ground con-
figuration. MP3 adds contributions due to doubly excited configurations interacting
with each other. MP4 brings in interactions involving also single, double, triple, and
quadruple excitations. The selection of interaction terms by the perturbation formalism
is what produces size consistency, but it leaves out certain terms at each level that would
be included in a variational calculation.

In coupled cluster (CC) approaches, which are also size consistent and generally
not variationally bound, instead of including all configurations to a particular order as

6See Binkley and Pople [5].
7See Møller and Plesset [6].
8Perturbation theory is presented in Chapter 12. The present discussion avoids mathematical details.
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in MP theory, each class of excited configurations is included toinfinite order. This is
accomplished via an exponential excitation operator,

�CC = eT̂ ψ0 =
[

1+ T̂ + T̂ 2

2! + T̂ 3

3! + . . .

]
ψ0 (11-42)

where ψ0 is the HF determinant for anN -electron system, and̂T = T̂1 + T̂2 +
T̂3 + · · · + T̂N . T̂1 produces singly excited determinants,T̂2 doubly excited ones, and
so on. Because of the exponential nature of the excitation operator, each class of
excitations is included to all orders, e.g., terms inT̂2 would include products of double
excitations (̂T 2

2 ) that would be considered a subset of the possible quadruple excitations
in CI. This is what makes CC theory size consistent. Usually coupled cluster theory
is truncated to include just̂T1 andT̂2, i.e., CCSD. One of the most accurate post-HF
methods has been shown to be the CCSD(T) method,in which a CCSD calculation is
followed by a contribution due to triple excitations (T̂3) via perturbation theory.

11-14 Multideterminant Methods

Up to this point, the methods that have been presented for describing electron cor-
relation effects have been constructed with the single determinant SCF wavefunction
as a starting point. For most molecules near their equilibrium geometries, this is a
very good zeroth-order approximation, but as we saw earlier for the H2 molecule, as
covalent bonds are stretched towards dissociation multiple determinants are required
for even a qualitative description. This puts much stronger demands on these so-called
single reference methods, and their accuracy can be much degraded or even unphysical
in these regions. In a multiconfigurational SCF (MCSCF) calculation one writes the
wavefunction as a linear combination of determinants exactly as in a CI calculation,
and the energy is minimized as a function of the linear CI coefficients. However, in
an MCSCF calculation one alsosimultaneouslyoptimizes the MO coefficients of the
orbitals that are used to construct the determinants, using methods analogous to SCF
theory. Because this greatly adds to the complexity of the calculation, the number of
determinants used in MCSCF is generally much smaller than in a standard HF-based CI
calculation. In the simplest case, only the additional determinants that allow for a qual-
itative treatment of the process under study are included, e.g., one would include only
the determinants corresponding to excitations of bonding electrons into their respective
antibonding orbitals when stretching the triple bond of N2. This procedure results in
a set of MCSCF molecular orbitals (some strongly occupied, some weakly occupied)
that smoothly changes in character from equilibrium to dissociation.

In multireference CISD (MRCISD) calculations, the wavefunction is written as

ψ =
∑

i

ciψi +
∑

s

csψs +
∑

d

cdψd (11-43)

where
∑

i ciψi is the set of MCSCFreferencedeterminants,ψs are new determinants
formed by single excitations into the virtual orbitals relative to all of the reference
determinants, andψd are doubly excited determinants. An MRCISD calculation of this
type can yield a very balanced and accurate description of a molecule’s potential energy
surface, but often at a relatively steep cost in terms of computational requirements.
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11-15 Density Functional Theory Methods

The wavefunctionψ for ann-electron molecule is a function of 3n spatial coordinates
andn spin coordinates. Fromψ we can produce the molecule’s spin-free electron
density function,ρ(1), by integratingψ∗ψ over all of the spin coordinates and all the
the space coordinates except those for one of the electrons:9

ρ(1) =
∫

|ψ(1,2, . . . ,N)|2dω1dτ2 . . . dτn (11-44)

which is a function of only the three spatial coordinates.10 We have seen that, in the
early days of quantum chemistry, a major challenge was the evaluation of integrals
over the interelectronic-repulsion term in the hamiltonian, as well as dealing with the
related problem of electron correlation. Several methods were devised that attempted
to approximate these quantities from the density functionρ(1), with moderate success.
However, the continuing progress in computer speed and the development of sophis-
ticatedab initio methods gradually shifted attention away from approaches using the
density function.

In 1964, proof by Hohenberg and Kohn [7] of a connection between the ground
state energy,E0, for a system andρ0, the ground state density function,11 sparked
new interest in finding a rigorous way to go from knowledge of the attractively simple
three-dimensional density function to a value forE0.

Recall that, for a system havingn electrons andN nuclei, the hamiltonian operator
for the electronic energy is

H = −1

2

n∑

i=1

∇2
i +

n∑

i=1

N∑

α=1

−Zα

riα

+
n−1∑

i=1

n∑

j=i+1

1

rij

(11-45)

The first and last terms can be written down immediately if we know how many
electrons are present, but the middle term depends on

∑N
α=1

−Zα

riα
, which is a function of

nuclear charges and locations. This quantity is called theexternal potential, symbolized
vext (	r), because it results from the presence of fields produced by particles not included
in the group of electrons.

Hohenberg and Kohn were able to prove that there is a uniqueness relation betweenρ0
and the external potential: No two external potentials could give the sameρ0. This raises
the possibility that one could work backwards fromρ0 to findvext (	r) and thenE0. The
following route comes first to mind: Integrateρ0 to get the number of electronsn. Figure
out vext (	r) from ρ0. This would allow one to write down the hamiltonian operator.
Then, usingab initio methods, one could get to an accurateE0 andψ0, and fromψ0
one could calculateT0, Vne0, Vee0, and all the other properties of interest for the system.

Two problems exist with this scenario. First, there is no generally applicable proce-
dure known for getting fromρ0 to vext (	r). We can posit thatvext (	r) is a functionalof
ρ0, which we symbolizevext [ρ0], but we don’t know what the functional relationship
is. Second, even if we could get back to the hamiltonian operator, it would simply

9Becauseψ is antisymmetric for exchange of electrons, the density function is independent of our choice as to
which electron’s coordinates should be spared from integration.

10Recall thatω is the spin coordinate andτ is the coordinate for spaceandspin. dτ = dv dω.
11We henceforth suppress the electron index inρ.
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land us back on square one: We would still have to solve the whole problem in the
traditional way. Nevertheless, the hopes raised by this uniqueness theorem have led to
the current goal of density functional theory, which is to find a procedure that takes us
from ρ to E in a rigorous way that avoids the complexities of landing on square one
and proceeding using standardab initio methods. [8]

A subsequent relation proved by Hohenberg and Kohn [7] indicated a way to proceed.
They proved that anapproximatedensity function,ρ0,approx , when subjected to the
(unknown) procedure that relates the exactρ0 to the exactE0, must yield an energy
higher than the exactE0 : E0,approx ≥ E0, so a variational bound exists. Note that the
unknown process referred to here is one that assumesvext (	r) to be the same for the
analysis ofρ0 andρ0,approx , which means that the same nuclear framework applies in
both cases.

If a procedure were known for findingE from ρ, then the existence of a variational
bound would allow a variational procedure analogous to what we have applied earlier.
One would start with a trialρ, calculate its energy, and varyρ to locate theρ that gives
the lowest energy.

The barrier to proceeding is the lack of a way to getE from ρ. Hence, the devel-
opment of approximate functionals that relate the energy to the electron density is an
extremely active area of current research and probably will be for some time to come.

In analogy to wavefunction methods, the functional that connectsE to ρ, E[ρ], can
be separated into an electronic kinetic energy contribution,T [ρ], a contribution due
to nuclear-electron attractions,Ene[ρ], and the electron-electron repulsions,Eee[ρ].
The latter term can be further decomposed into Coulomb and exchange terms,J [ρ]
andK[ρ]. Both the nuclear-electron attraction and the interelectronic Coulomb terms
can be easily written in terms of the density using their classical expressions as in
wavefunction methods. For an accurate treatment of the electronic kinetic energy term,
however, one must differentiate a wavefunction,12 and this has led to the practice first
proposed by Kohn and Sham [9] of expressing the density in terms of one-electron
orbitalsφ (constructed numerically or from a basis set of Slater or gaussian functions).
These orbitals serve two purposes. They allow us to calculate a value of the kinetic
energy within a single Slater determinant framework similar to Hartree–Fock theory,

TS =
n∑

i=1

〈φi | − 1

2
∇2|φi〉 (11-46)

and to obtain the electron density, defined in terms of these Kohn–Sham orbitals as

ρs =
n∑

i

|φi |2 (11-47)

The final DFT energy expression is then written as

EDFT [ρ] = TS[ρ] + Ene[ρ] + J [ρ] + Exc[ρ] (11-48)

where theexchange correlationfunctionalExc[ρ] contains the difference between the
exact kinetic energy andTS , the nonclassical (exchange) part of electron-electron repul-
sions,K[ρ], and correlation contributions to bothK[ρ] andJ [ρ]. The Kohn–Sham

12As far as we know, we must differentiate a wavefunction to get kinetic energy. If there is a functional that
permits us to obtain kinetic energy directly from the density function, we might avoid having to use orbitals.
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orbitals are eigenfunctions of an effective one-electron hamiltonian that is nearly identi-
cal in form to the Fock operator in the SCF equations. In the Kohn–Sham case, however,
the HF exchange operators are replaced by the functional derivative of the exchange
correlation energy. Assuming the existence ofExc[ρ] and an initial guess for the elec-
tron density, one then solves the Kohn–Sham eigenvalue equations for the orbitals,
which can then be used to define a new electron density and effective hamiltonian.
These iterations continue until the density is converged to within a specified threshold.

The exact form ofExc[ρ] is not currently known, however, and a rapidly grow-
ing list of approximate exchange correlation functionals have appeared in the litera-
ture. Because these are all estimates of a part of the overall energy, the total energy
finally calculated is not an upper bound to the true energy. Also, DFT is not size-
consistent.

Generally, most existing exchange correlation functionals are split into a pure
exchange and correlation contribution,Ex[ρ] and Ec[ρ] and the current functional
nomenclature often reflects this with two-part acronyms, e.g., the BLYP DFT method
uses an exchange functional from Becke (B) [10] and a correlation functional by Lee,
Yang, and Parr (LYP) [11]. In principle, the exchange contribution could be calculated
exactly (for a single determinant) in the same manner asTS , but this is generally not
done since this disturbs the balance betweenEx[ρ] and Ec[ρ]. In hybrid DFT, a
percentage of this exact exchange is included inExc[ρ].

The great benefit of present day DFT methods is computational cost. With the
exchange correlation functionals commonly used, the computational effort is similar
to a SCF calculation, but sinceExc[ρ] implicitly includes some amount of electron
correlation, the accuracy of DFT (depending on the chosen functional) is often similar
to that obtained with MP2 or better. The great weakness of DFT at the present time,
however, is the inability to systematically improve uponExc[ρ] and converge towards
the exact Born–Oppenheimer energy like one might conceptually do in a wavefunction-
based CI or CC calculation, e.g., SCF, CCSD, CCSDT, CCSDTQ, etc. with sequences
of correlation consistent basis sets.

One of the simplest DFT methods is the local density approximation (LDA), which
assumes the density behaves locally like a uniform electron gas. Generally this does
not lead to an accurate description of molecular properties, but if one makesEx[ρ] and
Ec[ρ] depend also on the gradient of the density, yielding gradient corrected DFT or
the generalized gradient approximation (GGA), the results are much more accurate.
Finally, the definition ofExc[ρ] also lends itself to semiempirical contributions. One
such parameterization that has been very successful is the B3LYP hybrid DFT method,
which includes 20% exact exchange and involves three semiempirical parameters that
were obtained by fits to experimental thermochemical data (heats of formation, etc.)
of small molecules [12].

11-16 Examples of Ab Initio Calculations

Self-consistent-field and correlated calculations have now been made for a very large
number of systems. The best way to judge the capabilities of these methods is to survey
some of the results.13

13For extensive surveys, see Schaefer [13], Hehre et al. [14], and Raghavachari [15].
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Table 11-2 provides information on energies for a number of atoms in their ground
states. Self-consistent-field energies are presented for three levels of basis set com-
plexity. In the STO single-ζ level, a minimal basis set of one STO per occupied AO is
used, and the energy is minimized with respect to independent variation of every orbital
exponentζ . The STO double-ζ basis set is similar except that there are two STOs for
each AO, the only restriction being that the STOs have the same spherical harmonics
as the AOs to which they correspond.

The Hartree–Fock energies are estimated by extrapolating from more extensive basis
sets, and represent the limit achievable for the SCF approach using a complete basis
set. We can make the following observations:

1. The improvement in energy obtained when one goes from a single-ζ to a double-ζ
STO basis set is substantial, especially for atoms of higherZ.

2. The agreement between the optimized double-ζ data and the HF energies is quite
good. Even for neon, the error is only about 10−2 a.u. (0.27 eV). Thus, for atoms,
the double-ζ basis is capable of almost exhausting the energy capabilities of a
single-configuration wavefunction.

3. The disagreement between HF and “exact” energies (i.e., the correlation energy)
grows progressively larger down the list. For neon it is almost 0.4 a.u. (10 eV),
which is an unacceptable error in chemical measurements.

One might think that the magnitude of the correlation energy in these examples
would make SCF calculations on heavy atoms useless for quantitative purposes, but this

TABLE 11-2 � Ground-State Energies (in atomic units) for Atoms, as Computed by the SCF
Method and from Experiment

STO

Atom Singleζ a Doubleζ a Hartree–Focka Exactb
Correlationc

energy

He −2.8476563 −2.8616726 −2.8616799 −2.9037 −0.0420
Li −7.4184820 −7.4327213 −7.4327256 −7.4774 −0.0447
Be −14.556740 −14.572369 −14.573021 −14.6663 −0.0933
B −24.498369 −24.527920 −24.529057 −24.6519 −0.1228
C −37.622389 −37.686749 −37.688612 −37.8420 −0.1534
N −54.268900 −54.397951 −54.400924 −54.5849 −0.1840
O −74.540363 −74.804323 −74.809370 −75.0607 −0.2513
F −98.942113 −99.401309 −99.409300 −99.7224 −0.3131
Ne −127.81218 −128.53511 −128.54705 −128.925 −0.378
Ar −525.76525 −526.81511 −526.81739 −527.542 −0.725

aFrom Roetti and Clementi [16].
b“Exact” equals experimental with relativistic correction but without correction for Lamb shift. See Veillard
and Clementi [17].

cCorrelation energy is “exact” minus HF energy.
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is not the case. Most frequently we are not concerned with the value of thetotal energy
of a system so much as withenergy changes(e.g., in spectroscopy or in reactions) or
else with other properties such as transition moments (for spectroscopic intensities) or,
in molecular systems, dipole moments.

Let us, therefore, see how well SCF calculations can predict atomic ionization ener-
gies. We have already indicated (Section 11-11) that there are two ways we can get
ionization energies from SCF calculations. The first, and simplest, is to take the vari-
ous−εi , as suggested by Koopmans’ theorem. Table 11-3 shows that this gives only
rough agreement with experimental values for neon. Another way is to do separate SCF
calculations for each excited state produced by removal of an electron from an orbital
(i.e., for each “hole state”) and equate the ionization energies to the energy differences
between these and the neutral ground state(�SCF). This second method requires much
more effort. As Table 11-3 indicates, however, the extra effort leads to great improve-
ment in agreement between theoretical and experimental values. We conclude that SCF
calculations on atoms and ions give quantitatively useful data on ionization energies,
even for ionization out of deep-lying levels. The Koopmans’ theorem approach is less
accurate, although still qualitatively useful.

A related problem is the calculation of energies of excited states of atoms. Weiss
[19] has reported calculations on some of the excited states of carbon, and his results are
summarized in Fig. 11-3. Inspection of this figure reveals that near-HF calculations only
roughly reproduce the energy spectrum, but CI (with four or five configurations) brings
about marked improvement. Weiss has omitted configurations involving excitations of
1s electrons, and so these results ignore correlation energy for the inner-shell electrons.
The agreement suggests that these electrons experience almost no change in correlation
for transitions among these states. Weiss has also calculated oscillator strengths14

associated with atomic transitions and he finds that CI is necessary before reasonable
agreement with experiment is achieved.

TABLE 11-3 � Ionization Energies of Neona

Ionization potential (a.u.)

Ion configuration Koopmans �SCF Experiment

1s2s22p6 32.7723 31.9214 31.98
1s22s2p6 1.9303 1.8123 1.7815
1s22s22p5 0.8503 0.7293 0.7937

aFrom Bagus [18]. The basis set includes 5 s-type and 12 p-type STOs
(4 of eachm quantum number).ζ ’s were varied as well as linear coef-
ficients. The neutral ground state givesE = −128.547 a.u. (compare
Table 11-2).

14The oscillator strength is a measure of the probability (i.e., intensity) of a transition. For a transition between
statesa andb in a 2n-electron system it is commonly given by the formula

2

3
(Eb − Ea)

∣∣∣∣∣∣

∫
ψ∗

a






2n∑

i=1

ri




ψb dτ

∣∣∣∣∣∣

2



Section 11-16 Examples of Ab Initio Calculations 373

Figure 11-3 � Transition energies in the C+ ion as calculated by HF, CI, and as measured. (From
Weiss [19].) Ionization from the ground state of C+ occurs at 0.8958 a.u.

In brief, then, the evidence indicates that reasonably accurate atomic ionization
energies can be obtained by high-quality SCF calculations on the neutral and ionized
species (�SCF, not−ε), but that transition energies and intensities require CI sufficient
to account for much of the valence electron correlation.

Before we leave the subject of atoms, it should be pointed out that, for any atom, the
expectation valuēT of the kinetic energy operator is equal to−Ē if the wavefunction
has been optimized with respect to a scale factor in the coordinatesr1, r2, etc. This
relation, called thevirial relation, is proved in Appendix 8. It is necessarily satisfied
for any level of calculation that cannot be improved by replacing everyri in ψ by ηri

and allowingη to vary. Since the single- and double-ζ STO solutions have already
been optimized with respect to such scale parameters, they satisfy the virial relation.
Thus, for the beryllium atom, the single-ζ STO value forĒ is (Table 11-2)−14.556740
a.u., and so we know that̄T = +14.556740 a.u. and̄V = −29.113480 a.u. for this
wavefunction (sinceĒ = T̄ + V̄ ). For the double-ζ wavefunctionT̄ = +14.572369
a.u., etc. The Hartree–Fock wavefunction is, by definition, the lowest-energy solution
achievable within a restricted (single determinantal15) wavefunction form. Use of a
scale factor does not affect the wavefunction form. Hence, no further lowering ofĒ

below the HF level is possible in this way, and the HF energiesĒ, T̄ , and V̄ must
satisfy the virial relation also. Finally, the exact energies are the lowest achievable for

15For open-shell systems, more than one determinant may be needed to satisfy symmetry requirements. This
is still considered a HF wavefunction.
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any wavefunction. Again, scaling cannot lower the energy further, so these energies
also satisfy the virial relation.

We turn next toab initio calculations on molecules. First, let us compare HF and
exact energies for molecules as we did for atoms and see how large the errors due
to correlation are. The results are not too different from those for atoms having the
same number of electrons, as shown in Table 11-4; that is, the correlation energies
for molecules having ten electrons (CH4, NH3, H2O, HF) are about the same as that
for neon, whereas that for the 18-electron molecule H2O2 is more like the correla-
tion energy for argon. But this is only a very rough rule of thumb. We have already
indicated that the correlation energy in a molecule varies with bond length, a factor
not present in atomic problems. In order to get a more meaningful idea of the capa-
bilities of ab initio calculations on molecules, we must look more closely at specific
examples.

A calculation on the OH radical, reported by Cade and Huo [21], provides a good
example of the capabilities of the extended basis set LCAO-MO-SCF technique on a
small molecule. Their final wavefunction for the ground state at an internuclear sep-
arationR = 1.8342 a.u. is presented in Table 11-5. A minimal basis set of STOs for
OH would include 1s, 2s, 2px , 2py , and 2pz STOs on oxygen and a single 1s AO on
hydrogen. Cade and Huo chose a much more extensive basis. Oxygen is the site
for two 1s, two 2s, one 3s, four 2p, one 4f, eight 2pπ , two 3dπ , and four 4fπ STOs.
On hydrogen, there are two 1s, one 2s, one 2pσ , two 2pπ , and two 3dπ STOs. (The
π -type basis functions are indicated in Table 11-5 for only one of the two directions
perpendicular to the O–H axis.) The orbital exponents for all of these STOs have
been optimized, and the resulting wavefunction is of “near-Hartree–Fock” quality. The
optimizedζ values appear in Table 11-5. The STO labeledσ2p′

o is located on oxygen
and has the formula

σ2p′
o = (2.13528)5/2π−1/2r exp(−2.13528r)cosθ (11-49)

TABLE 11-4 � Estimated Hartree–Fock and Correlation Energies for Selected Moleculesa and
Atomsb

Molecule
or atom

E (HF)
(a.u.)

E (correlation)
(a.u.)

Molecule
or atom

E (HF)
(a.u.)

E (correlation)
(a.u.)

H2 −1.132 −0.043 Ne −128.547 −0.378
He −2.862 −0.042 CO −112.796 −0.520
BH3 −26.403 −0.195 N2 −108.994 −0.540
O(1D) −74.729 −0.262 Si (1D) −288.815 −0.505
CH4 −40.219 −0.291 B2H6 −52.835 −0.429
NH3 −56.225 −0.334 S (1D) −397.452 −0.606
H2O −76.067 −0.364 H2O2 −150.861 −0.688
HF −100.074 −0.373 Ar −526.817 −0.725

aFrom Ermler and Kern [20].
bSee Table 11-2.
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TABLE 11-5 � Near Hartree–Fock Wavefunction for the OH Molecule in Its Ground-State
Configuration (1σ 22σ 23σ 21π3) atR = 1.8342 a.u.a

χσ C1σ C2σ C3σ χπ C1π

σ1so (ζ = 7.01681) 0.94291 −0.25489 0.07625 π2po (ζ = 1.26589) 0.37429
σ1so′ (12.38502) 0.09313 0.00358 −0.00153 π2po

′ (2.11537) 0.46339
σ2so (1.71794) −0.00162 0.46526 −0.20040 π2po

′′ (3.75295) 0.23526
σ2so′ (2.86331) 0.00418 0.55854 −0.18328 π2po

′′′ (8.41140) 0.01023
σ3so (8.64649) −0.03826 −0.02643 0.00550 π3do (1.91317) 0.02871
σ2po (1.28508) −0.00055 0.05179 0.30153 π4fo (2.19941) 0.00506
σ2po

′ (2.13528) −0.00056 −0.07538 0.37791 π2pH (1.76991) 0.02442
σ2po

′′ (3.75959) 0.00115 0.01874 0.18390 π3dH (3.32513) 0.00282
σ2po

′′′ (8.22819) 0.00059 0.00229 0.00952
σ3do (1.63646) −0.00047 0.02437 0.04676
σ3do

′ (2.82405) 0.00016 0.00845 0.01595
σ4fo (2.26641) −0.00013 0.00882 0.01232
σ1sH (1.31368) 0.00150 −0.04651 0.21061
σ1sH′ (2.43850) −0.00034 0.09413 0.05113
σ2sH (2.30030) 0.00000 0.07654 0.04539
σ2pH (2.8052) 0.00018 0.01182 0.00999

aFrom Cade and Huo [21].

There are threeσ -type MOs and twoπ -type MOs to accommodate the nine electrons
of this radical. Oneπ -type MO is

φ1πy = 0.37429π2poy + 0.46339π2p′
oy + 0.23526π2p′′

oy

+0.01023π2p′′′
oy + 0.02871π3doy + 0.00506π4foy

+0.02442π2pHy + 0.00282π3dHy (11-50)

and the other occupiedπ -type MO would be the same except withx instead ofy. (The
z axis is coincident with the internuclear axis.) It is evident that writing out the complete
wavefunction given in Table 11-5 would result in a very cumbersome expression. It is
a nontrivial problem to relate an accurate but bulky wavefunction such as this to the
kinds of simple conceptual schemes chemists like to use. One solution is to have a
computer produce contour diagrams of the MOs. Such plots for the valence MOs 2σ ,
3σ , and 1π of Table 11-5 are presented in Fig. 11-4.

Cade and Huo [21] carried out similar calculations for OH at 13 other internuclear
distances and also for the united atom (fluorine) and the separated atoms in the states
with which the Hartree–Fock wavefunction correlates. Some of their data are repro-
duced in Table 11-6. A plot of the electronic-plus-nuclear repulsion energies is given
in Fig. 11-5 along with the experimentally derived curve. It is evident that the near HF
curve climbs too steeply on the right, leading to too “tight” a potential well for nuclear
motion and too small an equilibrium internuclear separation. This comes about because,
as mentioned earlier, the HF solution dissociates to an incorrect mixture of states, some
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Figure 11-4 � Contour plots of HF valence orbitals for OH as given in Table 11-5. (From
Stevens et al. [22].)

TABLE 11-6 � Spectroscopic Parameters and Dipole Moment for OH from Theoretical Curves
and from Experimenta

Wavefunction

Dipole
moment
(debyes)

Re
(a.u.)

De
(eV)

ωe
(cm−1)

ωexe
(cm−1)

αe
(cm−1)

SCF 1.780 1.795 8.831 4062.6 165.09 0.661
CI 1.655 1.838 4.702 3723.6 83.15 0.628
Experimental 1.66± .01 1.834 4.63 3735.2 82.81 0.714

aFrom Stevens et al. [22].

of which are ionic. It is possible to use the HF curve of Fig. 11-5 to derive theoretical
values for molecular constants that can be compared to spectroscopic data. The results
are displayed in Table 11-6, and they reflect the inaccuracy in the HF energy curve.
Included there are the SCF and experimental values for the molecular dipole moment.

We turn now to the behavior of̄V /T̄ for the HF wavefunctions of Cade and Huo
at various internuclear separations. The data appear in Table 11-7. Observe that the
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Figure 11-5 � Theoretical and experimental energy curves for OH (from Stevens et al. [22].)

value of−2.00000 forV̄ /T̄ occurs at three values ofR: 0, ∞, and the point wherēE
is a minimum. AtR = 0 and∞, we are dealing with one or two atoms, for which we
have already seen the HF solution should giveV̄ /T̄ =−2. At intermediateR we have
a diatomic molecule, for which the virial relation is (see Appendix 8)

2T̄ + V̄ + R
∂Ē

∂R
= 0 (11-51)

There are three cases to consider. If∂Ē/∂R = 0, thenV̄ /T̄ = −2. This will occur
at the minimum of the potential energy curve (and also at any subsidiary maxima or
minima). If ∂Ē/∂R is negative, then, sincēV /T̄ = −2− (R/T̄ )(∂Ē/∂R) and T̄ is

TABLE 11-7 � HF Total Energies and̄V/T̄ for OH as a Function of Internuclear Distancea

R (a.u.) E (a.u.) V̄/T̄ R (a.u.) E (a.u.) V̄/T̄

0 −99.40933 −2.00000 1.90 −75.41837 −2.00129
1.40 −75.34382 −1.99076 2.00 −75.41140 −2.00225
1.50 −75.38378 −1.99398 2.10 −75.40163 −2.00300
1.60 −75.40696 −1.99651 2.25 −75.38372 −2.00380
1.70 −75.41829 −1.99850 2.40 −75.36367 −2.00433
1.75 −75.42065 −1.99933 2.60 −75.33582 −2.00474
1.795 −75.42127 −2.00000 2.80 −75.30822 −2.00492
1.8342 −75.42083 −2.00052 ∞ −75.30939 −2.00000

aFrom Cade and Huo [21].
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positive,V̄ /T̄ will be algebraically higher than−2 (e.g.,−1.98). If ∂Ē/∂R is positive,
V̄ /T̄ will be lower than−2. Thus, the values of̄V /T̄ in Table 11-7 reflect the slope of
a line tangent to the potential energy curve at eachR value.

As mentioned earlier, it is possible to at least partly include the effects of electron
correlation by allowing determinants corresponding to other configurations to mix into
the wavefunction. Such calculations have been performed for the OH radical by several
groups, and the results of Stevens et al. [22] are included in Table 11-6 and Fig. 11-5.
These data come from intermixing 14 configurations. It is evident that the inclusion of
correlation through CI has markedly improved the agreement with experiment.

Many diatomic molecules have been treated at a comparable and higher level, and it
is clear thatab initio calculations including electron correlation are capable of giving
quite accurate molecular data. In cases in which the diatomic system is experimentally
elusive, such calculations may be the best source of data available. A further example of
this is provided in Table 11-8, in which are listed dipole moments for ground and some
excited states of diatomic molecules. The dipole moments computed from near-HF
wavefunctions contain substantial errors. It can be seen that CI greatly improves dipole
moments. It has been observed that inclusion of singly excited configurations is very
important in obtaining an accurate dipole moment.

As a general rule, CID correlates electron motion and therefore has a significant
energy-lowering effect but has little effect on the one-electron distribution or related
properties, like dipole moment. Inclusion of singly excited configurations (CISD)
allows the one-electron distribution to shift in response to the change in calculated
interelectronic repulsion. For example, the value of the ground-state dipole moment
of CO (entry 4 of Table 11-8) is calculated at the CID level to be−0.20D and at the
CISD level to be+0.12D. Thus CID may be a suitable level of computational effort if
the interest is in energy, but CISD is better if the interest is in one-electron properties.

TABLE 11-8 � Calculated and Experimental Dipole Moments of Diatomic Molecules
(in Debyes)

Molecule and polarity State HF atRe
a CI atRe

a Experiment Reference

Li+H− X 1�+ 6.002 5.86 5.83 [23]
C+N− X 2�+ 2.301 1.465 1.45± 0.08 [24]
C−N+ B 2�+ — 0.958 1.15± 0.08 [24]
C−O+ X 1�+ −0.274 0.12 0.112± 0.005 [23]
C+O− A 3� 2.34 1.43 1.37 [25]
C−S+ X 1�+ 1.56 2.03 1.97 [23]
C−S+ A 1� −0.09 0.63 0.63± 0.04 [26]
C−H+ X 2� 1.570 1.53 1.46± 0.06 [27]
O−H+ X 2� 1.780 1.655 1.66± 0.01 [27]
F−H+ X 1� 1.942 1.805 1.797 [27]
N−H+ X 3�− 1.627 1.537 Unknown [27]

aExperimentalRe Value used.
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Highly accurate properties can be obtained with more sophisticated electron correlation
methods, such as CCSD(T) or MRCISD.

Other examples of the use ofab initio methods on small molecules are shown in
Table 11-9, which displays some calculated properties for the electronic ground states of
H2 and N2 as a function of method with the cc-pVTZ basis set. In the case of H2, the SCF
bond length and harmonic frequency are both slightly too large compared to experiment,
but the dissociation energy is underestimated by more than 30 kcal/mole due to the lack
of electron correlation. For this two-electron system, the CISD and CCSD methods are
equivalent to a FCI and exhibit marked improvement compared to SCF. The remaining
deviations from experiment at this level of theory can be attributed to the use of the
finite cc-pVTZ basis set. The MP methods show systematic improvement with each
order of perturbation theory, but even a fourth-order treatment of single and double
excitations results in non-negligible errors compared to FCI for this simple system. The
B3LYP hybrid density functional method is observed to yield very reliable properties
in this case.

As might be expected due to its triple bond, the N2 molecule is considerably more
challenging forab initio methods. With the cc-pVTZ basis set, the SCF dissociation
energy is smaller than experiment by nearly a factor of 2. Appreciable differences are
now observed between the CISD and CCSD results, with the latter being somewhat
closer to experiment. In addition, triple excitations, as measured by the difference
between CCSD and CCSD(T), are relatively important for N2, raising the dissociation
energy by nearly 9 kcal/mole. In contrast to the H2 case, the results for N2 using
perturbation theory (MP2, MP3, MP4) display a disturbing oscillatory behavior. This
type of result with MP methods has been the subject of several previous studies.16

TABLE 11-9 � Calculated Equilibrium Bond Lengths, Harmonic Vibrational Frequencies, and
Equilibrium Dissociation Energies for the Ground States of H2 and N2 with the cc-pVTZ Basis Set
Compared to Experiment

H2 N2

re(Å) ωe(cm−1)

De

(kcal/mole) re(Å) ωe(cm−1)

De

(kcal/mole)

SCF 0.734 4587 83.7 1.067 2732 120.4
CISD 0.743 4409 108.4 1.089 2509 193.1
MP2 0.737 4526 103.6 1.114 2195 228.7
MP3 0.739 4476 107.1 1.090 2532 206.0
MP4 0.741 4441 108.0 1.113 2192 221.2
CCSD 0.743 4409 108.4 1.097 2424 207.7
CCSD(T) 1.104 2346 216.5
B3LYP 0.743 4419 110.3 1.092 2449 229.6
Expt. [28] 0.741 4403 109.5 1.098 2359 228.4

16See Dunning and Peterson [29] and references therein.
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Lastly, it is again the case that the B3LYP method yields relatively accurate results for
this molecule and appears to be comparable in quality to MP2.

The results shown in Table 11-10 explore the choice of basis set with the CCSD and
CCSD(T) methods for the H2 and N2 molecules, respectively. A large dependence on
basis set is observed in each case. The use of a minimal basis set, STO-3G, leads to large
errors since it provides very few virtual orbitals for electron correlation. Just a double-ζ

basis set, either 6-31G∗∗ or cc-pVDZ, is observed to be a great improvement. The
systematic convergence of the correlation consistent basis sets is readily observed in
these results. One should note that increasing the size of the basis set from cc-pVTZ to
cc-pV5Z in N2 results in an increase inDe by nearly 9 kcal/mole. This implies that the
highly accurate result forDe shown in Table 11-9 for the MP2 level of theory with the
cc-pVTZ basis set was clearly fortuitous. From these results it should be obvious that
errors due to basis set incompleteness can often rival those due to inadequate electron
correlation.

As shown above, the hybrid DFT method B3LYP can be competitive in accuracy to
more computationally expensive methods, such as CCSD(T). In fact, recent benchmark
calculations [30] have shown that for the calculation of thermochemical quantities like
enthalpies of formation, B3LYP exhibits average errors of only 1–5 kcal/mol. While
these are still more than a factor of two larger than the accuracy obtainable with coupled
cluster methods, the much lower computational cost of B3LYP makes it a very attrac-
tive alternative. The accuracy of equilibrium bond lengths and harmonic vibrational
frequencies calculated by B3LYP have also been shown to be very satisfactory. The
accurate calculation of some molecular properties, however, is still a great challenge to
hybrid DFT methods. In particular, reaction activation energies are often too small and
van der Waals interactions can be qualitatively incorrect. Correcting these deficiencies
is the goal of many second generation hybrid DFT functionals.17

We have seen that inclusion of electron correlation often improves theĒ versus
R curve because it allows for variable ionic-covalent character in the wavefunction.

TABLE 11-10 � Dependence on Basis Set Choice for the CCSD and CCSD(T) Properties of H2
and N2, respectively

H2/CCSD N2/CCSD(T)

re(Å) ωe(cm−1)

De

(kcal/mole) re(Å) ωe(cm−1)

De

(kcal/mole)

STO-3G 0.735 5002 128.1 1.190 2145 147.8
6-31G∗∗ 0.738 4504 105.9 1.120 2342 201.6
cc-pVDZ 0.761 4383 103.6 1.119 2339 200.6
cc-pVTZ 0.743 4409 108.4 1.104 2346 216.5
cc-pVQZ 0.742 4403 109.1 1.100 2356 222.9
cc-pV5Z 0.742 4405 109.3 1.099 2360 225.1
Expt. [28] 0.741 4403 109.5 1.098 2359 228.4

17See, for instance, Zhao et al. [31] and Xu et al. [32].
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However, there are some diatomic molecules that maintain a high degree of ionic
character even when the nuclei are quite widely separated. NaCl is an example. For
such systems, the Hartree–Fock energy curve is quite nearly parallel to the exact energy
curve throughout the minimum energy region (i.e., the correlation energy is almost
constant) and the theoretical values of spectroscopic constants agree quite well with
experimental values. (In vacuo, an electron ultimately transfers from Cl− to Na+, and
the experimental curve leads to neutral dissociation products, whereas the HF curve
does not. This theoretical error affects the curve only at largeR, however, and so has
little effect on spectroscopic constants.) Schaefer [13] has reviewed this situation.

Of course,ab initio calculations have been performed on molecular systems much
larger than the molecules referred to above. However, as one moves to molecules
having four or more nuclei, one encounters a new difficulty: Integrals now appear that
have the form

〈ab | cd〉 ≡ 〈χa(1)χb(2) |1/r12|χc(1)χd(2)〉 (11-52)

whereχa is a basis function located on nucleusa, etc. Such integrals have basis func-
tions on four different nuclei and are referred to as four-center integrals. If the basis
functionsχ are STOs, such integrals are relatively slow to evaluate on a computer. If
they are gaussian functions, the computation is much faster, and this is the main reason
for using gaussian basis functions. But the number of such integrals becomes enormous
for a reasonable basis set and a medium sized molecule. In fact, the number of such inte-
grals grows as the fourth power of the number of basis functions. Thus, replacing each
STO by, say, three gaussian functions, will lead to 34 times as many integrals to eval-
uate. Even though such integrals can be evaluated very rapidly, we eventually come to
molecules of such a size that the sheer number of integrals makes for a substantial com-
puting effort. The efficient calculation of molecular integrals continues to be an active
research area, however, and new techniques have now diminished the importance of this
bottleneck with reasonably sized gaussian basis sets on systems up to hundreds of atoms.

Modern quantum chemical programs have made high-quality calculations on rea-
sonably large molecules tractable, but one is always balancing the level of accuracy
against the computer time needed to achieve it. While a Hartree–Fock calculation on
benzene with a cc-pVTZ basis set (264 contracted gaussian functions) might require
just 4 minutes to complete on a given computer, inclusion of electron correlation at
the MP2, CCSD, and CCSD(T) levels would require an additional 0.1, 4.3, and 11 times
4 minutes, respectively.

Numerous calculations have been reported for barriers to internal rotation in various
molecules. The theoretical barriers agree best with experiment for molecules having
threefold symmetry in the rotor. Self-consistent-field values are compared with experi-
mental barrier values in Table 11-11. In every case, the theoretical energy curve predicts
the correct stable conformation and even does reasonably well at predicting barrier
height. The disagreement between different computed values of the barrier for the
same molecule reflects differences in basis sets and, sometimes, differences in choices
for bond length and angle made by different workers. The evidence to date suggests
thatab initio calculations approaching the HF limit will ordinarily be within 20% of
the experimental barrier. Even this level of accuracy is useful because experimental
measurements of barriers in transient molecules or for excited molecules are often very
rough, ambiguous, or nonexistent. Given the favorable cost and relative accuracy of
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TABLE 11-11 � Internal Rotation Barriers from Experiment and as
Calculated by the LCAO-MO-SCF Method

Barrier (kcal/mole)

Molecule SCF Experiment Reference

CH3–CH3 2.58 2.88 [33]
2.88 — [34]

CH3–NH2 1.12 1.98 [35]
2.02 — [34]

CH3–OH 1.59 1.07 [34]
CH3–CH2F 2.59 3.33 [33]
CH3–N=O 1.05 1.10 [36]
CH3–CH=CH2 1.25 1.99 [37]
cis-CH3–CH=CFH 1.07 1.06 [37]
trans-CH3–CH=CFH 1.34 2.20 [37]
CH3–CH=O 1.09 1.16 [38]

DFT approaches compared to HF, even higher quality results might be expected with
the use of methods such as B3LYP; hence, DFT is often now the method of choice for
calculations on medium to large organic molecules.

A large number ofab initio calculations have been made on clusters of molecules.
Many of these have sought to delineate the distance and angle dependence of the hydro-
gen bond strength between molecules like water or hydrogen fluoride. Xantheas et al.
[39] have reported large basis set MP2 calculations on small water clusters, (H2O)n,
wheren ranged from 2–6. These calculations predict that there are four distinct isomers
of the water hexamer(n = 6) whose relative energies lie within∼1 kcal/mole of each
other. These kinds of results are of great usefulness in defining new effective interac-
tion potentials involving water that can be used in large-scale molecular simulations of
solvation phenomena. Re et al. [40] have calculated the structures and relative energies
of sulfuric acid solvated by 1–5 water molecules using the B3LYP method to provide a
fundamental understanding of acid ionization. In addition to investigating the interac-
tion of water with both the cis and trans conformers of H2SO4, they found that just five
watermoleculesweresufficient tomakedissociation intoHSO−

4 andH3O+ energetically
favorable. The field of materials science is also benefitting fromab initio calculations,
and studies of metal clusters and their absorbates are currently areas of high interest.

A great deal of attention has been given to the calculation byab initio methods of
energy surfaces for chemical reactions. For many years, such efforts were limited to
reactions, such as D+ H2 → HD + H, which involve only a small number of electrons
and nuclei. Much more complicated systems are now being explored.

In setting out to perform such a calculation, one likes to have some idea of whether the
correlation energy of the system will change significantly with nuclear configuration.
If it does not, then a Hartree–Fock or MCSCF calculation will parallel the true energy
surface. If the correlation energy does change, it is necessary to include some treatment
of electron correlation in the calculation.
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As a rough rule of thumb, one expects the correlation energy to change least when the
reactants, the intermediate or transition state complex, and the products are all closed-
shell systems, hence all approximately equally well described by a single-determinantal
wavefunction. Some calculations on SN2 and radical reactions are summarized in
Table 11-12. It can be seen that the SN2 reactions, which do involve closed-shell
systems in the three stages mentioned above, are fairly insensitive to the inclusion of CI,
whereas the radical reactions undergo extensive change of correlation energy.

The determination of the potential energy surface for the unimolecular rearrange-
ment HOCl� HClO by Peterson et al. [43] provides an example of a very accurate
and exhaustive calculation on a fairly small molecule. Because there are only three
nuclei, there are only three structural variables to explore, so the number of calculations
needed to map out the surface is not too large. (Note that, with three geometric vari-
ables, the energy “surface” is really a four-dimensional hypersurface.) These authors
were also interested in the reactions occurring on this surface, i.e., Cl+OH→HCl+O
and Cl+ OH → ClO+ H, which required a global representation of the surface that
was constructed from over 1500 individual energies. Since the full energy surface
involves bond breaking processes, MCSCF and MRCISD methods were utilized. Accu-
rate relative energetics between HOCl, HClO, and the various dissociation asymptotes
were obtained by carrying out calculations with a series of three correlation consistent
basis sets at each geometry. This produced an approximate complete basis set (CBS)
MRCISD energy surface. At the MRCISD CBS limit, HOCl was found to be more
stable than HClO by 53.7 kcal/mole and the barrier for HOCl→ HClO was predicted
to be 73.5 kcal/mole above the HOCl minimum.

After determining an analytical representation of this surface from the individual
energies, these authors carried out calculations of the full anharmonic vibrational spec-
trum of HOCl and HClO by solving the Schr¨odinger equation for nuclear motion.
The HClO molecule has not yet been experimentally observed, but these calculations
predict that the lowest three vibrational levels of this species lie below its dissociation
threshold, so it should be detectable.

TABLE 11-12 � Reaction Barrier Energies for Reactions as Calculated byab Initio Methods

Reaction barrier
(kcal/mole)

Reactant Transition Product Reaction type SCF
CI

(no.config.) Reference

H− + CH4 (CH5)− CH4 + H− SN 2 59.3 55.2(6271) [41]
F− + CH3F (FCH3F)− CH3F + F− SN 2 5.9 5.9(26910) [41]
H• + CH4 CH•

5 CH•
3 + H2 Radical

abstraction
(axial) 35.2 18 (692) [42]

H• + CH4 CH•
5 CH4 + H• Radical

exchange
(inversion) 63.7 41.7(692) [42]
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The decisions regarding basis set and level of correlation can be daunting and in
the past this sometimes discouraged nonspecialists from taking advantage ofab initio
methods. However, there are now a wide range of programs that are available, which
have madeab initio calculations amenable to theoreticians and experimentalists alike.
The best known of these is undoubtedly the GAUSSIAN series of programs originally
developed by the group of J.A. Pople. In this and other programs, one can conveniently
choose from a large variety of available basis sets and methods to carry out energy
evaluations or geometry optimizations and harmonic frequency calculations. These
programs have brought about a revolution in the way that chemical research is done.

For small molecules (∼1–5 nonhydrogen atoms)ab initio methods are sometimes
more precise and reliable than experiment, especially for unstable systems. The saga
of the energy difference between ground and excited CH2 is one of the best known of
these experimental–theoretical confrontations.18

In summary,ab initio calculations provide useful data on bond lengths and angles,
molecular conformation and internal rotation barriers, for ground and excited states
of molecules. They are also very useful for calculating accurate thermochemistry,
ionization energies, oscillator strengths, dipole moments (as well as other one-electron
properties) and excitation energies. If one has access to large blocks of computer time,
ab initio calculations can reveal the nature of energy surfaces pertaining to chemical
reactions or molecular associations, as in fluids. The accuracy of the calculation and
the magnitude of the system are limited ultimately by computer speed and capacity.

11-17 Approximate SCF-MO Methods

At the beginning of this chapter it was stated thatab initio calculations require exact
calculation of all integrals contributing to the elements of the Fock matrix, but we have
seen that, as we encounter systems with more and more electrons and nuclei, the number
of three- and four-center two-electron integrals becomes enormous, driving the cost of
the calculation out of the reach of most researchers. This has led to efforts to find sen-
sible and systematic simplifications to the LCAO-MO-SCF method—simplifications
that remain within the general theoretical SCF framework but shorten computation of
the Fock matrix.

Since many of the multicenter two-electron integrals in a typical molecule have very
small values, the obvious solution to the difficulty is to ignore such integrals. But we
wish to ignore them without having to calculate them to see which ones are small since,
after all, the reason for ignoring them is to avoid having to calculate them. Furthermore,
we want the selection process to be linked in a simple way to considerations of basis set.
That is, when we neglect certain integrals, we are in effect omitting certain interactions
between basis set functions, which is equivalent to omitting some of our basis functions
part of the time. It is essential that we know exactly what is involved here, or we may
obtain strange results such as, for example, different energies for the same molecule
when oriented in different ways with respect to Cartesian coordinates.

A number of variants of a systematic approach meeting the above criteria have been
developedbyPopleandco-workers, and thesearenowwidelyused. Theapproximations

18See Goddard [44] and Schaefer [45].
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are based on the idea ofneglect of differential overlapbetween atomic orbitals in
molecules.

Differential overlapdS between twoAOs,χa andχb, is the product of these functions
in the differential volume elementdv:

dS = χa(1)χb(1) dv (11-53)

The only way for the differential overlap to be zero indv is for χa or χb, or both, to
be identically zero indv. Zero differential overlap (ZDO) betweenχa andχb in all
volume elements requires thatχa andχb can never be finite in the same region, that is,
the functions do not “touch.” It is easy to see that, if there is ZDO betweenχa andχb

(understood to apply in alldv), then the familiar overlap integralS must vanish too.
The converse is not true, however.S is zero for any twoorthogonalfunctions even if
they touch. An example is provided by an s and a p function on the same center.

It is a much stronger statement to say thatχa andχb have ZDO than it is to say
they are orthogonal. Indeed, it is easy to think of examples of orthogonal AOs but
impossible to think of any pair of AOs separated by a finite or zero distance and having
ZDO. Because AOs decay exponentially, there is always some interpenetration.

The attractive feature of the ZDO approximation is that it causes all three- and four-
center integrals to vanish. Thus, in a basis set of AOsχ having ZDO, the integral
〈χa(1)χb(2) |1/r12|χc(1)χd(2)〉 will vanish unlessa ≡ c andb ≡ d. This arises from
the fact that, ifa �= c, χ∗

a (1)χc(1) is identically zero, and this forces the integrand to
vanish everywhere, regardless of the value of(1/r12)χ∗

b (2)χd(2).
It is not within the scope of this book to give a detailed description or critique of

the numerous computational methods based on ZDO assumptions. An excellent mono-
graph [46] on this subject including program listings is available. Some of the acronyms
for these methods are listed in Table 11-13. In general, these methods have been popu-
lar because they are relatively cheap to use and because they predict certain properties
(bond length, bond angle, energy surfaces, electron spin resonance hyperfine splittings,
molecular charge distributions, dipole moments, heats of formation) reasonably well.
However, they generally do make use of some parameters evaluated from experimental
data, and some methods are biased toward good predictions of some properties, while
other methods are better for other properties. For a given type of problem, one must
exercise judgment in choosing a method.

As an example of the sort of chemical system that becomes accessible to study using
such methods, we cite the valence-electron CNDO/2 calculations of Maggiora [56]
on free base, magnesium, and aquomagnesium porphines. Such calculations enable
us to examine the geometry of the complex (i.e., is the metal ion in or out of the
molecular plane, and how is the water molecule oriented?), the effects of the metal
ion on ionization energies, spectra, and orbital energy level spacings, and the detailed
nature of charge distribution in the system.

Use of a combination of methods is often convenient. Novoa andWhangbo [57] stud-
ied theoretically the relative stabilities of di- and triamides in various hydrogen-bonded
and nonhydrogen-bonded conformations, in both the absence and presence of solvent
(CH2Cl2) molecules. There are many structural parameters to optimize in each of
the conformations, and so high-levelab initio calculations for energy minimization of
each class of structure would be prohibitively expensive. Instead, AM1 was used to
determine the optimum geometry for each configuration, and thenab initiocalculations
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TABLE 11-13 � Acronyms for Common Approximate SCF Methods

Acronym Description

CNDO/1 Complete neglect of differential overlap. Parametrization Scheme no. 1
(Pople and Segal [47]).

CNDO/2 Parametrization scheme no. 2. Considered superior to CNDO/1 (Pople
and Segal [48]).

CNDO/BW Similar to above with parameters selected to give improved molecular
structures and force constants. (See Pulfer and Whitehead [49] and
references therein.)

INDO Intermediate neglect of differential overlap. Differs from CNDO in that
ZDO is not assumed between AOs on the same center in evaluating
one-center integrals. This method is superior to CNDO methods for
properties, such as hyperfine splitting, or singlet-triplet splittings,
which are sensitive to electron exchange (Pople et al. [50]).

MINDO/3 Modified INDO, parameter scheme no. 3. Designed to give accurate
heats of formation (Bingham et al. [51] and also Dewar [52]).

NDDO Neglect of diatomic differential overlap. Assumes ZDO only between
AOs on different atoms (Pople et al. [53]).

MNDO Modified neglect of diatomic overlap. A semiempirically parametrized
version of NDDO. Yields accurate heats of formation and many
other molecular properties, but fails to successfully account for
hydrogen bonding (Dewar and Thiel [54]).

AM1 “Austin Model 1.” A more recent parametrization of NDDO that
overcomes the weakness of MNDO in that it successfully treats
hydrogen bonding. (Dewar et al. [55].)

(e.g., 6-31G∗∗ with MP2) were done for a few near-optimum geometries for each con-
formation to check the AM1 results.

Additional helpful information on standard programs available atab initio and
semiempirical levels—where to get them, how to use them, what they have been used
for—is available in the very well-written reference handbook by Clark [58].

11-17.A Problems

11-1. Use the data in Table 11-3 to calculate the theoretical transition energies for Ne+
when 1s and 2s electrons are excited into the 2p level. The experimental values
are 2p← 2s, 0.989 a.u.; 2p← 1s, 31.19 a.u.

11-2. Use the data in Table 11-1 to estimate separately the errors in ionization energies
for the three states due to

a) omission of electron correlation.
b) failure to allow electronic relaxation.

11-3. In Section 11-11, it is argued that neglect of electron correlation and electronic
relaxation in settingI0

k = −εk causes errors of opposite sign that partly cancel.
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Would this also occur when Koopmans’ theorem is used to predict electron affini-
ties? Why?

11-4. Demonstrate that, if

D1 =
∣∣∣∣∣
a c

b d

∣∣∣∣∣ andD2 =
∣∣∣∣∣
a e

b f

∣∣∣∣∣ thenD1 + λD2 =
∣∣∣∣∣
a c + λe

b d + λf

∣∣∣∣∣

11-5. A singly excited configurationψ1 differs by one orbital from the ground state
ψ0 and also by one orbital from certain doubly excited configurationsψ2.
Brillouin’s theorem gives〈ψ0|Ĥ |ψ1〉= 0, but not〈ψ1|Ĥ |ψ2〉= 0. Where does
the attempted proof to show that〈ψ1|Ĥ |ψ2〉 = 0 break down?

11-6. Show that, ifψ = c0ψ0 + c1ψ1 + c2ψ2 + · · · + cnψn, and if ψ is to be an
eigenfunction ofÂ with eigenvaluea1, then it is necessary that all theψi(i =
0, . . . , n) also be eigenfunctions of̂A with eigenvaluesa1.

11-7. How many distinct four-center coulomb and exchange integrals result when one
has four nuclei, each being the site of five basis functions? Make no assumptions
about symmetry or basis function equivalence or electron spin.

11-8. For a homonuclear diatomic molecule, which of the following singly excited
configurations would be prevented for reasons of symmetry from contribut-
ing to a CI wavefunction for which the main “starting configuration” is
1σ 2

g 1σ 2
u 2σ 2

g 1π4
u?

a) 1σ 2
g 1σ 2

u 2σ 2
g 1π3

u1πg (i.e., 1πu → 1πg)
b) 2σg → 3σg
c) 2σg → 1πg
d) 1σg → 3σg

11-9. Write down the hamiltonian operator for electrons in the water molecule. Use
summation signs with explicit index ranges. Use atomic units.

11-10. An SCF calculation on ground state H2 at R = 1.40 a.u. using a minimal basis
set gives aσg and aσu MO having energies

εσg = −0.619 a.u. εσu = +0.401 a.u.

The nonvanishing two-electron integrals over these MOs are
∫ ∫

σg(1)σg(2)(1/r12)σg(1)σg(2)dv(1)dv(2) = 0.566 a.u.

∫ ∫
σg(1)σu(2)(1/r12)σg(1)σu(2)dv(1)dv(2) = 0.558 a.u.

∫ ∫
σg(1)σu(2)(1/r12)σg(2)σu(1)dv(1)dv(2) = 0.140 a.u.

∫ ∫
σu(1)σu(2)(1/r12)σu(1)σu(2)dv(1)dv(2) = 0.582 a.u.

a) Write down the Slater determinant for the ground state of H2.
b) Calculate the SCF electronic energy for H2 atR = 1.40 a.u.
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c) Calculate the total (electronic plus nuclear repulsion) energy for H2.
d) What is the bond energy for H2 predicted by this calculation, assuming that

the minimum total energy occurs atR = 1.40 a.u.?
e) Estimate the (vertical) ionization energy for H2.
f) What is the value of the kinetic-plus-nuclear-attraction energy for one elec-

tron in ground-state H2 according to this calculation?
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Chapter 12

Time-Independent
Rayleigh–Schr ¨odinger
Perturbation Theory

12-1 An Introductory Example

Imagine a city having one million resident wage earners. The city government plans
to raise additional revenue by assessing each such resident a wage tax. This tax will
not apply to wage earners residing in suburbs. The government estimates that a $10
assessment will bring in new revenues of $10 million. This estimate assumes that the
city population before imposition of the tax will hold after the tax is imposed as well.
But the tax will produce a slight change, orperturbation, in the economic climate of
the city. It is true that the tax is small, and so few people are likely to move to the
suburbs as a result of it. Therefore, it is probably fairly accurate to use the population
of the city before the perturbation to calculate the change in revenue brought about
by the perturbation. But, if the perturbation were large, say $1000 a head, we would
expect a substantial migration of wage earners to the suburbs, and so the estimate
produced by using the original unperturbed population would contain substantial error.
Corrections should be made, therefore, to account for population changes produced by
the perturbation.

This use of theunperturbedpopulation to calculate the change in revenue is a crude
example of a certain level of estimation (called “first order”) in Rayleigh–Schr¨odinger
perturbation theory.1 We will now proceed to develop the theory more formally in
the context of wavefunctions and energies. The above example has been presented to
encourage the reader to anticipate that there is a lot of simple good sense in the results of
perturbation theory even though the mathematical development is rather cumbersome
and unintuitive.

12-2 Formal Development of the Theory
for Nondegenerate States

Perturbation theory involves starting with a system with known hamiltonian, eigenval-
ues, and eigenfunctions, and calculating the changes in these eigenvalues and eigen-
functions that result from a small change, orperturbation, in the hamiltonian for the

1Other perturbation methods exist, but the Rayleigh–Schr¨odinger (R-S) theory is the oldest and the most widely
used in quantum chemistry.

391
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system. We restrict the discussion to stationary states of systems having hamiltonians
that are not time dependent. Let the known, unperturbed system haveH0 as hamilto-
nian, and let the eigenfunctionsψi be orthonormal. Then

H0ψi = Eiψi (12-1)∫
ψ∗

i ψj dτ = δij (12-2)

and the functionsψ form a complete set as discussed in Chapter 6. We are interested
in the system with hamiltonian

H = H0 + λH ′ (12-3)

whereλH ′ is the perturbation.2 (The parameterλ is a scalar quantity that will be
convenient in the mathematical development of the theory. When the derivation is
complete, we will setλ equal to unity so that it no longer appears explicitly in any
formula, and thenH ′ must account entirely for the perturbation.) The eigenvalues and
eigenfunctions of the perturbed hamiltonianH are unknown. Let us symbolize them
asW andφ, respectively. Then

Hφi = Wiφi (12-4)

It is clear that, whenλ = 0, thenH = H0, φi = ψi andWi = Ei . As λ is increased
from zero,Wi andφi change in (we expect) a continuous way. In other words,Wi

andφi are continuous functions of the variable parameterλ, and they are known at the
particular valueλ = 0. Therefore, we can expand them3 as series in powers ofλ about
the pointλ = 0. Thus, for a given statei,4

Wi = λ0W
(0)
i + λ1W

(1)
i + λ2W

(2)
i + λ3W

(3)
i + · · · (12-5)

Here we must remember thatλ is a variable andW (0)
i , W

(1)
i , etc. are constants. The

superscript in parentheses is simply a label to tell us for which power ofλ this constant
is the coefficient. Since we know thatWi =Ei whenλ=0, we see at once thatW

(0)
i in

Eq. (12-5) is equal toEi . Our problem is to evaluateW (1)
i , W

(2)
i , etc. It is traditional

to call W (0)
i (or Ei) theunperturbed energyor, sometimes, theenergy to zeroth order.

λW
(1)
i (which is justW (1)

i afterλ is set equal to unity) is thefirst-order correction to

the energy, andW
(0)
i + λW

(1)
i is theenergy to first order. λ2W

(2)
i , λ3W

(3)
i , . . . , etc.

are thesecond-, third-, etc.,order corrections to the energy. Normally, for expansion
in a series to be useful, it is necessary for the series to converge at a reasonable rate.
In most simple applications of perturbation theory, only a few orders of correction are
made. Thus, one very commonly reads of energies calculated “to first order,” or “to
second order.” Calculations to much higher orders are also made, but these are not as
common.

2Some treatments expandH asH0 + λH ′ + λ2H ′′ + · · · and ultimately achieve working formulas that appear
different from those we will achieve. In fact, they are equivalent. For an example of this alternative formulation,
see Pauling and Wilson [1, Chapter 6].

3In effect, we assumeφi andW to be analytic functions ofλ in the range 0≤ λ ≤ 1.
4It is important to recognize that henceforth the subscripti will refer to the state that we are studying as a

function ofλ.
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In precisely the same manner, we can expand the unknown eigenfunctionφi as a
power series inλ:

φi = φ
(0)
i + λφ

(1)
i + λ2φ

(2)
i + λ3φ

(3)
i + · · · (12-6)

Sinceφi is a functionof particle coordinates,φ(0)
i , φ

(1)
i , etc. are also functions, but

they are invariant to changes inλ. Again, it is clear thatφ(0)
i = ψi . φ

(0)
i (or ψi) is

the unperturbed orzeroth-order wavefunction, λφ
(1)
i is thefirst-order correctionto the

wavefunction, etc.
Now we substitute Eqs. (12-3), (12-5), and (12-6) into (12-4) and obtain

(H0 + λH ′)
(
φ

(0)
i + λφ

(1)
i + λ2φ

(2)
i + · · ·

)

=
(
W

(0)
i + λW

(1)
i + λ2W

(2)
i + · · ·

)(
φ

(0)
i + λφ

(1)
i + λ2φ

(2)
i + · · ·

)
(12-7)

The variable in Eq. (12-7) isλ, and each power ofλ is linearly independent of all other
powers ofλ. As indicated in Section 3-4D, this means that Eq. (12-7) can be satisfied
for all values ofλ only if it is satisfied foreach powerof λ separately. Collecting terms
having the zeroth power ofλ gives

H0φ
(0)
i = W

(0)
i φ

(0)
i (12-8)

However, we have already recognized that

φ
(0)
i = ψi, W

(0)
i = Ei (12-9)

and Eq. (12-8) is simply a restatement of Eq. (12-1). Collecting terms from Eq. (12-7)
containingλ to the first power we obtain

λ
(
H ′φ(0)

i + H0φ
(1)
i − W

(0)
i φ

(1)
i − W

(1)
i φ

(0)
i

)
= 0 (12-10)

This equality must hold for any value ofλ, so the term in parentheses is zero. Hence,
rearranging and making use of Eqs. (12-9), we have the first-order equation

(
H ′ − W

(1)
i

)
ψi + (H0 − Ei)φ

(1)
i = 0 (12-11)

Let us multiply this from the left byψ∗
i and integrate:

∫
ψ∗

i H ′ψi dτ − W
(1)
i

∫
ψ∗

i ψi dτ +
∫

ψ∗
i H0φ

(1)
i dτ − Ei

∫
ψ∗

i φ
(1)
i dτ = 0

(12-12)

Using the hermitian property ofH0, it is easy to show that the third and fourth terms
cancel, leaving

W
(1)
i =

∫
ψ∗

i H ′ψi dτ (12-13a)
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Thus we have arrived at an expression for the first-order correction to the energy in
terms of known quantities.It is the expectation value for the perturbation operator
calculated using the wavefunction of the unperturbed system. The analogy between
this formula and the use of the population of the unperturbed city to calculate additional
revenues from a new tax should be apparent.H ′ corresponds to the tax per wage earner,
and

∫
ψ∗

i ψi dτ corresponds to the sum of wage earners in the city before the tax was
imposed.

EXAMPLE 12-1 A one-dimensional box potential is perturbed so that it is raised by
a constant amount,δ, in the left half of the box, and lowered byδ in the right half.
What is the first-order change in energy for the lowest-energy stateψ1? forψ2?

SOLUTION � H ′ is antisymmetric for reflection through the box center, andψ2
1 is symmetric,

so the integral giving W(1)
1 equals zero by symmetry. The same argument applies toψ2. Another

way to argue is to recognize thatψ2
n is symmetric in the box (for alln), which means that half of

the distribution responds to the energy increase and half to the equal energy decrease, so the net
energy change to first order is zero for all states. �

Equation (12-13a) can be written in bra-ket notation (see Appendix 9):

W
(1)
i = 〈

ψi

∣∣H ′∣∣ψi

〉
(12-13b)

or in the notation wherein an integral is indicated by affixing subscripts to the operator
(i.e., as a matrix element)

W
(1)
i = H ′

ii (12-13c)

In most discussions of perturbation theory one of these alternative notations is used.
We will continue our formal development from this point using bra-ket notation for
integrals.

To find an expression forφ(1)
i , the first-order correction to the wavefunction for the

ith state, we first recognize that we can expandφ
(1)
i in terms of the complete set of

eigenfunctionsψ :

φ
(1)
i =

∑

j

c
(1)
j i ψj (12-14)

The summation symbol suggests thatψ is a discrete set of functions. This need not be
true. Contributions from functions whose eigenvalues are in a continuum would require
integration rather than summation. However, we will use the sum symbol since most
actual applications of perturbation theory in quantum chemistry invoke only discrete
functions.

We now insert Eq. (12-14) into (12-11) to obtain
(
H ′ − W

(1)
i

)
ψi + (H0 − Ei)

∑

j

c
(1)
j i ψj = 0 (12-15)
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Multiplying from the left byψ∗
k and integrating yields

〈ψk|H ′|ψi〉 − W
(1)
i 〈ψk|ψi〉 +

∑

j

c
(1)
j i

(〈ψk|H0|ψj 〉 − Ei〈ψk|ψj 〉
) = 0 (12-16)

If k = i, this reduces to Eq. (12-13), as was shown above. Ifk �= i, the terms in the sum
all vanish except whenj = k. Thus,

〈ψk|H ′|ψi〉 + c
(1)
ki

(〈ψk|H0|ψk〉 − Ei〈ψk|ψk〉
) = 0, (k �= i) (12-17)

or

c
(1)
ki = 〈ψk|H ′|ψi〉

Ei − Ek

, k �= i (12-18)

Inserting this into Eq. (12-14) gives an expression forφ
(1)
i :

φ
(1)
i =

∑

j �=i

〈ψj |H ′|ψi〉
Ei − Ej

ψj (12-19)

This formula prescribes the way the first-order correction to the wavefunction is to be
built up from eigenfunctions of the unperturbed system. We discuss this formula in
detail later when considering an example.

Note that, if the perturbed state of interest (theith) is degenerate with another state
(the lth), Eqs. (12-18) and (12-19) blow up fork or j equal tol unless〈ψl|H ′|ψi〉
vanishes. Therefore, we restrict the theoretical discussion of this section to states of
interest that are nondegenerate and discrete. (States of the system other than theith
may be degenerate or continuum states, however.)

If we extract the terms containingλ2 from Eq. (12-7) and proceed, in the same way
as above, to expandφ(2)

i as a linear combination of unperturbed eigenfunctions,

φ
(2)
i =

∑

j

c
(2)
j i ψj (12-20)

we arrive, after some manipulation, at the following formula forW
(2)
i :

W
(2)
i =

∑

j (�=i)

〈ψi |H ′|ψj 〉〈ψj |H ′|ψi〉
Ei − Ej

(12-21)

Comparing this with Eq. (12-18) allows us to write

W
(2)
i =

∑

j (�=i)

∣∣∣c(1)
j i

∣∣∣
2

(Ei − Ej ) (12-22)

or comparing Eqs. (12-19) and (12-21) gives

W
(2)
i = 〈ψi |H ′|φ(1)

i 〉 (12-23)
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The formula that emerges forc
(2)
j i of Eq. (12-20) is

c
(2)
j i =

∑

k( �=i)

〈ψj |H ′|ψk〉〈ψk|H ′|ψi〉(
Ei − Ek

) (
Ei − Ej

) − 〈ψi |H ′|ψi〉〈ψj |H ′|ψi〉
(Ei − Ej )2 , i �= j (12-24)

The boxed equations are “working equations” since they enable us to calculate the
correction terms from the known eigenvalues and eigenfunctions of the unperturbed
system. Equation (12-23) is interesting because it indicates that the second-order cor-
rection to the energy is calculable if we know the zeroth and first-order functions.5

Comparing Eqs. (12-13) and (12-23) shows that, whereas the first-order correction for
the energy is the average value for the perturbation operator with the unperturbed wave-
function, the second-order correction is an interaction element between two functions,
and not an average value in the usual sense.

Higher-order correction terms may be found by proceeding in a similar way with
λ3, λ4, etc. terms from Eq. (12-7). The equations become progressively more cumber-
some and will be of no interest to us for applications to be considered in this book.

Having made use of the parameterλ to keep terms properly sorted, we can now
dispense with it by setting it equal to unity. Then

H = H0 + H ′ (12-25)

Wi = Ei + W
(1)
i + W

(2)
i + · · · (12-26)

φi = ψi + φ
(1)
i + φ

(2)
i + · · · (12-27)

Notice thatφi is not normalized. The normalization coefficient needed will depend on
the order to whichφi has been calculated.6

12-3 A Uniform Electrostatic Perturbation of
an Electron in a “Wire”

12-3.A Description of the System

Suppose that a small uniform electric field is applied to an electron somehow constrained
to move on a line segment of lengthL. In the absence of this field, we assume the
electron states to be described by the one-dimensional “box” wavefunctions discussed

5Löwdin [2] has shown that, if we know all theφi ’s up toφ
(n)
i

, we can calculate all theWi ’s up to and including

W
(2n+1)
i

.

6One can guarantee normality up to second order inφ2
i

by settingc(1)
ii

=0, c
(2)
ii

=− 1
2�k

∣∣∣c(1)
ki

∣∣∣
2

(see Schiff [3]).
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Figure 12-1 � Potential of an electron in a line segment of lengthL in the presence of a uniform
electric field. The perturbation is “small” if the potential changeu acrossL is small compared to
π2/2L2, the energy in atomic units of the lowest unperturbed state.

in Chapter 2. The electric field will be treated as a perturbation. The potential energy
of the electron is sketched in Fig. 12-1. A uniform field produces a constant gradient
(in potential energy) along the line segment. For purposes of discussion, we let the
perturbation rise from zero atx = 0 to u at x = L, but we shall see later that there is a
degree of arbitrariness here. The perturbation, then, is given by

H ′ = ux/L, 0≤ x ≤ L (12-28)

whereu, x, andL are measured in atomic units.

12-3.B The Energy to First Order

We now ask, what is the effect, to first order, ofH ′ on the energy of the lowest-
energy state of the electron? As described in the preceding section, this is obtained by
calculating the average value ofH ′ using the unperturbed wavefunction:

W
(1)
1 =

∫ L

o

[√
2/Lsin(πx/L)

]
(ux/L)

[√
2/Lsin(πx/L)

]
dx (12-29)

We now describe three ways to evaluate this integral. One way is to integrate explicitly,
the other two ways involve simple inspection.

1. Explicit Integration. Factoring constants from Eq. (12-29) gives

W
(1)
1 = 2u/L2

∫ L

0
x sin2(πx/L)dx (12-30)

To achieve a common variable, we multiplyx anddx each byπ/L and outside by
L2/π2, thereby keeping the value unchanged:

W
(1)
1 = 2u/π2

∫ x=L

x=0
(πx/L)sin2(πx/L)d(πx/L) (12-31)

Lettingπx/L = y and noting thaty = 0, π whenx = 0, L, we have

W
(1)
1 = 2u/π2

∫ π

0
y sin2 y dy (12-32)
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Standard tables (see also Appendix 1) lead to a value ofπ2/4 for the integral, and

W
(1)
1 = (2u/π2)(π2/4) = u/2 (12-33)

To first order, then, the energy of the lowest-energy perturbed state is, in atomic
units,

W = (π2/2L2) + u/2 (12-34)

2. Evaluation by Inspection: First Method. Equation (12-34) is certainly a reasonable
result since, as the potential is increased everywhere in the box (except atx = 0),
we expect that the energy of the electron should also increase. The fact that the
increase is such a simple quantity(u/2) suggests that there might be a simple way
to understand this result, and this is indeed the case. Consider the distribution of
the electron in the lowest unperturbed state, shown in Fig. 12-2. This distribution is
symmetric about the midpoint of the line segment. Consequently, for each instant of
time the unperturbed electron spends in elementdx1 of Fig. 12-2, it spends an equal
instant in the symmetrically related elementdx2. In other words, for each instant the
electron experiences a perturbation potentiallessthanu/2, it experiences an instant
of potentialgreater(by an equal amount) thanu/2. Hence, theaveragepotential
must be preciselyu/2. Since we know thatψ2 is symmetric forevery statein the
unperturbed box, we can immediately extend our result and say that the first-order
correction to the energy of every state isu/2.

The ability to evaluate first-order energies by inspection is very useful. Even in
cases where exact evaluation by this technique is not possible, it may still be useful
in making an estimate or in checking the reasonableness of a computed result.

3. Evaluation by Inspection: Second Method. A variation of the above approach is
sometimes useful. We begin by recognizing that, whereasH ′ is neither symmetric
nor antisymmetric about the midpoint of the wire, we can make it antisymmetric by
subtracting the constantu/2, as indicated in Fig. 12-3.

Figure 12-2 � ψ2(n = 1) for a particle in the unperturbed box.
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Figure 12-3 � The functionux/L is unsymmetric aboutL/2, butux/L − u/2 is antisymmetric
aboutL/2.

By writing

H ′ = ux/L − u/2+ u/2≡ H ′
anti+ u/2 (12-35)

we expressH ′ as an antisymmetric function plus a constant. Our integral forW
(1)
1

becomes

W
(1)
1 =

∫ L

0
ψn=1H ′

antiψn=1 dx +
∫ L

0
ψn=1(u/2)ψn=1 dx (12-36)

The first integral vanishes becauseψ2 is symmetric. The second integral is justu/2
times unity sinceψ is normalized. Hence,W (1)

1 = u/2.

EXAMPLE 12-2 A one-dimensional box potential is perturbed so that it is raised
by a constant amount,δ, on the left side of the box but is unchanged on the right
side. What is the first-order change in energy forψ1? forψ2?

SOLUTION � One can argue, similarly to the reasoning in Example 12-1, that half of the
distribution responds to the increase in potential, half to zero change, giving a net first-order
increase ofδ/2. Or, one can turn the perturbation into an antisymmetric function plus a constant:

H ′ = H ′ − δ/2+ δ/2= H ′
anti+ δ/2, leading to W(1)

1 = δ/2. The same result applies toψ2 and all

higher states becauseψ2
n is symmetric in the box for alln. �

12-3.C The First-Order Correction to ψ1

How should we expect the lowest-energy wavefunction to change in response to the
perturbation? Since we are dealing with the lowest-energy state, we might expect
the electron to spend more time in the low-potential end of the box (the nonclas-
sical result), and so the wavefunction should tend to become skewed, as shown in
Fig. 12-4. In this figure it is demonstrated how the perturbed wavefunction can be
resolved into an unperturbed wavefunction and a correction, or difference, function.
Since this correction function must increaseψ on the low potential side and decrease
ψ on the high potential side, it is clear that it must be close to antisymmetric in nature.
According to Eq. (12-19), the first-order approximationφ

(1)
1 to this correction function

is formed by adding together small amounts of higher-energy wavefunctions. Com-
paring the correction function in Fig. 12-4 and these higher-energy wavefunctions
(Fig. 12-5) leads us to expect thatψ2 will be a heavy contributor, whereasψ3, being
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Figure 12-4 � Sketches of the lowest-energy wavefunction (a) before and after perturbation and
(b) the difference between them.

Figure 12-5 � Sketches of the (a) second, (b) third, and (c) fourth (n = 2,3,4, respectively) wave-
functionsψ for the particle in the unperturbed box.

symmetric, will not contribute strongly. The mixing coefficient forψ2 is, according to
Eq. (12-18),

c
(1)
21 =

∫ L

0

(√
2/Lsin 2πx/L

) (
ux/L

) (√
2/Lsinπx/L

)
dx

−3π2/2L2 = 32L2u

27π4 (12-37)

Thus,c(1)
21 is positive, andψ2 contributes toφ(1)

1 in the manner expected. The mixing
coefficient forψ3 is given by

c
(1)
31 = 〈ψ1|H ′

anti|ψ3〉
E1 − E3

+ 〈ψ1|u/2|ψ3〉
E1 − E3

= 0+ 0 (12-38)

where we have used expression (12-35) forH ′. The first integral vanishes because
ψ1 andψ3 are symmetric. The second integral vanishes because they are orthogonal.
Clearly,nosymmetric state will contribute toφ(1)

1 .

Sinceψ4 is antisymmetric, it can contribute toφ(1)
1 . On evaluation, we find thatc(1)

41

is about 2% ofc(1)
21 (Problem 12-5).c(1)

41 is so much smaller thanc(1)
21 for two reasons.

First, the integral〈ψ1|H ′|ψ4〉 in the numerator ofc(1)
41 is much smaller than〈ψ1|H ′|ψ2〉

in c
(1)
21 . This means that the shifting of charge produced by addingψ4 toψ1 is much less

helpful for lowering the energy than is that produced by addingψ2 to ψ1. Examination
of ψ2 andψ4 (Fig. 12-5) reveals why this is so.ψ2 causes removal of charge from
the right-hand half of the box and accumulation of charge in the left-hand half.ψ4
causes removal of charge from the second and fourth quarters (numbering from the left)
and buildup of charge in the first and third quarters. On balanceψ4 helps, but charge
buildup in the third quarter is not desirable nor is removal of charge from the second
quarter, and soψ4 is much less helpful thanψ2. The second reason forc

(1)
41 being so

small is thatE1 − E4 in the denominator ofc(1)
41 is five times as big asE1 − E2 in c

(1)
21 .
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In general, mixing between states of widely different energies is discouraged by the
formula for φ

(1)
i .

The fact that a large contribution byψj to φ
(1)
i is favored by large〈ψi |H ′|ψj 〉 and

small |Ei − Ej | is strikingly similar to the situation found for variational calculations
(Chapter 7). There, the mixing between two basis functionsχi andχj̇ is favored if
〈χi |H |χj 〉 ≡ Hij is large and if|Hii − Hjj | is small.

EXAMPLE 12-3 What sign should be expected forc
(1)
21 for the perturbation of Exam-

ple 12-1? of 12-2?

SOLUTION � Assuming thatψ1 will behave anticlassically, and be skewed so as to decrease the

probability distribution in the higher-energy region (left side), we expectc
(1)
21 to have the opposite

sign of that in Eq. 12-37. Hence, it should be negative. This applies for both Examples 12-1 and
12-2. �

12-3.D The Role of an Additive Constant in H ′

Review of the results of Sections 12-3B and C will show that addition of a constant
to H ′ will changeW

(1)
i by the same constant for all states and have no effect onφ

(1)
i .

The change in energy of all states by a constant is equivalent to a relocation of the zero
of energy and is normally of no interest. Our initial statement that the perturbation is
produced by a uniform electric field left the additive constant inH ′ unspecified. We
chose to setH ′ = 0 at x = 0, but we could have made any of an infinite number of
choices forH ′ at x = 0. A more sensible choice would have been the antisymmetric
functionH ′ = ux/L − u/2 because this still leads to changes in wavefunctions due to
the perturbation, but introduces no energy change to first order (W

(1)
i = 0 for all states

using thisH ′). In other words, the antisymmetric function includes the relevant physics
of the problem and excludes the trivial effects of a constant(u/2) potential change.
Our choice ofH ′ = ux/L was made for pedagogical reasons.

12-3.E The Calculation of W (2)
1

Since the constant first-order contribution to the energies of all the states is not physically
interesting, let us examine the second-order contribution to the ground-state energy,
W

(2)
1 . Equation (12-23) shows that this is related to the first-order correction to the

wavefunction,φ(1)
1 , which, as we have already seen, causes the wavefunction to become

skewed toward the low-potential end of the box. It is clear from Eq. (12-22) that, in
calculating the coefficients forφ(1)

1 , we have already done most of the work needed to

find W
(2)
1 . We saw earlier thatφ(1)

1 is made primarily fromψ2. For simplicity, we will
neglect all higher-energy contributions, and so

φ
(1)
1

∼= c
(1)
2 ψ2 = (32L2u/27π4)ψ2 (12-39)
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and, using Eq. (12-22),

W
(2)
1

∼= (32L2u/27π4)2(−3π2/2L2) (12-40)

Thus, the effect ofW (2)
1 is to lower the energy.

We pause at this point to summarize our results. The perturbation raises the potential
everywhere in the box. (This depends on our choice of an arbitrary constant.) The
energy to first order is increased by the same constant amount for every state. This is
easily seen by inspection, utilizing simple symmetry features ofH ′ and the unperturbed
wavefunctions. Thewavefunctionfor the lowest-energy state is skewed, to first order,
in a way that is energetically favorable as far as interaction withH ′ is concerned.
The second-order contribution to theenergyfor this state is negative, reflecting this
energetically favorable shift of charge. Thus far, everything behaves sensibly. We next
examine the behavior of the second-lowest energy state, where some important new
features occur.

EXAMPLE 12-4 For theψ1 case of Example 12-1, should the energy to second
order be higher or lower than the unperturbed energy?

SOLUTION � The energy to second order isE1 + W
(1)
1 + W

(2)
1 . We have already seen that

W
(1)
1 =0. Thus the question comes down to asking whetherW

(2)
1 is positive or negative. The first-

order correction to the wavefunction shifts charge from the higher-energy regions, hence produces

a negativeW(2)
1 . �

12-3.F The Effects of the Perturbation on ψ2

We begin by examiningφ(1)
2 , the first-order correction toψ2. Inspection of Eq. (12-18)

leads at once to the observation thatc
(1)
21 =−c

(1)
12 . This means that, sinceψ2 contributes

to φ
(1)
1 with a positive coefficient,ψ1 contributes toφ(1)

2 with a negative coefficient.
A sketch ofψ2 minus a small amount ofψ1 will show that this has the effect of shifting
charge from the left half to the right half of the box. This is just the reverse of what we
found for the lowest-energy state.

The antisymmetry of Eq. (12-18) for interchange ofi andk allows us to make the
following general statement. Let a perturbation occur that raises or lowers the potential
more in one region of space than in another. The first-order correction to a given
wavefunction will contain higher-energy wavefunctions in a manner to cause charge
to shift into regions of lowered (or less raised) potential and it will contain lower-
energy wavefunctions in a manner to cause charge to shift into regions of raised (or less
lowered) potential.

We have not yet completed our construction ofφ
(1)
2 . We must calculate coefficients

for contributions from the higher-energy functionsψ3, ψ4, etc. The stateψ3 should
contribute fairly strongly since it has the proper symmetry and is not too distant in
energy fromE2:

c
(1)
32 = 〈ψ2|H ′|ψ3〉

E2 − E3
= 3

5

32L2u

25π4 (12-41)
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Therefore,ψ3 contributes toφ(1)
2 with a coefficient about35 the magnitude of the con-

tribution fromψ1. The sign ofc(1)
32 is positive and a sketch ofψ2 plus a small amount

of ψ3 will demonstrate that this causes charge shifting to the left in accord with our
general statement above.

Sinceψ4 contributes nothing (by symmetry) andψ5 is fairly distant in energy, we will
neglect all contributions toφ(2)

2 aboveψ3.

We have, then, two sizable contributions toφ
(1)
2 , each favoring charge shifts in

opposite directions. Let us see howW
(2)
2 reflects this:

W
(2)
2

∼= c
(1)2
12 (E2 − E1) + c

(1)2
32 (E2 − E3) (12-42a)

∼=
[
c

(1)2
12 (3) + (

3

5
c

(1)
12 )2(−5)

]
π2/2L2 (12-42b)

∼= 1.2c
(1)2
12 π2/2L2 (12-42c)

W
(2)
2 is the difference between energy contributions of opposite sign. The net result

(energy increases) comes about in this case becauseψ1 contributes more heavily
thanψ3.

The fact that contributing wavefunctions from lower and higher energies affectW
(2)
i

oppositely is made evident by Eq. (12-22). Hence, we can extend our general statement
above by adding that the second-order contribution to the energy from states belowψi

in energy cause the energy of thej th state to go up, contributions from above cause it
to go down.

Because the unperturbed energies of the particle in the box increase asn2, any state
(except the lowest) is closer in energy to states below than to states above. Hence, for
at least some kinds of perturbation, we might expect these states to “feel” the effects of
states at lower energies more strongly and to rise in energy (as far asW (2) is concerned).
This is what happens in this example. There are no states below the lowest, and so
W

(2)
1 cannot be positive, butW (2)

2 is positive and it turns out thatW (2)
i is positive for

all higheri as well.
It is interesting to compare these results with those from classical physics. Classi-

cally, the particle moves most slowly at the top of the potential gradient and therefore
spends most of its time there. The lowest-energy state has responded in the opposite
manner, in a way we might call anticlassical. The second and all higher states have
responded classically.

12-4 The Ground-State Energy to First-Order
of Heliumlike Systems

The hamiltonian for a two-electron atom or ion with nuclear chargeZ a.u. is (neglecting
relativistic effects and assuming infinite nuclear mass)

H(1,2) = −1

2

(∇2
1 + ∇2

2

) − Z/r1 − Z/r2 + 1/r12 (12-43)

This may be written as a sum of one-electron operators and a two-electron operator:

H(1,2) = H(1) + H(2) + 1/r12 (12-44)
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where H(i) is simply the hamiltonian for the hydrogenlike system with nuclear
chargeZ:

H(i) = −1

2
∇2

i − Z/ri (12-45)

Since we know the eigenvalues and eigenfunctions forH(i), we can letH(1) + H(2)

be the unperturbed hamiltonian with 1/r12 the perturbation. Such a perturbation is not
very small, but it is of interest to see how well the method works in such a case. We
have, therefore, for the lowest-energy state of the system:

H0 = H(1) + H(2) (12-46)

H ′ = 1/r12 (12-47)

ψ1 = (Z3/π)exp[−Z(r1 + r2)] (12-48)

E1 = −Z2/2− Z2/2= −Z2 (12-49)

W
(1)
1 = 〈ψ1|1/r12|ψ1〉 (12-50)

All quantities are in atomic units. The unperturbed wavefunction [Eq. (12-48)] is simply
the product of two one-electron 1s AOs. Because this is an eigenfunction of the system
in the absence of interelectronic repulsion, it is too contracted about the nucleus.

The first-order correction to the energy is the repulsion between the two electrons
in this overly contracted eigenfunction [Eq. (12-50)]. We have encountered this same
repulsion integral in our earlier variational calculation on helium-like systems. The
evaluation of this integral is described in Appendix 3. Its value is 5Z/8. Hence, to first
order,

W1 = E1 + W
(1)
1 = −Z2 + 5Z/8 (12-51)

In Table 12-1, this result is compared with exact energies for the first ten members of
this series. Several points should be noted:

1. The effect of the perturbation to first order is to increase the ground-state energy.
This is expected since 1/r12 is always positive (i.e., repulsive).

2. The energy to first order is never below the exact ground-state energy. This is a
general property of perturbation calculations as is easily proved (Problem 12-1).

3. The energy to first order is in error by a fairly constant amount throughout the series.
For H−, this gives a substantialpercentageof error and fails to showH− stable
compared with an H atom and an unbound electron. For higherZ, this error becomes
relativelysmaller since 1/r12 becomes relatively less important compared withZ/rι̇.
The assumption thatH ′ is a small perturbation is thus better fulfilled at largeZ
and results inW (1)

1 being a much smaller correction relative to the total energy
W1. Because “large” and “small” are relative terms, they can be misleading. Since
energies of chemical interest are often small differences between large numbers (see
the discussion at the end of Chapter 7), errors that were originally relatively small can
become relatively large after the subtraction. Therefore, even though perturbation
terminology would suggest that the results atZ = 10 are better than those atZ = 1,
this may not be the case for some practical applications.
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12-5 Perturbation at an Atom in the Simple H ¨ uckel
MO Method

Perturbation theory can be used to estimate the effect of a change in the value of the
coulomb integralHkk at carbon atomk. This is normally given the value ofα, but it
might be desirable to consider a different value due, for example, to replacement of an
attached hydrogen by some other atom or group. We take the unperturbed H¨uckel MOs
and orbital energies as our starting point and let the perturbed value ofHkk bea + δα.
Therefore,

H ′ = δα (at centerk only) (12-52)

The first-order correction for the energy ofφi , theith MO, is

W
(1)
i = 〈φi |H ′|φi〉 (12-53)

Now φi is a linear combination of the AOsχ :

φi =
∑

j

cjiχj (12-54)

and so

W
(1)
1 =

∑

j

∑

l

c∗
jicli〈χj |H ′|χl〉 (12-55)

butH ′ is zero except at atomk, where it isδα, and so the sum reduces to one term:

W
(1)
i = c∗

kicki δα (12-56)

Summing over all the MOs times the number of electrons in each MO gives the first-
order correction to the total energy:

W (1) = δα
∑

i

nic
∗
kicki = δαqk (12-57)

whereqk is theπ -electron density at atomk. Thus the energy change to first order is
equal to the change inHkk times the unperturbed electron density at that atom. This
can also be seen to be an immediate consequence of the alternative energy expression

E =
∑

l

qlαl + 2
∑

l<m

plmβlm (12-58)

which was derived in Chapter 8.

EXAMPLE 12-5 Consider the methylene cyclopropene molecule, C4H4, in the
HMO approximation. (See Appendix 6 for data.) At which carbon will a pertur-
bation involvingα affect the totalπ energy the most? Calculate the energy to first
order if the value ofα at that atom increases toα + 0.1000β. Calculate the energy
change, to first order, of each of the four MOs.
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SOLUTION � The total energy will be most affected if the perturbation occurs at the atom
having the greatestπ -electron density, that is, at atom 4. To first order, the totalπ energy
changes by(0.1000β)(1.4881) = 0.1488β, giving an energy to first order of 4α + 4.9264β +
0.1488β = 4α + 5.1112β. Each MO energy drops by (using Eq. (12-56), from lowest to highest,
0.00794β,0.06646β,0.0000β,0.02559β. The sum of the first two of these, times 2 (because of
having two electrons each), gives 0.1488β, which equals the first-order change in totalπ energy
found above. �

Calculation of first-order corrections to the MOs proceeds in a straightforward man-
ner using Eq. (12-19) (see Problem 12-17). One of the results of interest from such a
calculation is the change inπ -electron density at atoml due to a change in the coulomb
integral at atomk. The differential expression is

δq1 = (∂ql/∂αk)δαk = πl,kδαk (12-59)

The quantity of interestπl,k is called theatom-atom polarizability. We will now derive
an expression forπl,k in terms of MO coefficients and energies.

We assume that our MOs fall into a completely occupied setφ1, . . . , φm and a
completely empty setφm+1, . . . , φn. We takeδα to be positive, which means that center
k is made less attractive for electrons. According to Eq. (12-19) thej th MO is, to first
order,

φj + φ
(1)
j = φj +

n∑

i=1,i �=j

〈φj |H ′|φi〉
Ej − Ei

φi (12-60)

whereEj is the orbital energy ofφj . As indicated above, the integral vanishes except
over AOk. Therefore,

φ
(1)
j =

n∑

i=1,i �=j

c∗
kj cki δαk

Ej − Ei

φi (12-61)

Expandingφi in terms of AOs, we have

φ
(1)
j = δαk

n∑

i=1,i �=j

ckj cki

Ej − Ei

n∑

l=1

cliχl
(12-62)

We can write this as

=
n∑

l=1

c
(1)
lj χ

l
(12-63)

where

c
(1)
lj = δαk

n∑

i=1,i �=j

ckj ckicli

Ej − Ei

(12-64)

The change in density at atoml equals the square of the perturbed wavefunction minus
that of the unperturbed wavefunction and involves only the doubly occupied MOs 1−m:

δql = 2
m∑

j=1

[
(clj + c

(1)
lj )2 − c2

lj

]
(12-65)

= 4
m∑

j=1

clj c
(1)
lj (12-66)
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where we have neglected(c(1)
lj )2 because the perturbation is assumed small. Substitut-

ing Eq. (12-64) into (12-66) gives

δql = 4δαk

m∑

j=1

n∑

i=l, i �=j

clj ckj ckι̇cli

Ej − Ei

(12-67)

This equation can be simplified further by recognizing that, forj andi < m + 1, each
term with denominatorEj̇ − Ei has a mate with denominatorE1̇ − Ej . Hence, the
terms differ only in sign and cancel. Therefore,

m∑

j=1,i �=j

clj ckj ckicli

Ej − Ei

= 0 (12-68)

and so

δql = 4δαk

m∑

j=1

n∑

i=m+1

clj ckj ckicli

Ej − Ei

(12-69)

Comparing Eqs. (12-69) and (12-59) gives

πlk = 4
m∑

j=1

n∑

i=m+1

clj ckj ckicli

Ej − Ei

(12-70)

Related quantities, derivable in a similar manner, are thebond-atom polarizability,
πst,r , and thebond-bond polarizability, πtu,rs :

πst,r = 2
m∑

j=1

n∑

k=m+1

crj crk(csj ctk + ctj csk)

Ej − Ek

(12-71)

πtu,rs = 2
m∑

j=1

n∑

k=m+1

(crj csk + csj crk)(ctj cuk + cuj ctk)

Ej − Ek

(12-72)

These refer, respectively, to the change in bond orderpst induced by a perturbation
δαr , and to the change in bond orderptu induced by a change inβrs .

The atom–atom polarizability formula (12-70) makes it evident that a large con-
tribution to the change in electron density at atoml due to a change in the coulomb
integral at atomk is favored if a filled and an empty MO exist that have large absolute
coefficients on both atoms and are close in energy. However, another factor comes into
play that usually confounds this expectation, as the following example shows:

EXAMPLE 12-6 Consider the naphthalene molecule, C10H8, in the HMO approx-
imation. (See Appendix 6 for data.) If atom 1 were perturbed in a way to make it
more attractive toπ electrons, which of the atoms 2, 3, or 4, would you expect to
experience the greatest population change?
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SOLUTION � The HOMO-LUMO contribution to the charge shift favors atom 4, since its
coefficients in these MOs are larger than those for atoms 2 or 3. However, the actual data (not given
in Appendix 6) are:π1,2 = 0.21342,π1,3 = −0.01771,π1,4 = 0.13937. So atom 2 experiences
the greatest population change, atom 3 the least. Why is this? It results from the fact that we
are summing products that can be positive or negative. Two atoms near each other are less likely
to have nodal planes separating them, so their coefficients are more likely to be of the same sign
giving fewer sign changes in their products. So the sum has less tendency to cancel itself. This
is the way in which MO theory predicts a tendency for polarization effects to die off as distance
increases—the well-known “inductive effect.” This dying-off is not monotonic, as can be seen
in the remaining atom-atom polarizabilities:π1,5 = 0.02325,π1,6 = −0.00643,π1,7 = 0.03228,
π1,8 = −0.02674,π1,9 = 0.08889,π1,10= −0.00356. �

Ingeneral,πlk canhaveeithersign. Thismeans thatmakingatomk moreattractive for
electrons will, to first order, cause theπ electron density to decrease at some carbons and
increase at others. (This is necessary since the totalπ-charge density must be conserved.)

12-6 Perturbation Theory for a Degenerate State

Equations (12-19), (12-21), and (12-24) have denominators containingEi − Ej . If ψi

andψj are degenerate, this leads to difficulty, alerting us to the fact that our earlier
derivations do not take proper account of states of interest that are degenerate. The
problem results from our initial expansion ofφl̇ as a power series inλ. The leading

term in the expansion,φ(0)
i , is the wavefunction thatφi becomes in the limit when

λ=0. In nondegenerate systems there is no is ambiguity;φ
(0)
i has to beψi . But if ψi is

degenerate withψj , any linear combination of them is also an eigenfunction. We need
a method to determine howψi andψj should be mixed together to form the correct

zeroth-order functionsφ(0)
i andφ

(0)
j .

To find the conditions thatφ(0)
i andφ

(0)
j must satisfy, we return to the first-order

perturbation equation (12-11) but withφ(0)
i in place ofψi :

(H ′ − W
(1)
i )φ

(0)
i + (H0 − Ei)φ

(1)
i = 0 (12-73)

Multiplying from the left byφ
(0)∗
j and integrating gives (takingφ(0)

i andφ
(0)
j to be

orthogonal andH0 hermitian)

〈φ(0)
j |H ′|φ(0)

i 〉 + (Ej − Ei)〈φ(0)
j |φ(1)

i 〉 = 0 (12-74)

If Ei = Ej , this gives

〈φ(0)
j |H ′|φ(0)

i 〉 = 0 (12-75)

This means that the first-order perturbation equation is satisfied for degenerate states
only when the wavefunctions “diagonalize” the perturbation operatorH ′. Therefore,
our problem reduces to finding those linear combinations ofψi andψj that will diago-
nalizeH ′. We have already seen two ways to accomplish this in earlier chapters. One
way is to construct the matrixH ′, where (H ′)ij =〈ψi |H ′|ψj 〉, and then find the unitary
matrixC that diagonalizesH ′ in the similarity transformationC†H ′C. The elements in
C are then the coefficients for the linear combinations ofψi andψj , and the diagonal
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elements of the diagonalized matrix are equal to〈φ(0)
i |H ′|φ(0)

i 〉 and 〈φ(0)
j |H ′|φ(0)

j 〉;
they are the first-order corrections to the energy ofφ

(0)
i andφ

(0)
j . The other method,

equivalent to the above, is to set up the determinantal equation
∣∣∣∣∣
H ′

11− E H ′
12

H ′
21 H ′

22− E

∣∣∣∣∣ = 0 (12-76)

and solve for the rootsE. Substituting these back into the simultaneous equations
corresponding to the determinant gives the coefficients with whichψi andψj should
be combined. The rootsE are the first-order corrections to the energy and are identical
to the diagonal matrix elements mentioned above.

In the event that the roots are equal, the perturbation has failed to split the degeneracy
to first order and it is then necessary to proceed to higher order. We will not pursue this
problem to higher orders, however.

If there aren degenerate states, the above procedure is simply carried out with an
n × n matrix or determinant.

We will now give an example of perturbation theory for a degenerate state.

12-7 Polarizability of the Hydrogen
Atom in the n = 2 States

In Chapter 7, the polarizability of the hydrogen atom in the 1s state was calculated by the
variation method (see Section 7-4 and Problem 7-13). We now use perturbation theory
for degenerate states to calculate to first order the polarizabilities of then = 2 states.

The perturbation due to az-directed uniform electric field is, in atomic units,

H ′ = −Fr cosθ (12-77)

There are four degenerate states at then=2 level, giving us a 4×4 secular determinant.
If we choose the real AOs as our basis set and lets, x, y, z represent these functions,
the determinantal equation is

∣∣∣∣∣∣∣∣∣

H ′
ss − E H ′

sz H ′
sy H ′

sx

H ′
zs H ′

zz − E H ′
zy H ′

zx

H ′
ys H ′

yz H ′
yy − E H ′

yx

H ′
xs H ′

xz H ′
xy H ′

xx − E

∣∣∣∣∣∣∣∣∣

= 0 (12-78)

where

H ′
yz = 〈y|H ′|z〉, etc. (12-79)

The operatorH ′ is antisymmetric for reflection in thexy plane, but symmetric for
reflection in thexz or yz planes. It follows from this that all integrals in Eq. (12-78)
vanish except forH ′

sz andH ′
zs , which are equal. Assigning a value ofx (not to be

confused with thex coordinate) to these integrals, our equation becomes
∣∣∣∣∣∣∣∣∣

−E x 0 0
x −E 0 0
0 0 −E 0
0 0 0 −E

∣∣∣∣∣∣∣∣∣

= 0 (12-80)
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The block diagonal form indicates that this is a product of one 2× 2 determinant and
two 1× 1’s. Evidently, the proper zeroth-order wavefunctions must be a mixture of 2s
and 2pz AOs, with 2px and 2py being acceptable as they stand. The roots of the 1× 1
determinants are zero, the roots of the 2× 2 areE+ = +x, E− = −x. These lead to
coefficients that produce the zeroth-order wave-functions

φ
(0)
+ =

(
1/

√
2
)

(2s+ 2pz) (12-81)

φ
(0)
− =

(
1/

√
2
)

(2s− 2pz) (12-82)

The roots+x and−x are the first-order corrections to the energy. We now proceed
to calculate these quantities:

x = 〈2s|H ′|2pz〉 = · · · = 3F (12-83)

Our perturbation calculation indicates that then = 2 level splits into three levels
under the influence of an electric field. Since this splitting occurs to first order, it is
sometimes called afirst-order Stark effect. Sincex is proportional toF , the splitting
is linear inF , as indicated in Fig. 12-6.

It is instructive to compare these results with the behavior of the 1s state. In the first
place, the effect of a uniform electric field on the 1s level is zero, to first order, because
〈1s|H ′|1s〉 vanishes for reasons of symmetry. Only when first-order corrections are
made to the 1s wavefunction are energy effects seen, and these occur in the second-order
energy terms. Therefore, the 1s state gives asecond-order Stark effect, but no first-
order effect. The 1s state gives no first-order effect because the spherically symmetric
zeroth-order wavefunction has no electric dipole to interact with the field. But the
proper zeroth-order wave functions for some of then = 2 states, given by Eqs. (12-81)
and (12-82),do provide electric dipoles in opposite directions that interact with the
field to produce first-order energies of opposite signs.

Notice that the energy change for the second-order effect goes asF 2 [(Eq. (7-62)],
whereas that for the first-order effect goes asF . These dependences are indicative of
an induced dipoleand apermanent dipole, respectively. The induced dipole for the
1s state depends on the field strengthF , since, asF increases, the dipole moment
increases (due to mixing in higher states). This induced dipole, which depends onF ,

Figure 12-6 � Energy to first order ofn = 2 level of hydrogen as a function of uniform electric
field strength (z-directed field).
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then interacts with the field of strengthF . Since both the size of the induced dipole and
the energy of interaction with the field depend onF to the first power, the energy goes
asF 2. For then = 2 wavefunctionsφ(0)

+ andφ
(0)
− , however, the dipole is permanent.7

(The mixing to produce these states occurs even in the limit asF goes to zero.) This
permanent dipole interacts with the field to give an energy depending onF instead
of F 2.

The 2px and 2py AOs are not affected to first-order in the perturbation. At higher

orders, these AOs (as well asφ
(0)
+ andφ

(0)
− ) mix in higher-energy AOs of symmetries

appropriate to produce induced dipoles. However, due to the equivalence of 2px and 2py
with respect toH ′, the induced dipole is the same in both cases so that the degeneracy
is still not lifted.

The qualitatively different behaviors of then = 1 andn = 2 levels of hydrogen
result from the fact that degenerate eigenfunctions can be mixed together at no energy
expense, whereas then=1 state can produce a dipole only by mixing in higher-energy
states. This suggests that the polarizability of an atom or molecule should be strongly
dependent on the availability of fairly low-energy unoccupied orbitals or wavefunctions,
and this is indeed the case. As we proceed down the series H−, He, Li+, Be+2, . . . , etc.,
we find that the distance in energy between the occupied state and the higher-energy
states increases. Also, we find that the systems become less and less polarizable. Again,
if we compare helium and beryllium, both of which are ordinarily considered to have
s2 valence-state configurations, we find beryllium to be much more polarizable. This
is due to the presence of empty 2p orbitals lying fairly close in energy to the 2s AO
in beryllium. In fact, these two atoms are strongly reminiscent of then = 1, n = 2
polarizabilities in hydrogen, the chief difference being that the 2s and 2p levels of
beryllium are only close in energy—not actually degenerate.

12-8 Degenerate-Level Perturbation Theory by Inspection

Degenerate and nondegenerate perturbation theories share the feature that the first-order
correction to the energy is the expectation value of the perturbation operator using the
unperturbed wavefunction. Often we can evaluate or estimate this expectation value by
inspection. The special problem fordegeneratewavefunctions or orbitals is that there
is an infinite number of ways to express the unperturbed wavefunctions, and only one
of these ways is proper for findingW (1). The mathematical procedure for finding the
proper set of functions tends to complicate and obscure the situation.However, it is
often easy to deduce the proper unperturbed wavefunctions by inspection.

The clue for doing this comes from Eq. (12-76). It is apparent that this equation,
which leads to the first-order corrections to the energyand to the proper unperturbed
(or zeroth-order) wavefunctions, is exactly like the secular determinantal equation we
would use for a variational calculation. Since the secular equation comes from a
calculus-based determination of energy extrema, we know that the energies that come
out of Eq. (12-76) must be the minimum and maximum possible values and that the
proper zeroth-order functions must be those that give the maximum and minimum
expectation values forH ′. This leads immediately to a powerful insight:For a given

7In the language of hybridization (Chapter 13),φ
(0)
+ andφ

(0)
− are sp hybrids.
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perturbation, the proper zeroth-order degenerate wavefunctions to use for predicting
the effect on energies are that set giving the greatest difference in response.

This rule can be seen operating in the hydrogen atom polarization example of the
preceding section. The proper combination of 2s and 2pz AOs is the pair of sp hybrid
combinations giving the greatest energy increase and decrease. (The 2px and 2py AOs
do not mix any 2s or 2pz into themselves because to do so will have no energy-raising
or -lowering effect.)

Another example is seen when changing the coulomb integral at an atom in the HMO-
level treatment of a cyclic molecule. Such molecules always have some degenerate
MOs, and so one must decide which linear combination is “proper” for evaluating
the effect of this perturbation. The situation is analyzed most easily by recognizing
that mixing such degenerate MOs together corresponds to rotating the positions of
the nodes and antinodes in the molecule. So the question of finding the proper MOs
becomes one of asking where the nodes and antinodes should be located. The greatest
difference in response to changing the coulomb integral at an atom comes when one
of the degenerate pair of MOs has a node (i.e., is zero) at that atom and the other
MO has an antinode (i.e., has maximum absolute value) there. Suppose, for example,
you are asked to evaluate the effect on a particular degenerate pair of MOs of such a
perturbation at carbon number 3 in a cyclic molecule. When you look at those MOs
in a tabulation, you may find that atom 3 is not at the node or antinode position for
either MO. Instead, you might observe that the node of one MO and antinode of the
other occur at atom number 4. You could set about mixing these MOs to move the
node-antinode positions to atom 3, but it is much easier and just as correct to pretend
that the perturbation is occurring at atom 4, since, in a cycle, all atoms are equivalent.
This allows you to use the tabulated MOs to evaluate the perturbation (now at atom 4)
without any modification. Once this is recognized, the problem can be completed by
inspection, just as in nondegenerate cases: The MO energy for the MO that has its node
at atom 4 is unaffected to first order by the perturbation, and the other is affected by an
amount proportional to the square of the coefficient at atom 4. Thus, the MOs become
nondegenerate and are described to zeroth order by these “proper” functions.

It is important to realize that the identity of the proper unperturbed wavefunctions
depends on the nature of the perturbation. Thus, for the cyclic system discussed above
(which we now assume has an even number of atoms), stretching the molecule so that
two bonds on opposite sides of the cycle get longer is treated perturbatively with a
different pair of proper MOs. We can quickly guess which MOs those are by seeking
the pair that respond most differently to the bond stretching. Since any degenerate MO
in this even–alternant cycle has at least one nodal plane perpendicular to the molecular
plane, there is always a rotational position that places a nodal plane across the center
of the two bonds being stretched. The mate to this MO then has an antinode in these
bonds. That means that one MO is antibonding in these bonds and the other MO is
bonding. This in turn means that one MO’s energy will drop as the bond lengthens and
the other MO’s energy will rise. This, then, is the proper MO set to use for evaluating
this perturbation to first order. Furthermore, these MOs are nondegenerate after the
perturbation and are the zeroth-order approximation to the MOs of the perturbed system.

The two perturbations described above bring up a final important point. Suppose
we have two different perturbations occurring simultaneously in a system involving
degenerate MOs or state functions. The question then arises as to whether the proper



414 Chapter 12 Time-Independent Rayleigh–Schr ¨ odinger Perturbation Theory

zeroth-order functions are the same or different for the two perturbations. We have just
seen that, if the perturbations involve substituting a new atom for a carbon and stretch-
ing a pair of bonds in a cyclic molecule, the proper zeroth-order MOs are different. This
means that one of these perturbations favors a postperturbative pair of nondegenerate
MOs that is different from the pair being favored by the other perturbation. In other
words, these perturbations compete to produce different final MOs. The other possi-
bility is that two perturbations have the same set of proper zeroth-order wavefunctions,
which means that they cooperate to produce the same final MOs. The cooperative
situation is the one that gives the largest energy effects, since a single set of proper
zeroth-order functions is selected that produces the greatest difference in response to
both perturbations simultaneously. Competing perturbations require a compromise
among zeroth-order functions which involves diminution in the differences in energy
response.

The reader may have realized that there is another way to select the proper zeroth-
order wavefunctions, and that is to use symmetry. Recall that the proper wave-
functionsψ

(0)
i andψ

(0)
j are those that “diagonalize the determinant,” i.e., that cause

〈ψ(0)
i |H ′|ψ(0)

j 〉 to equal zero. In each of the examples cited above, this can be seen to
be true. TheH ′ operator corresponding to changing the coulomb integral at an atom,
and nowhere else, is unaffected by reflection through a plane containing that atom. The
MO placing a maximum at that atom is symmetric for such a reflection, and the MO
placing a node there is antisymmetric. Hence the integrand is overall antisymmetric and
the integral vanishes, in accord with the requirement that must be satisfied by proper
zeroth-order wavefunctions. A similar argument applies for stretching or shrinking
bonds, with the reflection plane now occurring at the bond midpoints. As a useful guide,
then,proper zeroth-order wavefunctions may be recognized as those having opposite
symmetry for an operation by which the perturbation operator is unaffected.

EXAMPLE 12-7 Consider the cyclopentadienyl radical in the HMO approximation.
Assume it to be planar and pentagonal. (SeeAppendix 6 for data.) Ifα3 is perturbed
to becomeα + 0.1000β, what are the MO energy changes, to first order?

SOLUTION � The lowest-energy MO is nondegenerate, and all atoms have the same coefficient,
so �E1 = (0.4472)2(0.1000β) = 0.0200β. The second two MOs are degenerate, so we need to
identify the proper zeroth-order combinations. One should be symmetric with respect to reflection
through atom 3, the other antisymmetric. None of the tabulated MOs have these properties about
atom 3, but they do have these properties for atom 1. Therefore, we proceed by pretending that atom
1 is the one being perturbed (it makes no difference). Then,�E2= (0.6325)2(0.1000β)=0.0400β,
�E3 = 0.0000β, �E4 = �E2, �E5 = �E3. �

12-9 Interaction Between Two Orbitals: An Important
Chemical Model

Qualitative quantum-chemical discussion often relies on a simplified model wherein all
interactions are neglected except for the primary one. For example, in considering how
a Lewis base and a Lewis acid interact, one might consider only the highest occupied
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MO (HOMO) of the base (electron donor) and the lowest unfilled MO (LUMO) of the
acid (electron acceptor). Consideration of the ways two levels interact will provide
some useful rules of thumb and also consolidate some of our earlier findings.8

We label the unperturbed orbitals and energiesψa, ψb, andEa, Eb. We will work
within the Hückel type of framework so that state energy differences may be written as
orbital energy differences. The orbitals are allowed to interact with each other by virtue
of close approach. We will assume that the perturbation felt by the orbitals is propor-
tional to the overlap between them. (If the systems involved are ions, strong electrostatic
interactions will exist as well. Therefore, we assume all systems to be neutral.)

Since the overlap ofψa on ψb is the same as that ofψb on ψa, the energy change
to first order is the same for both levels and hence we ignore it (unless the levels are
degenerate—an eventuality we discuss shortly).

The second-order contributions to the energies are:

W (2)
a = |〈ψa|H ′|ψb〉|2

Ea − Eb

(12-84)

W
(2)
b = |〈ψa|H ′|ψb〉|2

Eb − Ea

(12-85)

Thus, the second-order energyW
(2)
a is positive if Ea > Eb, negative ifEa < Eb. In

other words, the higher-energy level is pushed up, or destabilized, through interaction
with the level below, and the lower-energy level is stabilized by interaction with the
level above. This behavior, which we noted also in connection with the perturbed
particle in a wire, may be summarized by the statement:interacting levels repel each
other. Equations (12-84) and (12-85) also make clear thatthe levels repel each other
more strongly the greater their interaction(numerator) and the smaller their energy
separation(denominator).

If Ea = Eb, we must set up a 2× 2 first-order perturbation determinant usingψa

andψb as basis, and find the two roots. Just as was true in the polarizability calculation
of Section 12-7, we will find that one root lies aboveEa, and the other lies an equal
distance below. Thus, fordegenerate levels, the repulsion between levels becomes a
first-order effect.

The first-order mixing ofψa andψb parallels the energy results in the expected
way. If the second-order energy stabilizes the level, the orbitals are mixed in a bonding
fashion. Since we have seen that it is the lower-energy orbital that is stabilized, we can
state that,if two orbitals interact, the lower-energy one of the two mixes into itself the
higher-energy one in a bonding way, while the higher-energy orbital mixes into itself
the lower one in an antibonding way[5]. In short, “the upper combination takes the
node” [5].

As an example of the utility of this model, consider the norbornadiene molecule
(see Fig. 12-7a). According to our understanding of unsaturated systems, the double
bonds in this molecule should behave like isolated ethylene double bonds and not
like the conjugated bonds of butadiene. But these bonds are at an orientation and
proximity allowing significant overlap between 2pπ AO lobes beneath the molecule. If
we treat this system with our two-level model, the unperturbed MOs are the bonding

8The discussion in this section follows closely that of Hoffmann [5]. That article reviews a variety of illustrative
applications of the two-orbital model.
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Figure 12-7 � π MOs in norbornadiene: (a) norbornadiene; (b) basis of unperturbed MOs; (c) basis
of perturbed MOs; (d) quadricyclene (after R. Hoffmann [5].)

and antibondingπ MOs of two ethylene molecules (Fig. 12-7b). We expect the MO
overlap across the molecule to split each of these levels as indicated in Fig. 12-7c, the
bonding interaction producing stabilization in each case. (Combinations involving a
bonding MO on one side and an antibonding MO on the other are ruled out because
symmetry forces the interaction term to vanish. Even if this were not the case, the
energy gap between these unperturbed MOs would make such contributions negligible
compared to those from the degenerate MOs.)

A careful look at Fig. 12-7c reveals certain implications about norbornadiene. For
instance, the ionization energy for norbornadiene should be smaller than that for
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norbornene, which has but one double bond. Experimental measurements support this
contention. Also, since the highest occupied MO of norbornadiene is antibonding
between carbons 3 and 5 and also 6 and 2, whereas the lowest empty MO is bond-
ing between these carbons, excitation of an electron from the former MO to the latter
should promote formation of quadricyclene (Fig. 12-7d). This compound is a common
product in the photochemistry of norbornadienes.

12-10 Connection Between Time-Independent
Perturbation Theory and Spectroscopic
Selection Rules

Molecules may change to higher-or lower-energy states under the influence of incident
light. Such processes are called, respectively, absorption and induced emission. Per-
turbation theory can be used to study such transitions induced by an external oscillating
electromagnetic field. Here we briefly describe a rather simple connection between
selection rules and the perturbation theory we have discussed in this chapter.

Let a molecule initially be in a state with wavefunctionψi . We are interested in the
probability of a transition occurring to some final state with wavefunctionψf . A time-
dependent perturbation treatment (not given here, but see Section 6-16) indicates that
such a transition is probable only when the external field frequencyν satisfies the
conservation of energy relation

ν = |Ef − Ei |/h (12-86)

Even when this condition is satisfied, however, we may find experimentally that the
transition is so improbable as to be undetectable. Evidently some factor other than
satisfaction of Eq. (12-86) is also involved.

Since the molecule is being subjected to light, it experiences fluctuating electric and
magnetic fields. For ordinary (as opposed to magnetic) spectroscopy, the effects of
the magnetic field are negligible compared to those of the electric field. Therefore,
we ignore the former and imagine the moleculeat a particular instantaneous value
of an external electric field. As we have seen from earlier sections, this field causes
polarization through the admixture of unperturbed wavefunctionsψ1, ψ2, etc., withψi

to form a perturbed wavefunctionφi . For a normalizedφi , we have, therefore,

φi = ciψi + c1ψ1 + c2ψ2 + · · · + cf ψf + · · · (12-87)

At a later time, when the perturbation is over, the system returns to an unperturbed
state. The probability of returning to the initial state is given byc∗

i ci . The probability
of going instead to the final state described byψf is given byc∗

f cf . If cf is zero, there
is no tendency for a transition to that final state to occur and the transition is said to be
forbidden. If cf is nonzero, the transition isallowed.

Since the coefficientcf is given to first order by [see Eq. (12-18)],

cf = 〈ψf |H ′|ψi〉
Ei − Ef

(12-88)

whereH ′ is the perturbation operator for the electric field component of the light,
we can say at once that a transition between two states is forbidden (to first order) if
〈ψf |H ′|ψi〉 vanishes.



418 Chapter 12 Time-Independent Rayleigh–Schr ¨ odinger Perturbation Theory

One example of a forbidden transition is that between a singlet state and a triplet
state of a system. We can see this at once sinceH ′ is anelectric field and does not
interact with spinmagneticmoment. Therefore the orthogonality betweenψi andψf

due to spin functions is uninfluenced byH ′ and the integral〈ψf |H ′|ψ1̇〉 must vanish.
In effect, the perturbationH ′ causes the initial singlet state to become polarized by
mixing in other singlet state functions, but gives no impetus for mixing in states of
different multiplicity. Transitions between states of different multiplicity are said to be
spin forbidden.

Another example of a forbidden transition is that between two different s-type states
of a hydrogen atom. Such states have spherically symmetric wavefunctions, butH ′
(the electric field) is antisymmetric for reflection through a plane (to within an addi-
tive constant), and so〈ψf |H ′|ψi〉 must vanish for reasons of symmetry. It is easy
to generalize this argument to other states of the hydrogen atom (p to p, d to d,
etc.) and also to certain other atoms (e.g., the alkali metals) electronically similar to
hydrogen.

Molecular electronic transitions can be understood from the same standpoint. The
intenseπ∗ ← π transition in ethylene is a simple example.9,10 Let us imagine that the
molecule is oriented as shown in Fig. 12-8. Suppose we could somehow orient all our
molecules this way (in a host matrix or in a crystal) and that we then subjected the sample
to plane-polarized light. We will consider what should happen for light polarized in
each of the directionsx, y, z. First, let us consider the integral〈π |z|π∗〉. The ethylene
molecule has three reflection planes of symmetry, so we can examine the symmetry
of the integrand with respect to each of these three reflections. Remember that, if the
integrand is antisymmetric for any one of these reflections, the integral vanishes. The
functionπ can be seen, from inspection of Fig. 12-8, to be symmetric for reflection in
thexz andyz planes, antisymmetric for reflection in thexy plane. These observations
are shown in Table 12-2, along with similar conclusions regarding the symmetries of
the functionsπ∗, x, y, andz. The symbols “s” and “a” stand for “symmetric” and
“antisymmetric.” Our integral〈π |z|π∗〉 can now be seen to have an integrand that
is symmetric for reflection in thexz plane but antisymmetric for reflection in thexy

Figure 12-8 � π andπ∗ MOs for ethylene. The C–C bond is coincident with thex axis and all
nuclei lie in thexy plane.

9Here,π∗ refers to the antibondingπg MO, not to complex conjugation.
10In this discussion, we consider molecules of high symmetry, so that reflection planes of symmetry exist. For

molecules of lower symmetry, one must resort to actual calculation of thecf in Eq. (12-88).
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TABLE 12-2 � Symmetries of Functions under Reflection through
Cartesian Coordinate Planes

Symmetry operation

Function xy reflection xz reflection yz reflection

π a s s
π∗ a s a
z a s s
x s s a
y s a s

π z π∗ a a a = a s s s = s s s a = a
π x π∗ a s a = s s s s = s s a a = s
π y π∗ a s a = s s a s = a s s a = a

andyz planes. Hence, this integral vanishes, and this transition is forbidden insofar
as light polarized perpendicular to the molecular plane is concerned. According to
Table 12-2, symmetry also causes〈π |y|π∗〉 to vanish. However, symmetry does not
force〈π |x|π∗〉 to vanish. Therefore, theπ∗ ← π transition is allowed and is polarized
along the C–C axis. Indeed, because of the significant spatial extension of theπ and
π∗ MOs (compared to AOs), the integral〈π |x|π∗〉 is relatively large, which means that
the transition is not only allowed, but isintense.

It is physically reasonable that theπ∗ ← π transition should be polarized along the
C–C axis. If someπ∗ character is mixed withπ , it is easy to see that this results in a
shift of π charge from one carbon to the other—a shift along thex axis. Conversely, an
electric field in thex direction will cause polarization along thex axis, hence mixπ∗
character into theπ MO. When the perturbation is removed, a finite probability exists
that the molecule will go to the state whereinπ∗ is occupied.

In the above example, we imagined all ethylene molecules to be identically oriented.
Under those conditions, we would observe a maximum inπ∗ ←π absorption when our
incident light was polarized parallel to the molecular axis and zero absorption (ideally)
when the polarization axis was perpendicular to the molecular axis. If the light is
unpolarized, or if the ethylene is randomly oriented, as in liquid or gaseous states, the
absorption is isotropic and allowed because there is always a certain degree of “overlap”
between the molecular axes of most of the molecules and the direction of the electric
field due to the light.

The example discussed above illustrates a simple and powerful rule for recognizing
whether or not a given atomic or molecular orbital dipolar transition is allowed (assum-
ing electron spin agreement):A dipole transition is allowed between orbitals that have
opposite symmetry for one and only one reflection plane.11 The polarization of the
transition will be perpendicular to that reflection plane.

11This means that, for an allowed transition, one orbital has one and only one nodal plane where the other
does not.
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EXAMPLE 12-8 Selection rules for allowed dipolar transitions in a hydrogen atom
include�l = ±1, �ml = 0,±1. Show that these rules are equivalent to the sym-
metry rule stated above.a Consider the following cases: 2s ← 1s, 2px ← 1s,
3dxy ← 2s, 3dxz ← 2pz , 3dxy ← 2pz .

aThere is yet another way to rationalize these selection rules. Photons are bosons with spin quantum
number of 1, hence they carry spin angular momentum. The total angular momentum of the atom or molecule
that absorbs a photon must change to obey the conservation requirement consistent with the vector addition
of orbital and photon angular momenta. The�l rule handles that for one-electron atoms. Furthermore,
for a unit change ofl, thez-component of the absorber’s orbital angular momentum can change by+1, 0,
or −1 a.u. The�ml rule takes care of that. This rationalizes the atomic selection rules, but doesn’t yield
information on polarization or intensity as readily as the more physical approach described in the text, and
it is less easily applied to molecules. Generally, however, the more ways one understands a thing, the better.

SOLUTION � The 2s ← 1s transition is forbidden by the�l rule (because�l = 0) and also by
the symmetry rule (because neither wavefunction has a nodal plane). This makes it easy to see
that the�l rule applies because it forces one of the orbitals to have one and only one more nodal
plane than the other. The 2px ← 1s transition is allowed by the�l rule. Since 2px is a linear
combination of 2p+1 and 2p−1, the�ml rule is also satisfied, so the transition is allowed. When
we examine symmetry, we note that there is only one plane of disagreement–theyz plane, so this
approach also indicates that the transition is allowed, and that it is polarized in thex direction
(perpendicular to theyz plane). The 3dxy ←2s transition is forbidden by the�l rule since�l =2.
The symmetry approach indicates that a transition is forbidden because the 3dxy AO has two nodal
planes, whereas 2s has none. The 3dxz ←2pz transition has�l =1. 3dxz is a combination of 3d+1
and 3d−1, and 2pz is 2p0, so�ml = ±1. Therefore, this is an allowed transition. The symmetry
approach shows 3dxz with two nodal planes (xy andyz) and 2pz with one (xy). Therefore, there
is only one plane of symmetry disagreement (yz), so the transition is allowed and isx polarized.
The 3dxy ← 2pz transition has�l = +1. 3dxy is a linear combination of 3d+2 and 3d−2, and
2pz is 2p0, so�ml = ±2. Therefore, the transition is forbidden. The symmetry analysis shows
3dxy having two nodal planes (xz andyz), and 2pz having one (xy). Therefore, they disagree in
symmetry in three planes, and the transition is forbidden. This last case makes it clear why the�ml

rule is needed: When satisfied, it guarantees that all but one of the nodal planes in the two AOs
coincide. (If�ml =±2, then, taking thez axis to be vertical, one AO has two more vertical nodal
planes than the other, so there must be at least two reflection planes of symmetry disagreement.)�

12-10.A Problems

12-1. Prove that the energy to first order for the lowest-energy state of a perturbed
system is an upper bound for the exact energy of the lowest-energy state of the
perturbed system, that is, thatE0 + W

(1)
0 ≥ W0.

12-2. A one-dimensional box potential is perturbed as sketched in Fig. P12-2. From a
consideration of the first three wavefunctions of the unperturbed system,ψ1, ψ2,

Figure P12-2 �
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ψ3, which will have its energy increasedmost, to first order, and which least?
No explicit calculation is necessary to answer this question.

12-3. Evaluate by inspection the first-order contributions to the energies for the states
shown in Fig. P12-3. In every case the unperturbed state is a particle in the
indicatedstate in the one-dimensional, infinitely deep, square well.

Figure P12-3 � a)H ′ = sine function as shown,ψi =ψ1. b)H ′ as shown,ψi =ψ1. c)H ′ as shown;
ψi = ψ1. d) H ′ as shown;ψi = ψ2. e)H ′ = cosine as shown,ψι̇ = ψ2. f) H ′ as shown;ψi = ψ2.

12-4. a) EvaluateW (1)
2 for the particle in a box with the perturbing potential shown in

Fig. P12-4.
b) For the perturbation above:

1) What sign would you expect forc(1)
21 ? Describe the effect of this onφ1;

onW
(2)
1 .

2) What sign would you expect forc(1)
12 ? Describe the effect of this onφ2;

onW
(2)
2 .
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Figure P12-4 �

12-5. Calculatec
(1)
41 for the perturbed particle in a wire example discussed in Sec-

tion 12-3. Show thatc(1)
41 is only about 2% as large asc

(1)
21 . Use

∫ π

0
y sinmy sinny dy = [

(−1)m+n − 1
]
2mn/(m2 − n2)2, m,n = 1,2, . . . ,m �= n

12-6. An electron moves in a harmonic potential,V = 1
2kx2. What is the effect, to first

order, on the energies of superimposing an electric field,V ′ =Ex? Explain your
reasoning.

12-7. Calculate the energy to first order of He+ in its lowest-energy state. Use the
hydrogen atom in its ground state as your zeroth-order approximation. Use
atomic units. Predict the signs (plus, zero, minus) ofc

(1)
2s,1s andc

(1)
2p0,1s. Explain

your reasoning.

12-8. The previous problem gives an energy to first order of−3/2 a.u. for He+, using
H as a starting point. Now reverse the process and try to get the ground-state
energy of H to first order, using He+ as starting point. Discuss the reasonableness
of your answer in terms of a lower bound.

12-9. A hydrogen atom in its ground state is perturbed by imposition of a uniform
z-directed electric field of strengthF atomic units: Field= −Fz = −Fr cosθ .

a) What is the first-order change in energy experienced by the atom? Show
your logic.

b) For the first-order correction to the ground-statewavefunction, we can con-
siderc(1)

2s,1s andc
(1)
2pz ,1s to be the coefficients for mixing in 2s and 2pz char-

acter. Predict the signs of these coefficients and sketch their effects on the
ground-state wavefunction.

c) Predict the sign ofW (2)
1s and explain your reasoning.
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12-10. What is the H¨uckel MOπ -electron energy to first order of the molecule (I ) if
C4 is perturbed byH ′ = 0.1β? (See Appendix 6 for H¨uckel data.)

12-11. Consider the fulvene molecule (II ) in the HMO approximation (seeAppendix 6).

At which carbon will a perturbation involvingα affect the totalπ -electron energy
the least? Calculate to first order the energy of fulvene witha6 = a + 0.5β. If
a computer and H¨uckel program are available to you, calculate the energy for
this perturbed molecule directly and compare with your first-order result.

12-12. Produce an expression forπkk, the atom–atomself-polarizability, from
Eq. (12-70). Can this, likeπlk, have either sign? What can you infer about the
sign ofδqk whenδαk is positive? Discuss the physical sense of this.

12-13. Using data from Example 12-6, calculate the self-atom polarizability,π1,1 for
carbon 1 in naphthalene.

12-14. Consider the hexatriene system. (See Appendix 6 for data.)Oneof the two
central atoms is perturbed so thatα becomes replaced byα + hβ on that one
atom only.

a) What is the energy change, to first order, of the totalπ energy of hexatriene?
b) Which of theoccupiedMOs is perturbed the most (i.e., has the largest first-

order contribution to the energy) by this perturbation?

12-15. Answer the following questions from examination of HMO data for benzcy-
clopentadienyl radical, C9H7, given in Appendix 6.

a) What is thetotal π energyto first order if atom 5 is replaced by a new atom
X which contributes the same number ofπ electrons a carbon did and has
αx = α + 0.5β and also hasβCX = 0.9β?

b) For the positive ion of this system, how do you think the self-atom polariz-
ability should comparequalitativeIyat atoms 1 and 2? Make your prediction
by inspection, rather than computation, and explain your thinking.

12-16. Use simple H¨uckel MOs for butadiene to calculate to first order the change in
π energy that would result from closingcis-butadiene to cyclobutadiene (III ).
Repeat the approach for closing hexatriene to benzene. (IV ). Which of these
two systems benefits most from cyclic as opposed to linear topology? For each
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system, compare your energy to first order with the actual H¨uckel energy (see
Appendix 6 for data).

12-17. The unperturbed H¨uckel MO energy levels of the allyl system are sketched in
Fig. P12-17. The system is perturbed so thatH22= α + cβ wherec is positive.

a) Sketch the effects of this perturbation, to first order, on the energy levels.
b) Calculate to first order the perturbed MOsφ

(1)
1 , φ

(1)
2 , φ

(1)
3 in terms of the

unperturbed MOsψ1, ψ2, ψ3. Sketch the results in a manner that makes
clear the nature of the change in each MO.

Figure P12-17 �

12-18. Calculate the atom–atom polarizabilitiesπ1,2 andπ1,3 for the allyl cation. What
do your results indicate will happen to theπ -electron densities at atoms 2 and
3 if atom 1 becomes more attractive?

12-19. The cyclopropenyl system is perturbed so that the H¨uckel matrix elementH22=
a + cβ, wherec is positive.

a) Ascertain, by calculation or inspection, the appropriate zeroth-order degen-
erate wavefunctions for this situation.

b) Sketch the effects of the perturbation on the orbital energies to first order.

12-20. Given the HMO data in Appendix 6 for the cyclopentadienyl radical, calculate
to first order all the orbital energies you would obtain if atom 2 were changed
so thatα2 becameα + 0.5β.

12-21. Imagine two allyl radicals coming together to form benzene. Each allyl has
threeπ MOs and benzene has six.

a) Sketch an energy level diagram showing how interaction between allyl
orbitalscanberelatedtotheMOenergiesofbenzene,atthesimpleH¨uckellevel.

b) Show with sketches how the three lowest-energy zeroth-order allyl combi-
nation orbitals are related to the three lowest-energy benzene MOs.

c) Estimate to first order the energies of the benzene-like MOs coming from
thenonbondingMOs of the allyl pair. Compare these to the relevant MO
energies of benzene. (Remember that, when combining fragments, you must
renormalize the functions)

d) What is the energy to first order of the lowest MO of the allyl combination,
and how does it compare to the lowest benzene orbital energy?

12-22. Discuss the possible transitionsπ3 ← π2 andπ4 ← π2 in butadiene (Hereπ1 is
the lowest-energy MO, etc.)

a) Are they dipole-allowed transitions?
b) If yes, what is the polarization?
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TABLE P12-24 a �

Level Energy c1 c2 c3 c4 c5 c6 c7

−2.01β −0.238 0.500 −0.406 0.354 0.336 0.354 −0.406

−1.26β −0.397 0.500 −0.116 −0.354 0.562 −0.354 −0.116

−1.00β 0 0 −0.500 0.500 0 −0.500 0.500

0.00 −0.756 0 0.378 0 −0.378 0 0.378

1.00β

1.26β

2.10β

aCoefficients for 2pz basis function forming the four highest MOs are listed. Overlap has been
assumed to be negligible.

12-23. Calculate the dipole moment in thez direction for the statesφ(0)
± of Eq. (12-81).

Now construct a variational function of the form

φ = cos(α)2s+ sin(α)2pz

and maximize thez component of the dipole moment as a function ofα. Are the
statesφ(0)

± those of maximum dipole magnitude? Discuss why this is reasonable.

12-24. The benzyl radical, C7H7(V), has the H¨uckel energies and ground-state config-
uration given in Table P12-24.

The radical is trapped and oriented in an external reference system as shown.
Light polarized in thex direction is beamed on the system, and the frequency
varied until an absorption is observed. Assuming this to result from excitation
of the unpaired electron, to which level has the electron been promoted?

12-25. The simple H¨uckel energies, occupation numbers, and coefficients for MOs
in naphthalene (VI) are listed in Table P12-25. Assume that a single crystal
of naphthalene is oriented so that each molecule is aligned with respect to an
external coordinate system (VI).

a) Light polarized in thex direction is beamed on the crystal. Assuming that
the electron is excited from the highest occupied MO, to which empty MOs
could it be promoted by thex-polarized light?

b) Which transitions from the highest occupied MO would be allowed for
y-polarized light?

c) Which ones would be allowed forz-polarized light?
d) Are any transitions from the highest occupied MO forbidden for nonpolar-

ized light?
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12-26. A hydrogen atom in the 2s state is metastable, but, when passed through an
electric field, its tendency to relax to the 1s state is greatly enhanced. Explain.

12-27. Using EHMO data for formaldehyde given in the Problems section of Chap-
ter 10, decide which empty MOs can be reached by allowed dipolar transitions
of an electron out of MO 7. For each allowed transition, state the polarization
with respect to the molecular axis.

12-28. Square cyclobutadiene has a degenerate pair of nonbonding MOs. Calculate
the energies of these MOs, to first order, when two carbons are replaced by
atoms that contribute the same number of pi electrons as carbon did and are
treated at the HMO level by replacingα with α + 0.5β, and the substitutions
occur at a) opposite and b) adjacent positions. Discuss your results in terms
of cooperative vs. competing perturbations. Which compound should be more
stable?

12-29 Calculate to first order the HMO energy changes for the occupied MOs of
benzene that occur when the molecule is stretched so that an opposing pair of
bonds have resonance integrals of 0.9β instead of 1.0β.

12-30 The intensity of a transition between initial(ψi) and final(ψf ) states is depen-
dent upon the transition dipole moment:
µ = e

∫
ψ∗

f 
rψi dτ . Calculate
µ in
atomic units for 2p0 ← 1s in a hydrogen-like ion having atomic numberZ.
Assume that the electron has the same spin in both states. (See Appendix??
for the definition of 1 a.u. of electric dipole moment.)

Multiple Choice Questions

(Try to answer these without referring to the text.)
1. For then = 2 states of a hydrogen atom in a uniform electric field of strengthF ,

a) the first-order correction to the energy equals zero for all four states.
b) there are four different values of the energy to first order.
c) the first-order correction to the energy is proportional toF for two states.
d) the first-order correction to the energy is proportional toF 2 for two states.
e) None of the above is a true statement.

2. Which one of the following statements is true for a hydrogen atom in its ground
state that is placed in a uniformz-directed electric field?

a) The first-order correction to the energy equals zero.
b) The proper zeroth-order wavefunctions are(1/

√
2)(1s ± 2pz).

c) The second-order correction to the energy is positive.
d) The first-order correction to the wavefunction contains some 2s AO.
e) None of the above statements is true.
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3. The hydrogen atom transition 3dxy ← 2px is

a) dipole allowed andz-polarized.
b) dipole allowed andx-polarized.
c) dipole allowed andy-polarized.
d) dipole allowed andxy-polarized.
e) forbidden.

4. Which of the following integrals over all space vanish by symmetry for a hydrogen
atom with nucleus at the coordinate origin? 1)

∫
1s y 2pzdv 2)

∫
2pz z 3dxydv

3)
∫

2pz x 3dxzdv

a) 1 only.
b) 1 and 2 only.
c) 1 and 3 only.
d) 2 and 3 only.
e) 1, 2, and 3.
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Chapter 13

Group Theory

13-1 Introduction

It should be evident by this point that symmetry requirements impose important con-
straints on MOs, and that one can often use symmetry arguments to tell what the MOs
of a molecule must look like, in advance of calculation. We have also seen that one
can often use symmetry arguments to tell whether or not an integral vanishes. Thus,
we have made much use of symmetry already, but in an informal way. The formal
use of symmetry, through group theory, will be described in this chapter. Knowledge
of group theory augments one’s power to use symmetry as a shortcut, and familiarity
with formal symmetry notation is necessary to follow the literature of many areas of
chemistry, particularly inorganic and quantum chemistry, and molecular spectroscopy.

13-2 An Elementary Example

Consider the following four operations, or commands:

1. Left face (L).

2. Right face (R).

3. About face (A).

4. Remain as you are (E).

These four operations constitute a group in the mathematical sense, and provide a
convenient example with which to illustrate some definitions and terminology of group
theory. The operations are called theelementsof the group. Because there are four
elements, this group is said to be oforder four.

How do we know that these four operations constitute a group? Before answering this
question, it is necessary to describe what is meant by aproduct ofelements. Products
of group elements are written in the usual algebraic manner. That is, the symbols are
written side by side without an algebraic symbol. Just asxy is understood to be the
product ofx andy,LR is understood to be the product of “left face” and “right face.”
But elements of a group need not commute, and so the ordering of symbols in a product
is important in group theory. The sequence of operations is understood to read from
right to left in the product. Thus,LR means “right face” followed by “left face.”

If we imagine a drill soldier carrying out the sequence of operations implied by
LR, the result is a return of the soldier to his original position. That is, the product of

429
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TABLE 13-1 � Products of
Elements in the Group of Four
Commands

First operation

S
ec

on
d

op
er

at
io

n

E L R A

E E L R A

L L A E R

R R E A L

A A R L E

operationsLR gives the same result as the single operationE. This is writtenLR =E.
It is possible to write similar equations for all the product combinations in our group,
and to arrange the results as in Table 13-1. An important fact to notice from thisgroup
multiplication tableis that there is nosequenceof operations in the group that cannot
be accomplished by asingleoperation. All the possible positions open to the drill
soldier through a sequence of two moves are also achievable through a single move.
In other words, no product of elements takes us out of the group—the group exhibits
closure.

Thereciprocal, or inverseof an operation is that subsequent operation which returns
the soldier to his original position. Hence,L is the reciprocal ofR, which is expressed
asLR = E, or L = R−1. Examination of Table 13-1 shows that every column hasE

appearing once, which means that every element of our group has an inverse in the
group.

Theassociativelaw is obeyed if, in general, the sequence of operationsA(BC) =
(AB)C, where the parentheses enclose the pair of elements the product of which is to
be evaluated first. We can test whether our elements satisfy this law by trying out all the
combinations. For exampleL(RA)=LL=A and(LR)A=EA=A. One can quickly
show that this group satisfies the associative law for all combinations of elements.

We are now in a position to define a group. A group is a set of elements that meets
the following requirements:

1. The group contains the identity element (traditionally symbolizedE) which corre-
sponds to “make no change.”

2. The group exhibits closure with respect to “multiplication.” The product of any two
elements in the group is a single element in the group.

3. There is a reciprocal in the group for every element of the group.

4. The elements of the group obey the associativity law(AB)C = A(BC).

We mentioned that, in general, group elements need not commute. That is, it is
possible thatAB �= BA. However, in this example, the elements do all commute. This
results in Table 13-1 being symmetric about the main diagonal. Groups in which all
the elements commute are calledabeliangroups.
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13-3 Symmetry Point Groups

Our example of four operations of a drill soldier differs from the kinds of groups most
commonly used in quantum chemistry because it is not a symmetry group. Assuming
that the soldier begins by facing north, we are able todistinguishfour distinct possible
subsequent orientations for him (facing the four compass directions). After asymmetry
operation, an object is understood to beindistinguishablefrom the object before the
operation.

Whether or not an operation is a symmetry operation must be decided within the
context of the object being operated on. For example, a square (devoid of identify-
ing marks enabling us to distinguish one corner from another; see Fig. 13-1a) may be
rotated by 90◦ about an axis perpendicular to the center (Fig. 13-1b), and be indistin-
guishable from its starting configuration. However, rotation by 120◦ does not lead to
an indistinguishable configuration (Fig. 13-1c).

Therefore, rotation by 90◦ is a symmetry operation for a square, but rotation by 120◦
is not. However, for an equilateral triangle, rotation by 90◦ is not a symmetry operation,
while rotation by 120◦ is. For a circle, both rotations are symmetry operations. The
only operation that is a symmetry operation foreveryobject is the identity operationE.

Another sort of symmetry operation pertains to infinite networks such as occur in
idealized models of crystals. Here we can define operations that move an infinite
line of cells or atoms to the left or right by a unit number of “steps,” producing a
configuration indistinguishable from the initial one (Fig. 13-2). Symmetry operations
can be usefully categorized into those that leave at least one point in space unmoved
(rotations, reflections, inversion) and those that do not (translations). The latter category
is of importance in the fields of crystallography and solid-state physics. The former
category is useful when we deal with systems that do not undergo unending periodic
repetition in space, and it is with this category that we will be concerned in this chapter.

If we pick some object or shape of finite size and construct a group from symmetry
operations for that shape, we have asymmetry point groupfor that object. We now
illustrate how this is done for a ball-and-stick model of the ammonia molecule in its
equilibrium nuclear configuration. It is not difficult to find operations that do no more
than interchange identical hydrogen nuclei. There are a number of possible rotations
about thez axis (Fig. 13-3). One could rotate by 120◦,240◦,360◦,480◦, etc., either

Figure 13-1 � Effects of rotations on a square.

Figure 13-2 � Segment of an infinite repeating sequence of identical “cells”.
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Figure 13-3 � Orientation of a model of ammonia in Cartesian space.
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Figure 13-4 � Three symmetry reflection planes for ammonia.

clockwise or counterclockwise. Then there are three reflection planes. One of these
is thexz plane (labeled “A” in Fig. 13-4) and the other two are planes containing the
z axis and one of the other N–H bonds. Also there is the identity operationE, which
we know that we need to satisfy the general requirements for a group.

There is a problem with the rotations, and this is that we could produce an infinite
number of them. How do we know when to stop? The answer is that we select only
those that avoid “redundancies” among our indistinguishable configurations. Redun-
dancies occur when two operations lead to “identical” indistinguishable configurations.
For example, rotation by 360◦ is redundant with the identity operation because both
operations leave the protons (which we imaginefor the momentto be distinguishable)
in the same locations. Similarly, rotation clockwise by 240◦ is redundant with rotation
counterclockwise by 120◦ (Fig. 13-5). If we remove all such redundancies, we are left
with only two rotations.

There is arbitrariness as to how we wish to describe these. If we let the first be
clockwise rotation by 120◦, the second could be described as either clockwise rotation

Figure 13-5 � Identical configurations result from the two rotations shown.
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by 240◦ or counterclockwise rotation by 120◦. We will use the latter description. (Note
that the clock is assumed to face+∞ on the axis about which rotation occurs; see
Fig. 13-3.)

Our list of symmetry operations is now as follows:

1. Identity (E).

2. Reflection throughxz plane (A).

3. Reflection through planeB (B).

4. Reflection through planeC (C).

5. 120◦ clockwise rotation aboutz axis(D).

6. 120◦ counterclockwise rotation aboutz axis(F ).

We now proceed to set up the multiplication table for these operations. It is sug-
gested that the reader do this as an exercise, checking the result against Table 13-2.
Construction of the multiplication table is more challenging in this case than in our
earlier example.

Let us now use this table to see if the requirements for a group are satisfied by these
symmetry elements. Since every product of two operations is equivalent to one of the
operations of the set (i.e., since every spot in the table is occupied by one of our six
symbols) the set exhibits closure. Also, the identity element is present in the set and
occurs once in each column and row (Problem 13-2), and so every element has an
inverse in the set. The associative law is satisfied, as one can establish by trying various
examples, e.g.,D(CB) = DF = E, (DC)B = BB = E, so thatD(CB) = (DC)B. (In
general, symmetry operations satisfy the associativity law.) Therefore, our set of six
symmetry operations constitutes a symmetry point group of order 6.

Inspection of Table 13-2 reveals that it is not symmetric across its principal diagonal.
For example,CF = B, andF C = A; this is not an abelian group. One might inquire
whether this group is the smallest that we can set up for the ammonia model. Inspection
of the multiplication table should convince the reader that the following subsets meet
the requirements for a group:E; E, D,F ;E,A;E,B;E,C. Thesesubgroupscan be

TABLE 13-2 � Multiplication Table for
Symmetry Operations of an Ammonia Molecule

First operation

S
ec

on
d

op
er

at
io

n E A B C D F

E E A B C D F

A A E D F B C

B B F E D C A

C C D F E A B

D D C A B F E

F F B C A E D
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distinguished from the full group by virtue of the fact that none of them exhausts all
the possible physically achievable, nonredundant, indistinguishable configurations for
the molecule.

EXAMPLE 13-1 BH3, like ammonia, has a three-fold symmetry axis. However,
BH3 is planar. As a result, there is an extra symmetry operation—reflection through
the molecular plane—that does not move any nuclei. Thus, both the identity
operation and this reflection leave all nuclei unmoved. Is this an example of
redundant operations?

SOLUTION � These operations are not redundant. Even though all the nuclei stay fixed for
both operations, reflection interchanges the spaces above and below the plane, whereas the identity
operation changes nothing. Two operations are redundant only if they move all points in space in
the same way. �

13-4 The Concept of Class

Imagine that we are subjecting our ammonia model to the various symmetry operations
and that someone in a parallel universe is subjecting his ammonia model to symmetry
operations too. Suppose that the parallel universe differs from ours in that everything is
reflected through thexz plane. We shall refer to this as “the mirrorA universe.” We now
pose the following problem. Suppose we initially have a particular configuration and
our “mirrorA” man has the corresponding configuration (achieved by reflecting through
planeA) as shown in Fig. 13-6. If the mirrorA man now performs some symmetry

Figure 13-6 � OperationX in this universe parallels operationF in the mirrorA universe.
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operation on his model, say, counterclockwise rotation by 120◦,F , he ends up with
the final configuration shown at the lower right of the figure. (We continue to define
“clockwise” from clocks in our universe.) For us to arrive at thecorrespondingfinal
orientation, what operation must we perform? We symbolize this unknown operation
X. We can find out what our final configuration must be by taking thereciprocalof
reflectionA on the mirror man’s final configuration. (A takes us from here to there;
A−1 takes us from there to here.) ButA−1 = A, so we obtain the result at the lower
left of the figure. It is evident thatX must beD, clockwise rotation by 120◦. This is
not surprising. It is related to the fact that, when you turn counterclockwise before a
mirror, your image appears to turn clockwise.

We can repeat the solution to this problem in a more formal way by requiring that the
operationX followedby A (into the mirrorA universe) bring us to the same configura-
tion as operationA followed byF . That is, we seekX such thatAX =FA. Multiplying
both sides from the left byA−1 givesX = A−1FA. This is merely a mathematical
statement of our above discussion. It says, “What operation is equivalent to the process
of reflection through planeA followed by counterclockwise rotation by 120◦ followed
by the inverse of reflection through planeA?” Using our multiplication table, we see
thatA−1 = A, and soX = AFA = AB = D. Therefore,D = A−1FA.

We can find the mirror A universe equivalents to all the symmetry operations in the
group in a similar way. Thus,

A−1EA = E, A−1AA = A, A−1BA = C,

A−1CA = B, A−1DA = F, A−1FA = D

There is no need to stop here. We can imagine other parallel universes corresponding
to reflectionsB andC and rotationsD andF . (TheE universe is the one we inhabit.)
We can use the same sort of technique to accumulate corresponding operations for all
these universes. The results are given in Table 13-3.

If we examine this table, we note certain patterns. The operationE in our universe
corresponds toE in all the universes. The reflections (A,B, andC) always correspond
to reflections, and the rotations (D andF ) always correspond to rotations. This makes
physical sense. If we “do nothing” (E) in our universe, we expect the people in the other
universes to do nothing also. If we rotate by 120◦, we expect the people to perform

TABLE 13-3 � X = Y−1ZY as a
Function of Y and Z

Z

Y

E A B C D F

E E A B C D F

A E A C B F D

B E C B A F D

C E B A C F D

D E C A B D F

F E B C A D F
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rotations by 120◦ too, although not necessarily always in the same direction. The
argument for reflection is the same. These are examples of threeclassesof operation.
The formal definition of class is as follows: IfP andQ in a group have the property
thatX−1P X = P or Q andX−1QX = P or Q for all membersX in the group, then
P andQ belong to the same class. Physically, operations in the same class are of the
“same kind”—all reflections, all rotations, etc.

EXAMPLE 13-2 BH3, like ammonia, has three planes of reflection symmetry that
contain the three-fold rotational axis. However, BH3, being planar, also has a
reflection operation through the molecular plane. Is this reflection operation in the
same class as the other three?

SOLUTION � No. In both molecules, the three planes each interchange two hydrogens and
keep one fixed in space. The extra reflection plane in BH3 keeps all three hydrogens fixed. If we
reflect so as to keep all hydrogens fixed, there is no way a person in a symmetry-related universe
could make a corresponding reflection by using a reflection that interchanges two hydrogens and
keeps one fixed. �

We shall see that classes are important subdivisions of groups. Note, however, that
a class need not be a subgroup. For instance,D andF constitute a class, but, as the
class does not includeE, it is not a subgroup.

In discussing the concept of class, it is unnecessary to postulate parallel universes,
and the reader should not be disturbed by this pedagogical device. The people in the
“other universes” are merely working with ammonia models that have been reflected or
rotated with respect to the model orientation that we chose in Fig. 13-3. Operations in
the same class are simply operations that become interchanged if our coordinate system
is subjected to one of the symmetry operations of the group.

13-5 Symmetry Elements and Their Notation

There are five kinds of symmetry operations that one can utilize to move an object
through a maximum number of indistinguishable configurations. One is the trivial
identity operationE. Each of the other kinds of symmetry operation has an associated
symmetry element1 in the object. For example, our ammonia model has three reflection
operations, each of which has an associatedreflection planeas its symmetry element.
It also has two rotation operations and these are associated with a commonrotation
axis as symmetry element. The axis is said to bethree-foldin this case because the
associated rotations are each one-third of a complete cycle. In general, rotation by
2π/n radians is said to occur about ann-fold axis. Another kind of operation—one we
have encountered before is inversion, and it has apoint of inversionas its symmetry
element. Finally, there is an operation known asimproper rotation. In this operation,
we first rotate the object by some fraction of a cycle about an axis, and then reflect it
through a plane perpendicular to the rotation axis. The axis is the symmetry element
and is called animproperaxis.

The following two examples should help clarify the nature of these symmetry ele-
ments. Consider first the ethane molecule in its eclipsed conformation (I ).

1This term is not to be confused with agroup element.
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The following symmetryelementscan be identified. (It is important that you satisfy
yourself that you see these elements in the sketch.)

1. One three-fold axis coincident with the C–C bond.

2. Three two-fold axes perpendicular to the C–C bond and intersecting its midpoint.

3. Three reflection planes, each containing the C–C bond and a pair of C–H bonds.

4. One reflection plane perpendicular to the C–C bond and bisecting it.

5. No point of inversion.

6. One three-foldimproperaxis coincident with the C–C bond.

[Note that these operations are to be applied to therigid molecule. Movement of
only one methyl group and not the other (i.e., internal rotation) is not allowed.]

Now let us consider staggered ethane (II ) (i.e., one methyl group rotated 60◦ from
its eclipsed position). Its symmetry elements are

1. One three-fold axis coincident with the C–C bond.

2. Three two-fold axes perpendicular to the C–C bond and intersecting its midpoint.

3. Three reflection planes, each containing the C–C bond and a pair of C–H bonds.

4. No reflection plane perpendicular to the C–C bond.

5. One point of inversion at the midpoint of the C–C bond.

6. One six-foldimproperaxis coincident with the C–C bond.

In going from the eclipsed to the staggered conformation, we have lost a reflection
plane perpendicular to the C–C bond, gained a point of inversion, and changed the
order of the improper axis.

Usually it is not difficult to “see” most elements of symmetry in molecules, the
exception being improper axes, which tend to be a little tricky. The six-fold improper
rotation in staggered ethane is not too hard to envision when it is applied once. If we
rotate clockwise by 60◦ and reflect, H1 replaces H5,H5 replaces H2, etc. It is a little
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more difficult when we try to imagine applying this operation twice in succession. The
reader should recognize thattwo60◦ rotations andtworeflections result in H1 replacing
H2,H2 replacing H3,H4 replacing H5, etc.

EXAMPLE 13-3 BH3 has a three-fold axis and a reflection plane in the molecular
plane. Does BH3 have a three-fold improper rotation axis as a necessary member
of its group?

SOLUTION � A three-fold improper axis coincident with the “regular” three-fold rotational axis
appears to have the correct symmetry characteristics: It rotates each hydrogen to the next position
and then interchanges the spaces above and below the plane. Do we need it in the group? Only if
there is no othersingleoperation that accomplishes the same thing. There is no such operation, so
this improper axis is indeed a nonredundant symmetry element. �

A notation for these symmetry elements (and for the operations related to them) has
come to be generally accepted in chemistry (exclusive of crystallography, which uses a
different notation). This notation is summarized in Table 13-4. The symmetry elements
of eclipsed ethane would be, by these conventions,C3,3C2, σ (perpendicular to C–C),
3σ (containing C–C),S3. It often occurs that several classes of reflection planes and
axes for proper or improper rotations are present in a system. In eclipsed ethane, we
can imagine that the three reflection planes containing the C–C bond might all be in
the same class, that is, might be interchanged by a symmetry operation. In fact, it is
easy to see that they are interchanged by rotations about the threefold axis. However,
none of these could ever be equivalent to the reflection perpendicular to the C–C bond
because this reflection interchanges the carbons, whereas the others do not. For this
reason, we keep separate tally of the different classes of reflection in eclipsed ethane,
rather than simply writing “4σ .”

There is a geometric convention that aids discussion of molecules having axes of
rotation. One looks for a unique axisCn (usually the axis of highest order) and imagines
this axis to be vertical (coincident with thez axis). Then a reflection plane perpendicular
to this axis ishorizontaland is labeledσh. Planes containing this axis are necessarily
vertical and are subdivided intodihedral andvertical planes. Dihedral planes must
contain the unique reference axis,Cn, and must also bisect the angles between two-fold

TABLE 13-4 � Symbols for Symmetry Elements and Operations

Symmetry operation Symmetry element Symbol

“Do nothing” (identity) None E

Rotation by 2π/n radians Ann-fold (proper) axis Cn

Reflection through plane A plane σ

Inversion through a point A point i

Rotation through 2π/n radians
followed by reflection
through a plane
perpendicular to
the rotation axis

An n-fold (improper) axis Sn
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axes perpendicular toCn. Such planes are labeledσd. Vertical planes that do not
bisect two-fold axes2 are labeledσv. In eclipsed ethane, theC3 axis is the principal
axis, so the C–C bond is oriented vertically. Therefore, our symmetryelementsare
labeledC3,3C2, σh, 3σv, S3. (The vertical planes are labeledσv because theycontain,
rather than bisect, the two-fold axes that are perpendicular to the principal axis.) For
staggered ethane, we haveC3, 3C2, i, 3σd, S6. (Here the vertical planes donotcontain
the two-fold axes, but do bisect them. Hence, we label themσd. Making a simple
sketch will aid in clarifying this distinction.)

Once one has recognized the set of symmetry elements associated with a given
object, it is a straightforward matter to list the symmetryoperationsassociated with the
set. Simplest are the operations associated with elementsσ andi, because each such
element gives rise to only one operation. Proper and improper axes are somewhat more
complicated. Let us return to our ammonia molecule for illustration of this. There we
had a threefold axisC3 and we noted that we could rotate by 2π/3(C+

3 ) to get one con-
figuration, and 4π/3[C+

3 C+
3 = (C+

3 )2] to get another. Alternatively we could choose
to rotate by 2π/3 and−2π/3(C−

3 ), the latter easily being shown to be equivalent to
(C+

3 )2. But if we rotate by(C+
3 )3, we return to our original configuration. That is,

(C+
3 )3=E. Therefore, aC3 axis produces two unique operations. The reader can easily

generalize this to the statement that aCn axis yieldsn−1 unique symmetry operations
Cn,Cn2,Cn3, . . . , Cn−1

n , where we assume rotation to be in the clockwise direction in
all cases. Benzene has aC6 axis with five associated nonredundant symmetry operations
(C6,C2

6,C3
6,C4

6,C5
6). Now C3

6 is equivalent to a rotation byπ radians, an operation
we normally write asC2. Similarly,C2

6 =C3. The result of such reductions is the set of
operationsC6,C3,C2,C2

3,C5
6 for theC6 axis of benzene. There are several classes of

rotation here. If we use a compressed notation, we can write this set as 2C6,2C3,C2.
This indicates that the presence of a sixfold axis implies the existence of coincident
twofold and threefold axes. However, these implied elements are not listed for such a
system since their operations are all contained in the set of operations of theC6 axis.

Improper axes can also be associated with several symmetry operations. We noted
earlier thatS6, applied twice in succession, results in a simple 2π/3 rotation about
theS6 axis. In other words, we can write the setS6, S2

6, S3
6, S4

6, S5
6 asS6,C3, S2,C2

3.
We stop atS5

6 becauseS6
6 = E due to the combination ofC6

6 and anevennumber of
reflections.S3

6 is equivalent toS2 because it contains three rotations by 2π/6 and an
odd number of reflections, andS2 means one rotation byπ and one reflection. The
operationS2, however, is easily shown to be equivalent to an inversion, and so we
have, using a compressed notation, 2S6,2C3, i associated with theS6 axis. Since we
have already explicitly listed the elementsC3 andi in our set of elements for staggered
ethane (or any other system containing anS6 axis) only the 2S6 operations are unique
to theS6 axis. The generalization of this case is that anS2n axis withoddn implies that
elementsCn andi are also present. Of the 2n−1 operations associated withS2n, n−1
are preempted by theCn axis and 1 by the elementi leavingn − 1 operations to be
attributed to theS2n axis. [If n = 1, we haveS2, C1, andi as elements. ButC1 = E, so
we ignore it. There is only one operation here(2 · 1− 1= 1) and it is preempted byi.
Therefore,S2 has no unique operations and it is not listed as a symmetry element.] For
S2n with n even, i is not implied and there aren unique operations.

2In certain cases there will be two geometrically nonequivalent sets of vertical planes that cannot be distinguished
on the basis of bisecting two-fold axes (e.g., in square-planar XeF4). In such cases the convention is to take the
σv planes to be those containing the larger number of atoms.
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EXAMPLE 13-4 How many operations must be associated with S4 in the square-
planar molecule XeCl4?

SOLUTION � This molecule possesses a C2 and a C4 axis coincident with S4. C2 usurps S24
since the latter has two reflections that cancel, making it just like C2. (C2 also usurps C24.) S4

4 =E.

Only two operations, S14 and S34, survive as unique symmetry operations �

In eclipsed ethane, we have the elementS3, which generates operationsS3,
S2

3, S3
3, S4

3, S5
3, S6

3, . . . In deciding where to stop here, we note thatS3
3 �= E because we

have here anoddnumber of reflections. Therefore,S3
3 = σ , where we understand this

to be reflection through the plane perpendicular to theS3 axis. For eclipsed ethane,
this isσh. The elementS6

3 has an even number of reflections and is equal toE. How
aboutS4

3? This has an even number of reflections, so it is identical toC4
3 which is the

same asC3
3C3 = EC3 = C3. Thus, ourS3 element has operations that are consistent

with the presence ofC3 andσh elements. We note that eclipsed ethane was indeed
found to have these elements. Once again, we allow these elements to preempt their
operations fromS3. This leaves only two unique operations,S3 andS5

3, corresponding
to clockwise and counterclockwise improper rotations by 2π/3 radians. In general,
S2n+1 will occur only whenC2n+1 andσ (perpendicular toC2n+1) are also present.
These preempt a total of 2n + 1 operations from the total of 2(2n + 1) − 1= 4n + 1
we can achieve withS2n+1 alone; and we are left with 2n operations forS2n+1. The
above conclusions are summarized in Table 13-5.

The set of symmetryoperationsis contrasted to the set of symmetryelementsfor
eclipsed and staggered ethane in Table 13-6. Note that there are 12 symmetry operations
in each case. By setting up the multiplication table for either of these sets of 12
operations, we can show that the mathematical requirements for a group are satisfied.
Thus, each of these sets of symmetry operations constitutes a separate group of order 12.

The multiplication table for the ammonia model is given in Table 13-7 in terms of
the symmetry symbols just described. (A,B,C are taken to beσ1, σ2, σ3, respectively.)

It would be possible, using what has been described up to this point, to construct
a list of symmetry operations for any object we please. Then we could test the set to
see if it satisfied the various requirements for a group. In practice, this is not done.
It turns out that (1) only a rather limited number of distinct kinds of symmetry are
possible, and (2) in each case, the symmetry operations for the object do form a group.
The practical question, then, is, given an object, to which of the known groups does it

TABLE 13-5 � Number of Operations Associated with Symmetry Elements

Element (Other elements present) No. operations

i — 1
σ — 1
Cn — n − 1

S2n

{
n = odd: Cn andi present n − 1

}

n = even: Cn present n

S2n+1 C2n+1, σ 2n
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TABLE 13-6 � Symmetry Operations and Elements in Ethane

Molecule Elements Operations

E

C3 2C3

3C2 3C2

σh σh

3σv 3σv

S3 2S3

Group order: 12

E

C3 2C3

3C2 3C2

i i

3σd 3σd

S6 2S6

Group order: 12

TABLE 13-7 � Multiplication Table for the Ammonia Molecule

First operation

S
ec

on
d

op
er

at
io

n E σ1 σ2 σ3 C +
3 C −

3

E E σ1 σ2 σ3 C +
3 C −

3

σ1 σ1 E C +
3 C −

3 σ2 σ3

σ2 σ2 C −
3 E C +

3 σ3 σ1

σ3 σ3 C +
3 C −

3 E σ1 σ2

C +
3 C +

3 σ3 σ1 σ2 C −
3 E

C −
3 C −

3 σ2 σ3 σ1 E C +
3

belong? Once this is settled, we merely look up the tabulated properties of that group
and save ourselves the effort of working through all the details.

13-6 Identifying the Point Group of a Molecule

One can decide to which point group a molecule belongs by systematically looking for
certain symmetry elements. Each symmetry point group has a unique group symbol, so
basically one tries to figure out which group symbol is appropriate for a given molecule.
A flowchart that serves this purpose is displayed in Fig. 13-7. As an illustration, we will
work out the group symbol for staggered ethane. The first few questions in the flowchart
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Is the molecule linear?

No

No

Is there a reflection plane
perpendicular to the axis?

T, T h, T d, O, or O h
(Examine character tables
to choose among these)

Is there a
reflection plane?

Is there a point
of conversion?

C 1

C I

C s

I
or
I h

C v D h

Are there one or more
proper rotation axes?

Does the molecule
possess six C5 axes?

Does the molecule
possess four C3 axes?

Yes

No

No

No

No

No

YesYes

Yes

Yes

Yes

Yes

S
el

ec
tio

n 
of

 r
ef

er
en

ce
 a

xi
s

C
n.

 (
D

ef
in

es
 v

er
tic

al
 d

ire
ct

io
n.

)

Is there an axis is having
higher order than any
other proper axis?

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No
No

No

No

Of the several axes having
highest order, is there one
which is geometrically unique?

Choose any of the
equivalent axes as Cn

(Cn and n now defined)

Select this as
reference axis Cn

Is there an S2n axis
collinear with Cn?

S2n

Cn h

Cn v

Cn

Dnh

Dnd

Dn

Are there n twofold axes
perpendicular to Cn?

Are there any symmetry
elements present other
than Cn, S2n, or i ?

Is there a reflection
plane (σ h) perpendicular
to Cn ?

Is there a set of
n reflection planes
(σv) containing Cn ?

Is there a set of
n reflection planes
containing Cn and
bisecting the n
twofold axes?

Is there a reflection
plane (σh) perpendicular
to Cn?

Yes (D branch)

No     (C branch)

Figure 13-7 � Flow scheme for group symbols.
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check to see whether the molecule belongs to one of several special groups of very
high symmetry. Since staggered ethane is not linear, and since it does not possess the
symmetry of any of the regular polyhedra, we move to the question concerning proper
rotation axes. We have noted earlier that there are several proper rotation axes in this
molecule. We next consider which one should be selected as the reference axis. The
axis of highest order is threefold and there is only one of these; therefore, we choose
it as our reference axis. This definesn as 3 for the remainder of the flowchart, and
determines the vertical direction. Next we look to see if there is anS6 axis coincident
with theC3 axis, and we find that there is. Checking to see if symmetry elements other
thanC3, S6, andi exist, we find that they do indeed, and that among them are three
twofold axes perpendicular to the reference axisC3. This leads us along the “D branch”
of the diagram, which means that, whatever else we find, the major symbol for our
group will beD. Next we look for aσh reflection plane. Finding none, we next seek
a set of reflection planes containingC3 and also bisecting the variousC2 axes. Such
dihedral planes are present, so our group symbol isD3d for staggered ethane. The
reader may verify that eclipsed ethane follows the same route out to theD branch, but
there wedo find a σh (horizontal) plane, and so eclipsed ethane hasD3h symmetry.
A simple exercise, suggested at this point, is to ascertain the symmetry symbol for
ammonia. (The answer is given in the next section.)

EXAMPLE 13-5 What is the group symbol for (planar) BH3?

SOLUTION � Starting at the top of Fig. 13-7, the answers “no, no, no, yes” bring us to the box
for selection of the reference axis. There is one three-fold (proper) rotational axis, and no other of
higher order, so this defines n (= 3) and “vertical.” Coming out of the box we get answers “no,
yes, yes,” giving D3h as the group symbol. Notice that we arrive at this conclusion without having
had to use all the symmetry elements of the molecule (S3 or vertical reflection planes). �

13-7 Representations for Groups

We have seen that the group of symmetry operations for the ammonia molecule leads
to a particular group table of product operations (Table 13-7). Let us now see if we
can assign anumber or matrixto each symmetry operation such that the products of
numbers satisfy the same group multiplication table relationships as do the products
of symmetry operations. If we can find such a set of numbers or matrices, we say we
have arepresentationfor the group.

It is always possible to produce a trivial representation by simply assigning the
number+1 to each operation. Then any operator relation, such asσ1σ2 = C+

3 is
necessarily satisfied by the numbers since 1·1=1. Nontrivial representations exist too
(except for theC1 group). For example, the group for molecules (like ammonia) having
C3v symmetry can be represented by the set of numbers+1, −1, −1, −1, +1, +1,
respectively, for the operationsE, σ1, σ2, σ3, C+

3 , C−
3 in Table 13-7. Then the relation

σ2C+
3 = σ3 is paralleled by the representation since(−1)(+1) = −1, etc. It is also

possible to find a representation for theC3v group wherein each operation corresponds
to a 2×2 matrix. This is shown in Table 13-8, along with the two other representations
already mentioned. The reader is encouraged to test that, for instance,σ2C+

3 = σ3 in
this matrix representation.
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TABLE 13-8 � Representations for theC3v Group

E σ1 σ2 σ3 C+
3 C−

3

�1 1 1 1 1 1 1

�2 1 −1 −1 −1 1 1

�3

(
1 0

0 1

) (
1 0

0 −1

) (
−1/2

√
3/2√

3/2 +1/2

) (
−1/2 −√

3/2

−√
3/2 1/2

) (
−1/2

√
3/2

−√
3/2 −1/2

) (
−1/2 −√

3/2√
3/2 −1/2

)

TABLE 13-9 � A Two-Dimensional Unit Matrix Representation for theC3v Group

E σ1 σ2 σ3 C+
3 C−

3

�′
(

1 0
0 1

) (
1 0
0 1

) (
1 0
0 1

) (
1 0
0 1

) (
1 0
0 1

) (
1 0
0 1

)

The symbol�i is often used to stand for theith representation of a group.�i(R)

refers to the representation of the particular operationR in theith representation. Thus,
�2(σ3)=−1. In our ammonia example,�1 and�2 areone-dimensionalrepresentations
and�3 is two-dimensional. The representation�1 is really the simplest member of a set
of equally trivial representations, namely all representations made from unit matrices.
Thus, the representation�′ (Table 13-9) is just as successful a representation as is
�1. We could obviously use unit matrices of arbitrary dimension in constructing a
representation. We can think of such representations as being “built up” from�1:

�′(R) =
(

�1(R) 0
0 �1(R)

)
etc.

It is possible to extend this approach by building up representations from mixtures
of �1,�2,�3. Thus,

would produce the representation given in Table 13-10. It is easy to show that these
matrices multiply together in a way that parallels the group table for symmetry oper-

TABLE 13-10 � A C3v Group Representation Built from Other Representations

E σ1 σ2

�′′ (R)





1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1









−1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −1









−1 0 0 0
0 1 0 0
0 0 −1

2

√
3/2

0 0
√

3/2 1
2




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ations, since block diagonal matrices always multiply in a block-for-block manner.
Hence, the upper left 1× 1 blocks(�2) multiply among themselves, the 1× 1 blocks
in the 2,2 positions(�1) multiply among themselves, and the 2× 2 blocks at the lower
right (�3) multiply among themselves. Since each of these sets conforms to the group
table, it follows that their composite�′′ will also. It is evident that there is no limit to
the number of representations we could build up in this manner.

Representations like�′ and�′′ are calledreduciblerepresentations because they
are composites of one or more smaller-dimensional representations and hence can be
decomposed into those smaller representations. Any representation that cannot be
reduced, or decomposed, into smaller representations is said to beirreducible.

How can we tell whether a given representation is reducible or not? If it is already
one dimensional, it is obviously irreducible. If it is multidimensional and, like�′ or
�′′, uniformly block diagonalized throughout the whole set of symmetry operations,
it is plainly reducible. The trouble comes when it is multidimensional but not block
diagonalized, for example,�3. It is sometimes the case that such representations are
reducible. To illustrate this point, let us go back to�′′, which we know is reducible, and
imagine transforming this representation by multiplying every matrix from the right by
β and from the leftβ−1, whereβ is some 4× 4 unitary matrix (see Chapter 9). This
will give us a new set of six 4× 4 matrices that no longer will necessarily be block
diagonalized. Yet it is easy to show that these new matrices,�β , are still a representation
for our group. We prove this by showing that, if three matrices from�′′ (call themA′′,
B ′′, C′′) are related byA′′B ′′ = C′′, then the corresponding transformed matricesAβ ,
Bβ , Cβ , satisfyAβBβ = Cβ . If this is true, then the ability of�′′ to correspond to the
group table relationships is retained by�β . The proof is as follows:

Let

A′′B ′′ = C′′

Then

AβBβ = β−1A′′ββ−1B ′′β = β−1A′′B ′′β = β−1C′′β ≡ Cβ

The point we are trying to make here is that a reducible representation like�′′ can
be put forth in many guises, each corresponding to a different choice ofβ, and many
of these will not be block diagonal in form. (Representations that differ only by a
unitary transformation are said to beequivalent. Thus, �α and �β are equivalent
representations.) To show that such a representation as�β is reducible and also to
reveal its component representations, we could back transform it by finding the matrix
β and calculating

β�ββ−1 = ββ−1�′′ββ−1 = �′′

σ3 C+
3 C−

3




−1 0 0 0
0 1 0 0
0 0 −1

2 −√
3/2

0 0 −√
3/2 1

2









1 0 0 0
0 1 0 0
0 0 −1

2

√
3/2

0 0 −√
3/2 −1

2









1 0 0 0
0 1 0 0
0 0 −1

2 −√
3/2

0 0
√

3/2 −1
2




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Therefore, deciding whether or not a multidimensional representation is reducible is the
same as deciding whether it can be uniformly block-diagonalized through a common
unitary transformation. It turns out that there is no single unitary transformation capable
of diagonalizing all the 2×2 matrices of�3, and so�3 is an irreducible two-dimensional
representation. (We shall show later that this can be established without “trying out” an
infinite number of transformations.) For any group, a goal is to find all the inequivalent,
irreducible representations possible. Anything beyond this is superfluous information.
For ourC3v (ammonia) group,�1, �2, and�3 exhaust the possibilities and constitute
a complete set of inequivalent irreducible representations.

13-8 Generating Representations from Basis Functions

The reader may wonder how one goes about discovering nontrivial representations like
�3.3 A convenient way to do this will now be described, and we will show at this
stage the connection between quantum mechanics and the group theory of symmetry
operations.

Consider the molecule shown in (III ).This molecule has but one nontrivial symmetry
element—a point of inversion. According to our flowchart, this places it in theCi point
group. The only symmetry operations here areE andi. Now consider two functions,
f1 andf2. Let f1 be located on one end of the molecule. For instance, letf1 be 1sFa ,
a 1s AO centered on the fluorine atom on the left side of the molecule. Letf2 be a
similar function on the other side of the molecule, 1sFb

. Now let us see what happens
to these functions when they are acted upon by our symmetry operationsE andi:

Ef1 = f1, Ef2 = f2, if1 = f2, if2 = f1

We see thatf1 andf2 are interchanged by inversion. Let us try to find numbers to
representthese results. Clearly, replacingE by+1 will give the correct result. However,
to obtain the effect of operation byi we need tointerchangef1 andf2. We cannot
achieve this by multiplying by a number, sincef1 andf2 are linearly independent. If,
however, we rewrite the effect ofi as

i

(
f1

f2

)
=

(
f2

f1

)

it becomes clear thati can be represented by the matrix(01
10). Thus, use of the functions

1sFa and 1sFb
has generated a two-dimensional representation shown in Table 13-11.

(The representation forE has been put into a 2× 2 matrix form to be in dimensional
agreement with the representation fori.) 1sFa and 1sFb

are called abasisfor �. Clearly,

3Indeed, the reader may wonder why we even worry about all this. Patience.
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TABLE 13-11 � A Representation for theCi Group

Ci E i Basis

�

(
1 0
0 1

) (
0 1
1 0

)
(1sFa ,1sFb

)

any pair of identical functions symmetrically placed with respect to the point of inver-
sion would generate the same two-dimensional representation, and so there is nothing
very special about 1sFa and 1sFb

as a basis. Is� reducible? It is easily argued that it
must be. Any unitary 2×2 transformation will have no effect on the matrix forE since
β−11β =β−1β =1. We are thus at liberty to look for any unitary transformationβ that
diagonalizes the second matrix. Since this is a nonsingular matrix (its determinant is
unequal to zero), it should be diagonalizable, and it is if we take

(
1/

√
2 1/

√
2

−1/
√

2 1/
√

2

)(
0 1
1 0

)(
1/

√
2 −1/

√
2

1/
√

2 1/
√

2

)
=

(
1 0
0 −1

)

Now that our 2× 2 representation has been diagonalized to two 1× 1 “blocks,” we can
rewrite our representations as shown in Table 13-12.

Our first choice of basis generated a reducible representation. What bases would we
need to generate the 1× 1 representations�1 and�2? To generate�1, we need a basis
function that turns into itself when it is inverted. One possibility isf1 = 1sFa + 1sFb

.
If we sketch this function (Fig. 13-8a), it is evident that it is regenerated unchanged by
inversion. The mathematical demonstration is

if1 = i(1sFa + 1sFb
) = i1sFa + i1sFb

= 1sFb
+ 1sFa = f1

TABLE 13-12 � Reduced Representations for
theCi Group

Ci E i Basis

�1 1 1 ?
�2 1 −1 ?

Figure 13-8 � Basis functions for irreducible representations of theCi group.
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f1 is symmetricfor operationsE andi. For �2, we need some functionf2 that turns
into minusitself upon inversion.f2 = 1sFa − 1sFb

would serve, as Fig. 13-8b shows,
and as is demonstrated mathematically by

if2 = i(1sFa − 1sFb
) = i1sFa − i1sFb

= 1sFb
− 1sFa = −f2

f2 is symmetric forE and antisymmetric fori. (Notice that the way in which 1sFa

and 1sFb
needed to be mixed to produce a diagonal representation is indicated by the

coefficients in thecolumnsof the matrix we used to diagonalize the original 2× 2
representation. The matrixβ not only diagonalizes our�, it also tells us how to mix
the original bases in order to arrive at bases for theirreduciblerepresentations.)

This example demonstrates an important fact:In order to generate a one-
dimensional representation for a group, we need a basis function that is either
symmetric or antisymmetric for every symmetry operation in the group. This provides
the point of connection with quantum mechanics. We showed much earlier (Chapter 2)
that anynondegeneratewavefunction (or MO) must be symmetric or antisymmetric
for every operation that leaves the hamiltonian unchanged. Since symmetry operations
leave the hamiltonian unchanged (they merely interchange identical nuclei), it follows
that nondegenerate wavefunctions or orbitals are symmetric or antisymmetric for
every operation in the symmetry point group of the molecule. This means thatevery
nondegenerate wavefunction or orbital is a basis for a one-dimensional representation
for its molecular point group. Indeed, it can be proved thatevery wavefunction or
orbital, even if degenerate, is a member of a basis for an irreducible representationfor
the point group of the molecule. The irreducible representation produced by ann-fold
degenerate set of orbitals will ben-dimensional. (We indicate how this comes about in
a later section.) Therefore, knowing wavefunctions enables one to generate represen-
tations. More importantly, knowing representations allows us to say something about
wavefunctions. For example, the representation table (Table 13-12) for theCi group
(which is now complete—this group has only two irreducible inequivalent representa-
tions) tells us the following: (1) The molecule FClBrC–CBrClF in the conformation
pictured has no degeneracies due to symmetry in its electronic states or in MO energies
(if we do a calculation at the MO level). We can tell this because only one-dimensional
representations exist for this group. (2) Every wavefunction for an electronic state
or orbital must be either symmetric or antisymmetric for inversion. Therefore, the
following AO combinations are feasible for MOs insofar as symmetry is concerned:

c(1sFa − 1sFb
),

c1(1sFa + 1sFb
) + c2(1sCla + 1sClb ) + c3(1sBra + 1sBrb

)

+ c4(1sCa + 1sCb
) + c5(2sFa + 2sFb

) + · · ·
The following are disallowed:

c1sFa ,

c1(2sFa + 2sFb
) + c2(2sCla − 2sClb )

Our halogenated ethane molecule is a good starting example because it belongs to
such a simple group. But let us now return to theC3v group of the ammonia molecule
and continue developing the relations between group theory and MO theory. For
convenience, the molecule is again sketched (Fig. 13-9) to show its orientation with
respect to Cartesian axes. (Thez coordinate is the principal axis.)
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Figure 13-9 � Orientation of a model of ammonia in Cartesian space.

The normal practice in group theory is to use Cartesian coordinates or linear combina-
tions of such coordinates as basis functions4 for generating many of the representations
of a group. Therefore, we begin by examining thez coordinate to see what becomes of it
under the various symmetry operations in theC3v group. The results are easily seen to be

Ez = +1z, σ1z = +1z, σ2z = +1z,

σ3z = +1z, C+
3 z = +1z, C−

3 z = +1z

Thus,z is a basis for the totally symmetric representation�1 of Table 13-8. The
coordinatesx andy can also be used as bases. Here things get more complicated.
Clockwise rotation ofx by 2π/3 radians (to givex′) causes it to end up in a posi-
tion where it must be expressed as a resultant of bothx andy (Fig. 13-10). Simple
trigonometry requires that, for a general rotation through the angleφ, the unit vector
x′ has anx coordinate of cosφ and ay coordinate of sinφ. Similarly, a rotation of
y to a new position designatedy′ must yield a newx coordinate of−sinφ and a new
y coordinate of cosφ. Thus, for a rotation through the angleφ, we have

Cφ

(
x

y

)
=

(
x′
y′

)
=

(
x cosφ + y sinφ

−x sinφ + y cosφ

)

Figure 13-10 � Result of clockwise rotation ofx by 2π/3 to produce the new vectorx′.
4The function corresponding to a coordinate is not exactly the same thing as the coordinate itself. Thez

coordinate is a ray running perpendicular to thexy plane through the coordinate origin. Thefunctionz is the
altitude above (or below) thexy plane ateverypoint, regardless of whether it is on thez axis;z2 is the square of
the altitude at every point, etc. The behavior of these functions upon rotation, reflection, etc. is the same as that
of the coordinate or product of coordinates.
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The rotation operatorCφ is thus represented as

Cφ =
(

cosφ sinφ

−sinφ cosφ

)
(13-1)

In the case at hand,clockwiserotation by 2π/3 radians is adecreaseof 2π/3 in φ.
Substitutingφ =−2π/3 for C3

+ andφ =+2π/3 for C3
− gives us the following 2× 2

representations:

C+
3 :



 −1
2 +

√
3

2

−
√

3
2 −1

2



 C−
3 :



 −1
2 −

√
3

2

+
√

3
2 −1

2





For reflectionσ1, it is easy to see thatx is unmoved andy goes into minus itself.
Maintaining our dimensionality of two, this gives

σ1 :
(

1 0
0 −1

)

For σ2, x, andy again move into positionsx′ andy′, expressible as resultants of the

original x andy vectors (Fig. 13-11). Thus,x′ = −1
2x +

√
3

2 y, y′ =
√

3
2 x + 1

2y, andσ2
has the representation

σ2 :


−1
2

√
3

2√
3

2
1
2





Similarly, σ3 is easily shown to have the representation

σ3 :


 −1
2 −

√
3

2

−
√

3
2

1
2





The operationE does not move eitherx or y and is represented by the two-dimensional
unit matrix. This completes our use ofx andy, and we see that together they generate
the two-dimensional representation�3. What should we use next? We have not yet
generated�2, and so we know that we need to look for another basis. A basis that is

Figure 13-11 � Result of reflection through theσ2 plane ofx andy to produce new vectorsx′
andy′.
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Figure 13-12 � Effect of a reflection on the direction ofφ.

frequently employed in group theory is adirection of rotationabout some symmetry
axis. In our case, the symmetry axis is thez axis, and we letRz stand for adirection of
rotation about this axis. (Whichdirection we choose, clockwise or counterclockwise,
is arbitrary.) Now we consider howRz is affected by the symmetry operations.C+

3
andC−

3 have no effect since they merely shift the origin of theφ coordinate but do not
affect the direction in whichφ increases or decreases. Put another way, the direction
of motion of the hands of a clock is not affected by rotating the clock about an axis
perpendicular to its face. However, reflectionsσ1, σ2, andσ3 will cause the direction
to be reversed (Fig. 13-12). Therefore,

ERz = +1Rz, σ1Rz = −1Rz, σ2Rz = −1Rz

σ3Rz = −1Rz C+
3 Rz = +1Rz C−

3 Rz = +1Rz

and we see thatRz is a basis for�2.

13-9 Labels for Representations

Thus far, we have labeled our representations�1,�2, etc. We will now describe rules
for a more meaningful symbolism—one that has become standard. The rules are as
follows:

1. A one-dimensional representation is given the main symbolA or B. A is used if the
representation is symmetric for rotation by 2π/n about then-fold principal axis,B
if it’s antisymmetric. (ForC1,Cs , andCi groups, which have no principal axis, the
symbol is alwaysA.) A two-dimensional representation has the main symbolE.
Three-dimensional representations are symbolizedT (or sometimesF ), and four-
dimensional representations are symbolizedG.

2. Subscripts may be applied as follows. If there areC2 axes perpendicular to the
principal axis, then a subscript 1 (2) means that the basis for the representation is
symmetric (antisymmetric) for such a rotation. In the absence of suchC2 axes,
vertical reflection planes are used instead, if present. If there is an inversion center,
subscripts g (gerade) and u (ungerade) refer to the basis for the representation being
respectively symmetric or antisymmetric for inversion.

3. Superscripts may be applied as follows: If there is aσh plane, a single prime means
the basis for the representation is symmetric for that reflection; a double prime
means it is antisymmetric.
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TABLE 13-13 � Representation Table for theC3v Group

C3v E σ1 σ2 σ3

A1 1 1 1 1
A2 1 −1 −1 −1

E

(
1 0
0 1

) (
1 0
0 −1

) (
−1

2

√
3/2√

3/2 1
2

) (
−1

2 −√
3/2

−√
3/2 1

2

)

Use of these conventions enables us to write ourC3v representation as shown in
Table 13-13. (The symbolE in the left-most column of the table should not be confused
with theE in the top row. The former labels a two-dimensional representation, the latter
refers to the identity operation.) At the right-hand side of the table are listed, for each
representation, the bases described above plus a few others. It is convenient for chemical
applications to list all Cartesian combinations up to the second power, as has been done
here. One can go to powers as high as one pleases (z99 is a basis forA1), but first and
second powers are of most common practical use in chemistry. The use of parentheses
and commas for bases for theE representation [e.g.,(xz, yz)] indicate whichpairs of
functions may be selected as bases for this two-dimensional representation.

13-10 Some Connections Between the Representation
Table and Molecular Orbitals

It is possible, by inspecting Table 13-13, to predict certain properties of MOs or wave-
functions for a molecule havingC3v symmetry. Suppose that we did an MO calculation
on ammonia. What does this table tell us to expect? In the first place, it tells us that
there are only three MO symmetry types possible. We might find nondegenerate MOs
havingA1 symmetry (totally symmetric), orA2 symmetry (antisymmetric for reflec-
tions). It is also possible for MOs to exist that form bases forE representations. Since
such bases are intermixed by some operations, however, these MOs cannot be either
symmetric or antisymmetric for every operation.Therefore, they must be degenerate.
And, since the intermixing occurs only within pairs of such bases, the MOs must be
doublydegenerate. Thus, inspection of the representation table tells us at once that non-
degenerate and doubly degenerate MOs are possible for ammonia. Since the symmetry
requirements apply to wavefunctions as well as to one-electron MOs, the table tells
us also that ammonia can havestateswith wavefunctions whosespatial symmetries
areA1,A2, or E. It is conventional to label MOs with lowercase symmetry symbols,
a1, a2, e, and state functions with uppercase symbols.

The representation table also tells us which basis AOs can appear in the various
MOs. For instance, if we used a set of valence AOs for NH3, we would have a 2pz
AO on nitrogen, oriented along theC3 axis of the molecule, and also 2px and 2py AOs
perpendicular toC3. Now 2px,2py , and 2pz transform likex, y, andz, respectively
(if they are centered at a common point on theC3 axis); just asz is symmetric for
all symmetry operations of the group, so is 2pz . This means that the 2pz AO can be
expected to appear only in MOs witha1 symmetry. 2px and 2py must appear together
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C3
+ C3

−

1 1 z, x2 + y2, z2

1 1 R2(
−1

2

√
3/2

−√
3/2 −1

2

) (
−1

2 −√
3/2√

3/2 −1
2

)
(x, y)(Rx,Ry)(x2 − y2, xy)(xz, yz)

in e-type MOs. What about 2s on nitrogen? Intuitively, we know that it, like 2pz , is
unaffected by all the operations, and so it should appear only ina1 MOs. The table
indicates this by listingz2 andx2 + y2 as bases for theA1 representation. Since these
have the same symmetry, their sum retains the symmetry, and sox2 + y2 + z2 = r2 is
also a basis forA1. Sincer2 is spherically symmetric, this indicates that any spherically
symmetric function on nitrogen is a basis for theA1 representation.

If we were to use an expanded basis set of AOs, including 3d AOs on nitrogen,
the group table tells us that 3dz2 would appear in the nondegeneratea1 MOs and that
3dx2−y2,3dxy,3dxz , and 3dyz would appear in degeneratee-type MOs. (Recall that
3dz2 is really 3dz2−r2 or 3d2z2−x2−y2 .)

What about the 1sAOs on the H’s? Can the representation table tell us in which MOs
these will appear? It turns out that it can, and that they go into botha1- ande-type MOs,
but we will defer showing how this can be told from the table until later in the chapter.

Readers may begin to appreciate the usefulness of group theory in quantum chem-
istry when they consider that, simply by assigning ammonia to theC3v group and
looking up the representation table, we are able to say that a minimum-valence basis
set MO calculation will produce nondegenerate, totally symmetric(a1) MOs contain-
ing N2s,N2pz , and H1s AOs, and doubly degenerate (e) MOs containing N2px ,N2py ,
and H1s AOs. (Noa2 MOs will appear because none of our AOs are a basis for that
representation.)

13-11 Representations for Cyclic and Related Groups

Cyclic groups are the groupsC2,C3,C4, . . . ,Cn containing only then − 1 rotation
operations and the identity operationE. We devote a separate section to these because
there are some special problems connected with finding and labeling representations
for these groups. (This section is off the mainstream of development of this chapter
and may be skipped if desired.)

Let us consider the operations associated with then-fold proper axis oriented along
thez axis and ask what will become of the functionf =exp(iφ) as it is rotated clockwise
about this axis by 2π/n radians. (We entertain the idea that exp(iφ) might be a conve-
nient basis for a representation since such functions were found to be eigenfunctions for
the particle-in-a-ring problem in Chapter 2.) Since the clockwise direction is opposite
to the normal direction of theφ coordinate, the effect of the rotation is to putf (φ) where
f (φ −2π/n) used to be. To see how the function after rotation compares to that before
rotation, we must compare exp(iφ) with exp[i(φ − 2π/n)]. That is, the representation
Rf , such thatC+

n exp(iφ) = Rf exp(ι̇φ), is given by exp(iφ)/exp[i(φ − 2π/n)], or
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TABLE 13-14a � Partial Representation for theC3 Group

C3 E C3 C2
3

A 1 1 1 z,Rz

1 exp(2πi/3) exp(4πi/3) exp(iφ)

TABLE 13-14b � Partial Representation for theC3 Group

C3 E C3 C2
3 ε = exp(2πi/3)

A 1 1 1 z,Rz

1 ε ε∗ exp(iφ)

exp(2πi/n), which equals cos(2π/n) + i sin(2π/n). For various fractions of a cycle
(i.e., variousn), Rf takes on different values:

n : 1 2 3 4 5 6 7 8
Rf : 1 −1 exp(2πi/3) i exp(2πi/5) exp(πi/3) exp(2πi/7) exp(πi/4)

The important point here is thatf =exp(iφ) is a basis for a one-dimensional represen-
tation forCn since a rotation turnsf into a constant timesf and not into some other
function. For theC3 group, then, we could write a partial representation table as shown
in Table 13-14a. Now exp(4πi/3) is equal to exp(−2πi/3), and exp(−2πi/3) is the
complex conjugate of exp(2πi/3). If we let ε ≡ exp(2πi/3), we can write the table as
shown in Table 13-14b. Iff = exp(iφ) is a satisfactory basis,f ∗ = exp(−iφ) is also
acceptable, since it is linearly independent off . If one calculates the representations
for n=1,2,3, . . . as before, one finds that the numbersRf ∗ are the complex conjugates
of Rf . Therefore, we can immediately expand our table as shown in Table 13-14c.
Since the existence of exp(iφ) as a basis for a one-dimensional representation always
implies that exp(−iφ) exists as a basis, these sorts of one-dimensional representations
always occur in pairs.It is conventionalto combine these with braces and refer to
them with the symbolE, which we claimed earlier is reserved for two-dimensional
representations. Note, however, thata pair of one-dimensional representations is not
the same as a two-dimensional representation, and we must broaden our definition of
the symbolE to include both types of situation.

Our representation table for theC3 group now looks almost the way one would find
it in a standard tabulation. However, instead of listing exp(iφ) and exp(−iφ) as bases,

TABLE 13-14c � Representation for theC3 Group

C3 E C3 C3
2 ε = exp(2πi/3)

A 1 1 1 z,Rz

E
{

1 ε ε∗} exp(iφ)

1 ε∗ ε exp(−iφ)
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TABLE 13-15 � Representation for theC3 Group

C3 E C3 C2
3

A 1 1 1 z,Rz

E

(
1 0
0 1

) (
−1

2

√
3

2

−
√

3
2

1
2

) (
−1

2 −
√

3
2√

3
2 −1

2

)
(x, y)

the convention is to listx andy. In relating Cartesian to spherical polar coordinates,
x = r sinθ cosφ andy = r sinθ sinφ. When we are concerned only with changes in
φ,x goes as cosφ,y as sinφ, and, since sinφ and cosφ are expressible as linear com-
binations of exp(iφ) and exp(−iφ), it follows thatx andy areequivalentto exp(±iφ)

as bases. If we had started out withx andy as bases, we would have found that, for
rotations, these are intermixed, leading to a truly two-dimensional representation. In
fact, we worked out the effects ofC3 andC2

3 onx andy earlier for theC3v group. There
we found thatC3 andC2

3(= C−
3 ) were represented by the two-dimensional matrices

shown in Table 13-15. But thisE representation is reducible to the two one-dimensional
representations through the unitary matrix

∪ = 1√
2

(
1 i

i 1

)

The resulting block-diagonalized representation is

E C3 C2
3(

1 0
0 1

) (
−1

2 − i
√

3
2 0

0 −1
2 + i

√
3

2

) (
−1

2 + i
√

3
2 0

0 −1
2 − i

√
3

2

)

which can be separated into two one-dimensional representations:

E C3 C2
3

1 −1
2 − i

√
3

2 −1
2 + i

√
3

2

1 −1
2 + i

√
3

2 −1
2 − i

√
3

2

Sinceε = exp(2πi/3) = cos(2π/3) + i sin(2π/3) = −1
2 + i

√
3

2 , we recognize that this
pair of one-dimensional representations is the same as the pair we found earlier. Fur-
thermore, we note that∪ is precisely the transformation that turnsx (i.e., cosφ) andy

(i.e., sinφ) back into exp(±iφ) (to within a constant multiplier):

∪
(

x

y

)
= 1√

2

(
1 i

i 1

)(
cosφ
sinφ

)
= 1√

2

(
cosφ + i sinφ

i cosφ + sinφ

)
=

(
(1/

√
2)exp(iφ)

(−i/
√

2)exp(−iφ)

)

Thus,(x, y) produce areducible, two-dimensional representationequivalentto the
irreducible representation given by exp(±iφ). The reason for listing(x, y) as bases
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TABLE 13-16 � Irreducible Representations for theC3 Group

C3 E C3 C2
3 ε = exp(2πi/3)

A 1 1 1 z,Rz z2, x2 + y2, x2 − y2, xy

E

{
1 ε ε∗} (x, y)
1 ε∗ ε (Rx,Ry) (yz, xz)

is simply that most applications of the table are made to real functions (e.g., chemists
usually prefer to work with 2px and 2py AOs rather than with 2p+1 and 2p−1). Our
final form for the table, then, is that shown in Table 13-16, where additional bases have
been listed.

The preceding discussion has been within the context of theCn groups. One might
ask what sort of symmetry operation is needed to make it impossible for exp(iφ) to
be a basis for a one-dimensional representation. The answer is, any operation that
causes a reversal in the direction of the coordinateφ. For then, exp(iφ) → exp(−iφ),
and our basis function has turned into another independent function rather than into a
constant times itself. Therefore, the presence of any symmetry operation that reverses
the direction of motion of the hands of a clock will suffice to prevent representations of
theε, ε∗ sort. Operations that reverse clock direction areσd, σv, andC′

2 (perpendicular
to the principal axis). Clock direction is unaffected byσh, i, andSn. Therefore, we
can expectε, ε∗ types of representations to occur in groups of typesCn,Cnh, Sn, all of
which have aCn axis but noσd, σv, or C′

2 elements.

13-12 Orthogonality in Irreducible Inequivalent
Representations

We come now to a very important point regarding representations. We will illustrate
our arguments with the representation table (Table 13-13) for theC3v group. Notice
the following features of that table:

1. If we choose theA1 representation, square all the numbers, and sum over all six
symmetry operations, we get 6 as a result.

2. If we do the same thing with theA2 representation, we get the same result.

3. If we do the same thing for the upper left-hand elements (the 1, 1 elements) of the
E representation, we get 3 as a result.

4. If we do the same thing for each of the other positions in theE representation, the
result is 3 each time.

In general, the result of this procedure for any irreducible representation in any
group will be the order of the group divided by the dimension of the representation. That
is, if h is the order of the group,li is the dimension of representation�i , and�

(j,k)
i (R)
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is the number in the(j, k) position of the matrix representing symmetry operationR,
then the mathematical formula that corresponds to our general statement is

∑

R

∣∣∣�(j,k)
i (R)

∣∣∣
2 = h

li
(13-2)

Note that theabsolutesquare is used to accommodate theε, ε∗ type representations of
cyclic groups.

We can conceive of the set of six numbers forA1 as being a vector of six elements.
The six numbers ofA2 constitute a second vector, andE provides four more six-
dimensional vectors. If each such vector is multiplied by

√
li/h, then each vector is

normalized.
Now let us examine these vectors regarding their orthogonality. If we take the scalar

product of the unnormalized vectorsA1 andA2, the result is zero:

(
1 1 1 1 1 1

)

︸ ︷︷ ︸
A1






1
−1
−1
−1

1
1





A2

= 0

The reader may quickly verify that the scalar product of any twodifferentvectors from
among the set of six in theC3v representation table is zero. Thus these six vectors are
orthogonal. Once again, this result always holds between “representation vectors” in
irreducible inequivalent representations for any group. Combining this orthogonality
property with the normality property mentioned earlier, we have

∑

R

[√
li/h�

(k,l)
i (R)

]∗ [√
li/h�

(m,n)
j (R)

]
= δi,j δk,mδl,n (13-3)

where�i and�j are understood to be irreducible and, ifi �= j , inequivalent. This
relation, sometimes called “the great orthogonality theorem,” is of central importance
in group theory. Its essence is captured by the statement that “irreducible inequivalent
representations are comprised of orthogonal vectors.” We do not prove the theorem in
this book,5 but we do make considerable use of Eq. (13-3).

One immediate result of the relation is that it enables us to tell when we have
completed the task of finding all the inequivalent irreducible representations of a group.
If we consider theC3v group, for example, we note that it is of order six, since there
are six symmetry operations. This means that each “representation vector” will have
six elements, i.e., is a vector in six-dimensional space. The maximum number of
orthogonal vectors we can have in six-dimensional space is six. Therefore, the number
of representation vectors cannot exceed the order of the group. Furthermore, since
the number of vectors provided by ann-dimensional representation isn2 (e.g.,E is
two-dimensional and gives four vectors), we can state thatthe sum of the squares of the

5See Bishop [1] or Eyring et al. [2, Appendix VI].
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dimensions of the inequivalent irreducible representations of a group cannot exceed
the order of the group.

In fact, it can be proved5 that this sum of squares of dimensions mustequalthe order
of the group when all such representations are included. That is,

all inequivalent
irreproducible representations∑

i

l2i = h (13-4)

Thus, the fact that the squares of the dimensions of theA1,A2, andE representations
for theC3v group add up to six, which is the order of the group, indicates that no more
irreducible representations exist (except those that are equivalent to those we already
have).

EXAMPLE 13-6 Count up all the symmetry operations you can think of for (planar)
BH3. Can you guess from this how many irreducible representations exist for this
molecule and what their dimensions are?

SOLUTION � The operations are: E, C+3 ,C−
3 , σ1, σ2, σ3, σh,S+

3 ,S−
3 ,C2,C′

2,C′′
2 or 12 opera-

tions, so the group order is 12. There must be at least one irreducible representation of order one, so
we cannot have three two-dimensional representations. We could have: 12 one-dimensional repre-
sentations; eight one-dimensional and one two-dimensional representations; four one-dimensional
and two two-dimensional representations. From what has been presented so far, all three of these
are possible. �

13-13 Characters and Character Tables

Thus far, we have defined representations and shown how they may be generated from
basis functions. We have distinguished between reducible and irreducible representa-
tions and have indicated that there is an unlimited number ofequivalentrepresentations
corresponding to any given two- or higher-dimensional representation. An example
of a pair of equivalent, reducible, two-dimensional representations, derived in Sec-
tion 13-11, is given in Table 13-17. Equivalent representations are related through
unitary transformations, which are a special kind of similarity transformation (see Chap-
ter 9), and two matrices that differ only by a similarity transformation have the same

TABLE 13-17 � Equivalent Representations for theC3 Group

C3 E C3 C2
3

�x,y

(
1 0
0 1

) (
−1

2 −√
3/2√

3/2 −1
2

) (
−1

2

√
3/2

−√
3/2 −1

2

)

�exp(±φ)

(
1 0
0 1

) (
−1

2 − i
√

3/2 0
0 −1

2 + i
√

3/2

) (
−1

2 + i
√

3/2 0
0 −1

2 − i
√

3/2

)
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TABLE 13-18 � Characters for theC3v Group

c3v E σ1 σ2 σ3 C3
+ C3

−

A1 1 1 1 1 1 1 z, x2 + y2, z2

A2 1 −1 −1 −1 1 1 Rz

E 2 0 0 0 −1 −1 (x, y)(Rx,Ry)

(x2 − y2, xy)(xz, yz)

trace, or character(Problem 9-7), which is defined as the sum of the diagonal ele-
ments of a matrix. The matrices in Table 13-17 exemplify this fact, their characters
being respectively 2,−1,−1 for E,C3, andC2

3 in both representations. The generally
accepted symbol for the character of operationR in representation�i is χi(R), and the
mathematical definition is

χi(R) =
∑

j

�
j,j
i (R) (13-5)

In practice, it is thecharactersof irreducible representations that are used in most
chemical applications of group theory. This means that one needs only thecharacter
table for a group, rather than the whole representation table. For theC3v group, the
character table is displayed in Table 13-18. Comparison with Table 13-13 will make
clear that the character is merely the sum of diagonal elements. (For one-dimensional
representations, the character and the representation are identical.) Since the represen-
tation for theidentity operationis always a unit matrix, the character for this operation
is always the same as the dimension of the representation. Hence, the first character in
a row tells us the dimension of the corresponding representation.

An immediate consequence of the orthogonality theorem for representations is that
the vectors resulting fromcharactersare orthogonal too. This is trivially obvious for
characters of one-dimensional representations. For multidimensional representations,
the character vector is simply the sum of the representation vectors in diagonal positions.
If a given vector (say, theA1 vector) is orthogonal to each of these (say,E11 andE22),
then it is orthogonal to their sum; that is, in terms of the vector notation of Chapter 9,
if ã1e11= 0 andã1e22= 0, thenã1(e11+ e22) = 0.

Inspection of Table 13-18 reveals a curious thing. For any given row of characters,
all operations in the same class have the same character. There is a fairly simple reason
for this. We have indicated already that operations in the same class are operations
that can be interchanged merely by group reflections, rotations, etc., of the symmetry
elements in the group, but we have seen that such changes are mathematically effected
throughsimilarity transformations. This means that representations for operations in
the same class are interchangeablevia similarity transformations. That is, the matrix
representing, say,σ1 (in theE representation ofC3v) can be made equal to the matrix
representingσ2 through a similarity transformation:

T−1σ1T = σ2 (13-6)

(From our group Table 13-7, we can ascertain thatT must be the matrix represent-
ing σ3.) Now, the two sides of Eq. (13-6) must have the same character since they
are identical 2× 2 matrices, but the left-hand side must have the same character asσ1
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TABLE 13-19 � The Standard Short-Form Character Table for theC3v Group

C3v E 3σ 2C3

A1 1 1 1 z, x2 + y2, z2

A2 1 −1 1 Rz

E 2 0 −1 (x, y)(Rx,Ry)(x2 − y2, xy)(xz, yz)

since character is unchanged by a similarity transformation. Therefore,σ1 andσ2 have
the same character.

We can take advantage of the above rule to write our character table in abbreviated
form, illustrated for theC3v group inTable 13-19. This is the standard form for character
tables. A collection of such tables appears in Appendix 11.

That characters must be equal in the same class is a restriction on our character
vectors. In Table 13-19 it is made evident that, in theC3v group, our vectors really only
have three independent variables each, one for each class. These are properly thought
of, then, as vectors in three-dimensional space (with weighting factors 1, 3, and 2 for
E,σ , andC3, respectively). There can be no more than three such vectors that are
orthogonal, and so we are left with the result that the number of inequivalent irreducible
representations in a group cannot exceed (and is in fact equal to6) the number of classes
in the group. This result, together with the fact that the sum of squares of dimensions of
inequivalent irreducible representations must equal the order of the group, often suffices
to tell us in advance how many representations there are and what their dimensions
are. For ourC3v group, the order is six and there are three classes. Hence, we know
that there are three representations and that the squares of their dimensions sum to six.
The problem reduces to: “What three positive integers squared, sum to six?” There is
only one answer: 1, 1, and 2. The fact that there willalwaysbe a totally symmetric
one-dimensional representation also helps pin down the possibilities. For example, can
one have a group of order eight and only two classes? There is no way this can happen.
Two classes would mean two representations. If both wereE type, their dimensions
squared would indeed sum to eight. But one of them must be one-dimensional, and
there is no way the other can square to seven.

EXAMPLE 13-7 How many classes of symmetry operation can you count for (pla-
nar) BH3? Can you use this to select one of the possibilities from Example 13-12?

SOLUTION � The classes are E,σv , C3, C2, σh, S3. That’s six classes, so there are only six irre-
ducible representations. There are four one-dimensional and two two-dimensional representations.

�

Our collected list of conditions that the characters in a completed table must satisfy
is as follows:

1. There must be a one-dimensional representation having all characters equal to+1.

2. The leading character in each row (i.e., the character for operationE) must equal
the dimension of the representation.

6See Bishop [1].
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3. The sum of the squares of the leading characters must equal the order of the group.

4. The number of rows in the character table must equal the number of classes in
the group.

5. The absolute squares of the characters in a given row (times the weighting factor for
each class if the abbreviated form is used) equals the order of the group. (Character
vectors are normalized) This results directly from Eq. (13-2).

6. The character vectors are orthogonal (again, using weighting factors, if appropriate).

This is a fairly large number of restrictions, and may suffice to allow one to produce
the character table for a group without ever actually producing representations. For
example, consider theC4v group, which has the operationsE, 2C4,C2,2σv, and 2σd.
The group thus has order eight and five classes. There must be five representations, and
the only way their dimensions can square to eight is if four of them are one-dimensional
and one is two-dimensional. This already enables us to write Table 13-20. It is not

TABLE 13-20 � PartialC4v Character Table

C4v E 2C4 C2 2σv 2σd

A1 1 1 1 1 1
�1 1
�2 1
�3 1
E 2

difficult to find a way to make�1 orthogonal toA1. We simply place−1 in some
places to produce four products of−1 and four of+1. Three possibilities are shown in
Table 13-21. These are orthogonal not only toA1, but to each other as well, and so we

TABLE 13-21 � PartialC4v Character Table

E 2C4 C2 2σv 2σd

1 1 1 −1 −1
1 −1 1 1 −1
1 −1 1 −1 1

have found the characters for�1,�2, and�3. The characters for theE representation
must have squares that sum to eight and also be orthogonal to all four one-dimensional
representation vectors. One possibility is fairly obvious. Since the characters for
operationsE andC2 are+1 in all the one-dimensional representations, we could take
the characters for theE representation to be

E 2C4 C2 2σv 2σd

2 0 −2 0 0
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Other cases that meet the normality condition are

2 ±1 0 ±1 0
2 0 0 ±1 ±1
2 ±1 0 0 ±1

But none of these is orthogonal to all the one-dimensional sets. Therefore, the complete
character table (except for the basis functions) for theC4v group is shown inTable 13-22,
where the symbolsA2,B1,B2 are consistent with symmetry or antisymmetry forC4
andσv as described in Section 13-9.

TABLE 13-22 � CompletedC4v Character Table

C4v E 2C4 C2 2σv 2σd

A1 1 1 1 1 1
A2 1 1 1 −1 −1
B1 1 −1 1 1 −1
B2 1 −1 1 −1 1
E 2 0 −2 0 0

13-14 Using Characters to Resolve Reducible
Representations

It was pointed out earlier that several irreducible representations can be combined into
a larger-dimensional reducible representation. Our example was




�2 0 0
0 �1 0
0 0 �3



 ≡



A2 0 0
0 A1 0
0 0 E



 = �′

which is a four-dimensional representation (since�3 is two-dimensional). A matrix
built up in this way is symbolizedA2 ⊕ A1 ⊕ E. It is easy to see that the characters
of the reducible representation�′ are simply thesums of charactersfor the individual
irreducible component representations (since the diagonal elements ofA2,A1, andE

all lie on the diagonal of�′). Thus, the characters of�′ are

E 3σ 2C3

�′ : 4 0 1

Furthermore, no matter how�′ is disguised by a similarity transformation, its character
vector is unchanged. Now, suppose you were given the representation�′, disguised
through some similarity transformation so as to be nonblock diagonal and asked to tell
which irreducible representations were present. How could you do it? One way would
be to find the similarity transformation that would return the representation to block
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diagonal form. But there is a much simpler way. We can test to see if the character vector
of �′ is orthogonal to the character vectors of each of our irreducible representations.
For instance, if�′ contained onlyA2 andE, its character vector would be orthogonal
to that ofA1 because the character vectors ofA2 andE are orthogonal to that ofA1.
If A1 is present in�′, then�′ andA1 character vectors are not orthogonal. Indeed, the
amount ofA1,A2, or E present can be found by making use of the character vector
normality relation. This is illustrated for�′ by the following equations:

A1 : 1

6
(1 · 4+ 3 · 1 · 0+ 2 · 1 · 1) = 1

A2 : 1

6
(1 · 4+ 3 · −1 · 0+ 2 · 1 · 1) = 1

E : 1

6
(2 · 4+ 3 · 0 · 0+ 2 · −1 · 1) = 1

In general, for�′ = c1�1 ⊕ c2�2 ⊕ · · · ⊕ ci�i ⊕ +· · ·
ci = (1/h)

∑

R

χi(R)χ ′(R) (13-7)

whereh is the order of the group. This technique for resolving a reducible representation
into its component irreducible representations is very useful in quantum chemistry, as
we shall see shortly.

13-15 Identifying Molecular Orbital Symmetries

We stated earlier that any MO must be a basis for an irreducible representation. Given
a set of computed MOs, how does one decide which representation each MO is a
basis for? One does this by comparing the MOs with the characters in the character
table. Some examples will make this clear. In Table 13-23 are extended H¨uckel data
for NH3, oriented as shown in Fig. 13-13. NH3 belongs to theC3v group, having
the character table shown in Tables 13-18 and 13-19. The minimal valence basis set
of seven AOs leads to seven MOs. Notice that MOs 5 and 6 and also 2 and 3 are
degenerate. Therefore, these MOs must be bases for two-dimensional representations,
and are assigned the symbole (lower case for MOs). The other MOs are all given the
main symbola. There are two possibilities for these MOs—a1 or a2. These differ in
their characters for reflection,a1 being symmetric, anda2 antisymmetric. If we look
at the eigenvectors for MOs 1, 4, and 7, we see that they contain the 1s AOs on each
hydrogen with equal sign and magnitudes. Since reflection always interchanges two
hydrogens, these MOs are clearly all symmetric for reflection, and so we label them
all a1. Our result, then, is

MO : 1 2 3 4 5 6 7
Symmetry: a1 e e a1 e e a1

Next, consider staggered ethane, which we have earlier assigned to theD3d point
group. Orbital energy levels and sketches of the MOs appear in Fig. 13-14. The
character table for theD3d group is given in Table 13-24.

As before, we observe that certain of the orbitals have the same energies, so we assign
such doubly-degenerate MOs the main symbole. These MOs are either symmetric or
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TABLE 13-23 � Extended H¨uckel Data for NH3

MO no. MO energy (a.u.) MO occupancy

1 0.7494 0
2 0.1279 0
3 0.1279 0
4 −0.4964 2
5 −0.5955 2
6 −0.5955 2
7 −1.0178 2

Eigenvectors

AO\MO 1 2 3 4 5 6 7

N(2s) 1.2946 0.0000 0.0000 −0.1715 0.0000 0.0000 0.7387
N(2pz) −0.4369 0.0000 0.0000 −0.9628 0.0000 0.0000 0.0214
N(2px) 0.0000 1.0275 0.0000 0.0000 0.6498 0.0000 0.0000
N(2py) 0.0000 0.0000 −1.0275 0.0000 0.0000 0.6498 0.0000
H1(1s) −0.7166 −1.0399 0.0000 0.0656 0.4422 0.0000 0.1561
H2(1s) −0.7166 0.5200 0.9006 0.0656 −0.2211 0.3829 0.1561
H3(1s) −0.7166 0.5200 −0.9006 0.0656 −0.2211 −0.3829 0.1561

antisymmetric for inversion and are accordingly subscripted g or u, respectively. All of
the nondegenerate MOs must have the main symbola, sinceb does not appear in the
D3d table. The character table indicates thata1 anda2 differ in that they are respectively
symmetric and antisymmetric for two-fold rotations that switch the molecule end for
end. The u, g subscripts again refer to inversion. Inspection of the figures enables
us to decide which symbols are appropriate in each case. The resulting symmetry
designations are included in Fig. 13-14.

Figure 13-13 � Orientation of ammonia with respect to Cartesian axes.
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Figure 13-14 � Valence MOs for staggered ethane. The energy level spacings have been altered
for convenience. Thehatchedareas have a negative sign.

TABLE 13-24 � Characters for theD3d Point Group

D3d E 2C3 3C2 i 2S6 3σd

A1g 1 1 1 1 1 1
A2g 1 1 −1 1 1 −1
Eg 2 −1 0 2 −1 0
A1u 1 1 1 −1 −1 −1
A2u 1 1 −1 −1 −1 1
Eu 2 −1 0 −2 1 0

13-16 Determining in Which Molecular Orbital an Atomic
Orbital Will Appear

Earlier, we noted that the 2pz AO in ammonia will contribute toa1 MOs because
2pz transforms likez, and z is listed as a basis for thea1 representation. If the
basis functions were not listed, we could have reached the same conclusion simply by
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Figure 13-15 �

taking 2pz and putting it through all the symmetry operations to produce a representa-
tion:

E2pz = +1 · 2pz

σi2pz = +1 · 2pz, i = 1,2,3

C±
3 2pz = +1 · 2pz

The representation contains only+1, so 2pz obviously “has”a1 symmetry.
When we come to the 1s AOs on hydrogens in NH3, we cannot use the list of

basis functions. It includes only coordinates originating on the principal axis, and the
hydrogens are not on that axis. Here wemustgenerate a representation. Let us try
to do this by putting one of the hydrogen atoms, H1, through the various symmetry
operations (also see Fig. 13-15):

EH1 = +1H1

σ1H1 =+1H1

σ2H1 = H3

σ3H1 = H2

C+
3 H1 = H2

C−
3 H1 = H3

Since some of these operations interchangeH1 with H2 or H3, we are not achieving
a one-dimensional representation. We must take all three functions together and work
out a three-dimensional representation. Thus,

E




H1

H2

H3



 =



H1

H2

H3



 , E :



1 0 0
0 1 0
0 0 1



 , χ(E) = 3

σ1




H1

H2

H3



 =



H1

H3

H2



 , σ1 :



1 0 0
0 0 1
0 1 0



 , χ(σ1) = 1

C+
3




H1

H2

H3



 =



H2

H3

H1



 , C+
3 :




0 1 0
0 0 1
1 0 0



 , χ(C+
3 ) = 0
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and similarly forσ2, σ3, andC−
3 . But we are only going to use the charactersχ , and

we know thatσ2 andσ3 must have the same character asσ1 (i.e., 1) andC−
3 must have

the same character asC+
3 (i.e., 0). Our character table for the representation resulting

from the basis of three hydrogen 1s AOs then, is

C3v E 3σ 2C3

�3H 3 1 0 (H1,H2,H3)

Notice that a “one” on the diagonal of a 3× 3 representation matrix has the effect
of keeping a hydrogen 1s AO in place. Thus, theE operation keeps all threeH ’s
unmoved, has three “ones” on the diagonal, and has a character of 3. Theσ operations
each leave but one hydrogen unmoved, have a single “one” on the diagonal, and have a
character of 1.C3 leaves no hydrogen unmoved and has a character of zero.In general,
the characters of such representations are the numbers of functions not moved by the
various operations. Thus, we could have written down the above characters for�3H

without figuring out the representation matrices.
It is evident that�3H must be reducible, since it is of higher dimension than anything

in theC3v character table. To resolve�3H into its irreducible components, we use the
relation (13-7):

A1 : 1

6
(1 · 3 · 1+ 3 · 1 · 1+ 2 · 0 · 1) = 1

A2 : 1

6
(1 · 3 · 1+ 3 · 1 · −1+ 2 · 0 · 1) = 0

E : 1

6
(1 · 3 · 2+ 3 · 1 · 0+ 2 · 0 · −1) = 1

Therefore,�3H = A1 ⊕ E. We conclude from this that hydrogen 1s AOs can appear in
MOs havinga1 or e symmetry. Table 13-23 indicates that this is correct.

EXAMPLE 13-8 Given only the MO sketches of Fig. 13-14 (and no energies), is
there an easy way to select the MOs that are degenerate?

SOLUTION � Nondegenerate MOs must be either symmetric or antisymmetric for every sym-
metry operation of the molecule. Failure to obey this criterion indicates a degenerate MO. For
instance, the two highest energy MOs in the figure are symmetric or antisymmetric for every
reflection, rotation, improper rotation, or inversion, hence are nondegenerate. The next two MOs,
however, are unsymmetrical for some of the operations. Most easily seen is their unsymmetrical
behavior for rotation by 120◦ about the C–C axis. These MOs must be degenerate. �

13-17 Generating Symmetry Orbitals

Consider the lowest-energy extended H¨uckel MO for NH3. It is

φ7 = 0.7387N2s+ 0.0214N2pz + 0.1561 1s1 + 0.1561 1s2 + 0.1561 1s3

We see that the hydrogen AOs all have the same sign and magnitude in this MO.
In fact, we noted above that thismusthappen in alla1 MOs of NH3 for reasons of
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symmetry. If an MO is to be symmetric for all the reflection and rotation operations
of the C3v group, there is no other combination that will be adequate. When we
have several equivalent atoms, and symmetry forces their AOs to appear in MOs in
certain combinations, we refer to those combinations assymmetry orbitals. Thus,
φH

a1
= N(1s1 + 1s2 + 1s3) is thea1 symmetry orbital for the hydrogens in ammonia

(N is a normalizing constant).
One can use the character table to generate symmetry orbitals. This is done by

picking any one of the AOs, say 1s1, and operating on it with each symmetry operation
times the character for each operationin the representation of interest. The sum of
all these operations is an unnormalized symmetry orbital. Thus, for thea1 representa-
tion in NH3,

φH
a1

= E · 1 · 1s1 + σ1 · 1 · 1s1 + σ2 · 1 · 1s1 + σ3 · 1 · 1s1 + C+
3 · 1 · 1s1 + C−

3 · 1 · 1s1
= 1s1 + 1s1 + 1s3 + 1s2 + 1s2 + 1s3
= 2(1s1 + 1s2 + 1s3)

If we normalize (ignoring overlap between 1s AOs on different centers), we
obtain

φa
H
1 = 1√

3
(1s1 + 1s2 + 1s3)

To generate symmetry orbitals ofe symmetry is a little more involved. First we pick
a 1s AO and do just as before, using now the characters fore rather thana1:

φe
H = E · 2 · 1s1 + 0 · all reflections + (−1) · C+

3 · 1s1 + (−1) · C−
3 · 1s1

= 21s1 − 1s2 − 1s3

Normalization yields

φe
H ′ = 1√

6
(2 1s1 − 1s2 − 1s3)

Becausee symmetry is manifested by doubly-degenerate MOs, we need to find a mate
for φH

e . We can try to do this by repeating the above procedure except operating on
1s2 instead of 1s1. This yields

ψH
e = 1√

6
(2 1s2 − 1s1 − 1s3)

But this function is not orthogonal toφH
e . (The overlap is−1

2.)To achieve orthogonality,
we resort to Schmidt orthogonalization (Chapter 6):

ψH ′
e = ψH

e − SφH
e

Upon expansion and renormalization, this gives

ψH ′
e = 1√

2
(1s2 − 1s3)
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The data in Table 13-23 show that thee-type MOs do contain the hydrogen 1s AOs in
just the manner prescribed by symmetry. For example, MO 5 has hydrogen 1s coeffi-
cients 0.4422,−0.2211,−0.2211, a combination similar to that inφH

e . The degenerate
mate, MO 6, has hydrogen coefficients of 0.0000, 0.3829,−0.3829, similar toψH ′

e .
Chemists who have had some experience in these matters are likely to prefer thinking

in terms of symmetry orbitals. Thus, in thinking of ammonia, they are likely to take
as a minimal valence basis set the functions:N2s,N2px ,N2py ,N2pz ,

1√
3
(1s1 + 1s2 +

1s3), 1√
6
(21s1 − 1s2 − 1s3), 1√

2
(1s2 − 1s3). (We continue to ignore overlap between

1s AOs.) Since they know that it is not possible for bases of different symmetries
to mix (it would produce an MO of mixed symmetry), they know at once that they
can havea1 MOs from mixtures ofN2s,N2pz and(1/

√
3)(1s1 + 1s2 + 1s3) ande-type

MOs from the remaining functions. In effect, they have used symmetry to partition
their functions into two subsets that do not interact with each other. This means that,
in the MO calculation, the hamiltonian matrix will have no mixing elements between
members of different subsets. This is indicated schematically in Fig. 13-16. They also
know in advance that there will bethreeMOs of a1 symmetry (since only three basis
functions have that symmetry) andfour of e symmetry (two degenerate pairs). It is
interesting to see how strongly symmetry controls the nature of NH3 MOs.

Because symmetry orbitals depend on symmetry and not on finer details of molecular
structure, they recur again and again in molecules of similar symmetry. For instance,
thea1 ande combinations of hydrogen coefficients discussed above for ammonia will be
found for hydrogenAOs in staggered or eclipsed ethane (see the drawings in Fig. 13-14,
for instance) and for carbon AOs in MOs for cyclopropenyl (Chapter 8). Because sym-
metry requirements transcend the differences between various approximate methods

Figure 13-16 � Partitioned hamiltonian matrix.
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for solving the Schr¨odinger equation, we expect these symmetry patterns to appear
in MOs for, say, ammonia, at extended H¨uckel, CNDO, INDO, MINDO, orab initio
levels of computation.

13-18 Hybrid Orbitals and Localized Orbitals

The concept of ahybridized orbitalis often encountered in the literature, especially
in introductory discussions of bonding theory. While this concept is not essential to
MO theory, it is used enough to justify a brief discussion.

In the previous section, we showed how one could transform from a basis set of
STOs to a basis set of symmetry orbitals. Since these two sets are related through
a unitary transformation, they areequivalentand must lead to the same MOs when
we do a linear variation calculation. However, there are an infinite number of unitary
transformations available, and so the set of symmetry orbitals is only one of an infinite
number of possible equivalent bases. Of course, this set has the unique advantage of
being a set of bases for representations of the symmetry group, which makes it easy
to work with. Another set of equivalent basis functions are thehybrid orbitals. These
have the distinction of being the functions that are concentrated along the directions of
bonds in the system. Consider, for example, methane, which was discussed in detail in
Chapter 10. The minimal basis set of valence STOs on carbon can be transformed to
form four tetrahedrally directed hybrids:

φ1 = 1

2
(s+ px − py + pz), φ2 = 1

2
(s− px + py + pz)

φ3 = 1

2
(s− px − py − pz), φ4 = 1

2
(s+ px + py − pz)

One of these hybrids,φ4, is shown in Fig. 13-17 and can be seen to point toward one
of the hydrogen atoms. Because the square of each hybrid consists of one part s AO
to three parts p AO, these are called sp3 hybrids (pronounced s-p-three). The reason
for focusing on sp3 hybrids in this case is that they have physical appeal since they
point along the C–H bonds and therefore seem to have a more natural relation to the
electron-pair bond approach of G. N. Lewis. This is deceptive, however, because the
set of four carbon sp3 orbitals is completely equivalent to the set of four carbon STOs.
The sum of squares of the hybrids is spherically symmetric just as is the sum of squares
of STOs. Thus, even though each hybrid is directed toward a hydrogen, the electron
density due to all four occupied hybrids is spherically symmetric. Furthermore, after
the linear variation is performed, the MOs that are produced containmixturesof hybrids
to give us the exact same delocalized MOs produced from STOs. No single MO
consists of just one hybrid and one hydrogen 1s AO, and therefore no single MO can
be identified with one C–H bond. We conclude then that hybrid orbitals are one of an
infinite number of choices of basis, that they have an appealing appearance because of
their concentration in bond regions, but that no concentration of charge in the molecule
results as a consequence of using hybrids rather than STOs. (Some concentration of
charge in the bonds does result from overlap between basis functions on carbon and
those on hydrogens, but this occurs to exactly the same degree for the various equivalent
basis sets.)
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Figure 13-17 � A sketch of the hybridφ4 = 1
2(s+ px + py − pz). The direction of the hybrid is

coincident with that of a vector having the samex, y, z dependence asφ4. The other three hybrids
are identical except that they point toward the other three H atoms. (The coordinate system here is
rotated with respect to that used in Chapter 10.)

Another example is planar CH+3 (D3h). As before, we can mix our minimal valence
STOs on carbon to produce hybrids pointing toward the hydrogens. If one hydrogen is
on the+y axis, the hybrids are

ψ1 = 1√
3

s+
√

2√
3

py,

ψ2 = 1√
3

s+ 1√
2

px − 1√
6

py,

ψ3 = 1√
3

s− 1√
2

px − 1√
6

py

Each of these hybrids, when squared, is one part s to two parts p and is called an
sp2 hybrid. The coefficients for the p AOs are determined from simple vector consid-
erations: One merely calculates howx andy vectors must be combined to produce
resultant vectors pointing toward the corners of an equilateral triangle. The resulting
hybridized basis set for CH+3 isψ1,ψ2,ψ3, plus the 2pz STO on carbon and a 1s STO on
each hydrogen. As before, the sum of the squares ofψ1,ψ2,ψ3, and 2pz is spherically
symmetric.
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We turn now tolocalized orbitals. We have been emphasizing that one can subject
basis setsto unitary transformations without making any physical difference. A similar
rule applies forfilled molecular orbitalsin a determinantal wavefunction. These too
can be subjected to unitary transformations without affecting thetotal energy ortotal
electronic distribution for the system. (We have encountered this fact before. See,
for instance, Appendix 7.) Thus, we have the capability of altering the appearance of
the individual orbitals in the wavefunction without affecting the wavefunction itself.
Chemists tend to think of the electrons in molecules as being paired in bond regions,
lone pairs, and inner shells, but MOs are delocalized and do not reflect this viewpoint.
But by carrying out unitary transformations, we can attempt to produce orbitals that are
more localized without sacrificing any of the properties of the overall wavefunction. For
methane, we could mix our four delocalized occupied MOs together to try to produce
four new orbitals, each one concentrated in a different C–H bond region. One can do
this, but it is important to realize that these localized orbitals are not eigenfunctions
of an energy operator, for they have been produced by mixing eigenfunctions having
different energies. Furthermore, the localization is never complete in any system of
physical interest. Each localized orbital always contributes at least slightly to charge
buildup in regions outside that of its primary localization. For instance, a localized
C–H1 orbital in methane will have small “residual” components at H2,H3, and H4.

What we have been discussing in this section are various kinds ofequivalentorbitals.
At the level ofbasis sets, we have indicated that a minimal valence basis set of STOs
is equivalent to a set of symmetry orbitals and also to a set of hybrid orbitals (as well
as an infinite number of other possibilities). At the level ofmolecular orbitalswe
have indicated that the set of occupied delocalized MOs is equivalent to an infinity of
transformed sets, some of which will tend to be localized in regions chemists associate
with bonds, lone pairs, or inner shells. One’s choice among the possibilities forbasis
is a matter of taste. However, at the MO level, thedelocalizedMOs have two features
that are sometimes advantageous. The first is that their energies are eigenvalues for
some energy operator (the Fock operator in SCF theory). These are related in a simple
way to ionization energies and electron affinitiesviaKoopmans’ theorem. Hence, delo-
calized MOs are more appropriate when considering photoelectron spectra, etc. The
second advantage of delocalized MOs is that they display in a clear way the symmetry
requirements on the system because they are bases for representations. Hence, these
MOs are the most appropriate to use when one is using MO phase relations to infer
the nature of certain intra- or intermolecular interactions. (See Chapter 14 for exam-
ples.) When delocalized MOs are mixed to form localized orbitals, these energy and
symmetry features become partially disguised.

13-19 Symmetry and Integration

Throughout this book, the usefulness of symmetry to determine whether an integral
vanishes has been emphasized. It should come as no surprise, therefore, that the formal
mathematics of symmetry—group theory—is also useful for this purpose.

The basic idea we have used all along is that, if an integrand is antisymmetric for any
symmetry operation, it must have equal positive and negative regions, which cancel on
integration. If there isnosymmetry operation for which the integrand is antisymmetric,
then the integral need not vanish. (It still might vanish, but not because of symmetry.)
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The group theoretical equivalent of this is as follows. Suppose that we have an integral
over the integrandf :

∫
f dv =?

The functionf is identified as being related to some symmetry point group. (Examples
are given shortly.) We want to know what representationf is a basis for. Iff produces
a representation containingA1, thenf has some totally symmetric character and the
integral need not vanish. But iff is devoid ofA1 character, the integral vanishes by
symmetry since all other representations are antisymmetric for at least one operation.
Our problem, therefore, is to decide which irreducible representations are present in
the representation that is produced by the integrandf .

In quantum chemistry, the integrand of interest is often a product of wavefunctions
(or orbitals) and operators. For example, the hamiltonian matrixĤ contains integrals
of the form

Hij =
∫

ψ∗
i Ĥψj dτ

We know thatĤ is invariant for any symmetry operation of the group, and soĤ has
A1 symmetry.ψi andψj are assigned symmetries by comparing their behaviors under
various operations with the group character table, as illustrated earlier. Thus, it is fairly
easy to ascertain the symmetries of the variouspartsof the integrand. The problem is
to determine the symmetry of theproductψ∗

i Ĥψj .
To develop a rule for products, let us consider the simplest case—the one-dimensional

representations. Suppose thatψ1 andψ2 are bases for one-dimensional representations
�1 and�2. Then, for some symmetry operationR

Rψ1 = χ1(R)ψ1, Rψ2 = χ2(R)ψ2

whereχ is a character (1,−1, ε, or ε∗). If we operate on theproductψ1ψ2 with R, we
obtain7

Rψ1ψ2 = (Rψ1)(Rψ2) = χ1(R)ψ1χ2(R)ψ2 = χ1(R)χ2(R)ψ1ψ2

That is,the characters for the productψ1ψ2 are equal to the products of the characters
for ψ1 and ψ2. We have demonstrated the rule for one-dimensional representations,
but it can be proved for higher-dimensional cases as well. In group theory, the product
of two functions, likeψ1ψ2, is referred to as adirect productto distinguish it from a
product of symmetry operations, likeσ3C+

3 . The symbol for a direct product is⊗.
For theC3v group, the characters for some direct products of bases for irreducible

representations are shown in Table 13-25. The direct productx2 has as characters
the product of characters ofE times itself. These characters(4,0,1) do not agree
with any of the irreducible representation character sets, and soE ⊗ E is reducible.
We can tell, in fact, thatE ⊗ E is four-dimensional from the leading character. To
resolveE ⊗E, we employ the formula (13-7), which givesE ⊗E =A1 ⊗A2 ⊗E, and
fits the observation thatE ⊗ E is four-dimensional. The other direct products listed

7ThatRψ1ψ2 = (Rψ1)(Rψ2) is not always obvious to the student, but it should be evident that operating on (say
reflecting) the functionψ1ψ2 gives the same result as reflectingψ1 andψ2 separately and then taking the product.
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TABLE 13-25 � Characters for Direct Products of Bases for Irreducible Representations ofC3v

C3v E 3σ 2C3

A1 1 1 1 z x2 + y2, z2

A2 1 −1 1 Rz

E 2 0 −1 (x, y), (Rx,Ry) (x2 − y2, xy)(xz, yz)

E ⊗ E 4 0 1 x2 y2 x2z2 xy

A2 ⊗ E 2 0 −1 Rzx Rzy

A2 ⊗ A2 1 1 1 R2
z

A1 ⊗ A2 ⊗ E 2 0 −1 zRzx

in Table 13-26 (Rzx,R2
z , zRzx, etc.) all give character sets indicative of irreducible

representations. We see thatA2 ⊗ E = E,A2 ⊗ A2 = A1,A2 ⊗ A1 ⊗ E = E.
There is a general rule that is illustrated by these examples:A direct product of

bases for two irreducible representations containsA1 character if and only if the two
irreducible representations are the same. That is, iffi is a basis for�i andfj is a basis
for �j andfifj is a basis for�i,j , where

�i,j̇ ≡ �i ⊗ �j = c1A1 ⊕ c2�2 ⊕ · · · ⊕ ci�i ⊕ cj �j ⊕ · · ·
thenc1 �= 0 if and only if�i = �j .

Another rule is that, if�i is A1, then�i,j = �j ; that is, multiplying a functionf2,
by a totally symmetric functionf1 gives a product with the symmetry off2.

Now we are in a position to decide whether the integral of a product of functions and
operators will vanish. For our examples, we will continue to use orbitals, operators,
and coordinates from the ammonia molecule. Some of these quantities, segregated
according to symmetry, are given in Table 13-26.

TABLE 13-26 � Operators and Orbitals for Ammonia Classified by Symmetry

a1 e

N2s N2px

N2pz N2py

(1/
√

3)(1s1 + 1s2 + 1s3) (1/
√

6)(2 · 1s1 − 1s2 − 1s3)

φ1

φ4

φ7





MOs(see Table 13-23) (1/

√
2)(1s2 − 1s3)

Ĥ

φ2

φ3

φ5

φ6





MOs

z

x

y
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EXAMPLE 13-9 Indicate whether each of the following integrals must vanish due
to symmetry.
1.

∫
N2pz ĤN2px dv

2.
∫

N2px Ĥ 1√
2
(1s2 − 1s3)dv

SOLUTION �

1.
∫

N2pz
ĤN2px

dv: The symmetries of the three functions in the integrand are respectively
A1,A1,E. The direct product has symmetryE. There is noA1. The integral vanishes.

2.
∫

N2px
Ĥ 1√

2
(1s2 − 1s3) dv: The symmetries areE,A1, E. The direct product is therefore

E ⊗ E ⊗ A1 = A1 ⊕ A2 ⊕ E. SinceA1 is present, the integral need not vanish.

�

These two examples are related to the block diagonalization of the matrixH,
discussed in a previous section. The zero blocks in that matrix correspond to integrals
between functions of different symmetry. SinceĤ is of A1 symmetry, it has no influ-
ence on the symmetry of the integrand. Ifψi andψj have different symmetries, their
direct product cannot containA1 symmetry and the integral overψiĤψj must vanish.
The reader can now understand how the computational procedure guarantees MOs of
“pure” symmetry (i.e., bases of irreducible representations). If two basis functionsψi

andψj differ in symmetry, there will be a zero value forHij . A zeroHij means that
mixing ψi andψj will produce no energy lowering. Hence, the variation procedure
will not mix these functions together in the same MO, so the MO will not be of mixed
symmetry.

EXAMPLE 13-10 Indicate whether each of the following integrals must vanish due
to symmetry.
1.

∫
φ1xφ4 dv

2.
∫

φ3yφ5 dv

SOLUTION �

1.
∫

φ1xφ4 dv: Integrals of this sort are involved in calculating spectral intensities. The symme-
tries areA1 ⊗ E ⊗ A1 = E and the integral vanishes. This means a transition between states
corresponding to an electron going fromφ1 to φ4 (or φ4 to φ1) is forbidden forx-polarized light
and an oriented molecule (see Section 12-9).

2.
∫

φ3yφ5 dv: The symmetry here isE ⊗ E ⊗ E, which gives characters 8,0,−1. This resolves
intoA1 ⊕A2 ⊕3E and the integral need not vanish. Corresponding transitions are “y allowed.”

�

EXAMPLE 13-11 In Chapter 12 , we indicated that theπ∗ ←π transition in ethene
is dipole-allowed and polarized parallel to the molecular axis. Verify this from the
character table for ethene, after determining the group symbol.
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SOLUTION � Referring to Fig. 13-7, ethene yields the answers “no, no, no, yes,{no,” so choose
any one. We arbitrarily take C2 along the C–C axis} “no, yes,” (go to D branch) “yes”, so D2h. Our
choice of principal axis puts the C–C bond vertical. Using that we can identify theπ MO as B2u

and theπ∗ MO as B3g . The product of characters for B2uB3g = 1 1− 1− 1− 1− 1 1 1, which
can be seen to have B1u symmetry. So

∫
π∗(x, y, or z)π dv �= 0 only if x, y, or z also has B1u

symmetry.z does, so the transition is allowed and isz-polarized (i.e., it is a parallel transition.)�

In this chapter we have seen how formal group theory can be used to characterize
MO symmetries, construct symmetry orbitals, and indicate whether integrals vanish by
symmetry. It is true that one can perform MO calculations and get correct results without
explicitly considering symmetry or group theory, since the computational procedures
satisfy symmetry considerations automatically. But group theory allows a much deeper
understanding of the constraints that symmetry places on a problem and often leads to
significant shortcuts in computation.

A notable feature of group theory is its hierarchy of concepts. At the lowest level are
the symmetry operations and the basis functions they operate on. At the intermediate
level are the representations for the group, produced from the basis functions. At the
highest level are the characters, produced from the representations. The characters
provide the “handles” that we actually work with, but our interest is often focused on
the basis functions to which they are related. This tends to lend an air of unreality to
the use of group theory. An aim of this chapter has been to avoid this feeling of unre-
ality by dispensing with formal proofs, and instead illustrating relationships through
investigation of examples. Further insight should come from solving the problems at
the end of this chapter.

13-19.A Problems

13-1. Do the following operations constitute a group? “come 90◦ to port” (P ) “come
90◦ to starboard”(S) “steady as she goes”(E).

13-2. The text indicates that every element in the group has an inverse ifE appears in
each column of the multiplication table. ButE also appears once in each row.
What does this mean?

13-3. Consider the group of four operations of the drill soldier (Section 13-2).

a) To which symmetry point group is this set of four operations isomorphic (i.e.,
which group has the same product relationship)?

b) Based on themathematicaldefinition of class and Table 13-1, how many
classes are there in this group?

c) Based on your physical intuition about kinds of operation, how many classes
would you have anticipated for this group? If there is a discrepancy between
(b) and (c), try to explain it.

13-4. The C3v (ammonia) group is of order six. This is the same as the number of
ways one can place three hydrogens at the three corners of an equilateral triangle
(3 · 2 · 1). When we consider theC4v group, we have 24 ways we can place four
hydrogens at the corners of a square(4 · 3 · 2 · 1). But theC4v group only has
order eight. Explain.



Section 13-19 Symmetry and Integration 477

13-5. For each of the molecules (IV )-(VII ),

a) list the symmetry elements,
b) calculate the number of symmetry operations for each element,
c) obtain the order of the group,
d) determine the group symmetry symbol,
e) check your results for (a-c) against the appropriate character table in

Appendix 11.

13-6. a) Demonstrate thatU is a unitary matrix.
b) Demonstrate thatU†AU is diagonal.

U =
(

1√
2

− 1√
2

1√
2

1√
2

)
, A =

(
0 1
1 0

)

13-7. Assign the following molecules to point groups, look up their character tables,
and indicate in each case whether one could expect doubly degenerate MOs.

a) C6H6
b) CH2Cl2
c) B2H6 (see Problem 13-5)
d) Staggered C2H6
e) Staggered CH3CCl3

13-8. Consider the planar molecule CO2−
3 (VIII ). The oxygen atoms are at the corners

of an equilateral triangle.

a) What is the point group of this molecule?
b) Using the appropriate character table, assign a symmetry symbol to each of

MOs (IX )–(XII ).
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13-9. Table P13-9 gives the eigenvalues and eigenvectors resulting from an extended
Hückel calculation of the allene molecule (XIII ). The molecule is aligned
as shown with respect to Cartesian axes. Ascertain the point group for this
molecule. Using the character table for this group, assign a symmetry symbol
to each MO. Is a transition from the highest occupied MO level to the lowest
unoccupied level allowed by symmetry for any direction of polarization?

13-10. Consider the water molecule, oriented as shown in Fig. P13-10 with they axis
perpendicular to the molecular plane and thez axis bisecting the H–O–H angle.

a) Figure out as many nonredundant symmetry operations for this molecule
as you can, and set up their multiplication table. Ascertain that you have a
groupof operations by checking closure, etc.

b) Use the functionsz,Rz, x, andy as bases to set up a character table for
this group.

TABLE P13-9 � Extended Ḧuckel Molecular Orbitals for Allene

C1 C2

MO
no.

Energy
(a.u.) 2s 2pz 2px 2py 2s 2pz 2px

1 1.7868 0 0 1.58 0 −1.23 0 0.58
2 1.4916 1.52 0 0 0 −1.01 0 0.57
3 0.4927 −0.54 0 0 0 −0.51 0 −0.75
4 0.3681 0 0 0.67 0 0.36 0 0.83
5 0.3231 0 0 0 −0.34 0 0 0
6 0.3231 0 0.34 0 0 0 −0.11 0
7 −0.2619 0 0 0 0.85 0 0 0
8 −0.2619 0 0.85 0 0 0 −0.78 0
9 −0.4326 0 0.56 0 0 0 0.67 0

10 −0.4326 0 0 0 −0.56 0 0 0
11 −0.4881 0 0 −0.49 0 −0.08 0 0.41
12 −0.5558 0 −0.16 0 0 0 −0.04 0
13 −0.5558 0 0 0 0.16 0 0 0
14 −0.6221 0.43 0 0 0 −0.14 0 −0.32
15 −0.8102 0 0 −0.13 0 −0.44 0 −0.02
16 −0.9363 0.47 0 0 0 0.36 0 −0.02
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Figure P13-10 � Relation of the water molecule to cartesian axes.

c) Use the resulting table to find out the symmetries of all MOs that can contain
1s AOs on the hydrogens.

d) Produce the symmetry combinations of these AOs that can appear in the
MOs of water.

13-11. Consider thetrans-chlorobromotetramine cobalt (III) ion (XIV ).

a) Find the appropriate symmetry elements for this molecule and set up their
group multiplication table. (Ignore the hydrogens on the ammonias.) Check
the multiplication table to be sure all requirements for a mathematical group
are satisfied.

Atomic Orbital Coefficients C5

2py h3 h4 2s 2pz 2px 2py h6 h7

0 0.30 0.30 1.23 0 0.58 0 −0.30 −0.30
0 0.24 0.24 −1.01 0 −0.57 0 0.24 0.24
0 0.61 0.61 −0.51 0 0.75 0 0.61 0.61
0 −0.58 −0.58 −0.36 0 0.83 0 0.58 0.58
1.27 −0.88 0.88 0 0 0 0.11 0 0
0 0 0 0 −1.27 0 0 0.88 −0.88
0.01 −0.21 0.21 0 0 0 −0.78 0 0
0 0 0 0 0.01 0 0 −0.21 0.21
0 0 0 0 −0.10 0 0 −0.16 0.16
0.10 0.16 −0.16 0 0 0 −0.68 0 0
0 0.17 0.17 0.08 0 0.41 0 −0.17 −0.17
0 0 0 0 −0.48 0 0 −0.44 0.44

−0.48 −0.44 0.44 0 0 0 −0.04 0 0
0 −0.24 −0.24 −0.14 0 0.32 0 −0.24 −0.24
0 −0.18 −0.18 0.44 0 −0.02 0 0.18 0.18
0 0.07 0.07 0.36 0 0.02 0 0.07 0.07
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b) Use the following as bases for representations:z,Rz, x, y, x2 − y2, xy.
Make sure you get all the inequivalent irreducible representations allowed
in the group by checking�il

2
i = h.

c) Set up the character table. Now ascertain which symmetry orbitals contain
2s orbitals of nitrogen. Give the symmetry combinations of those AOs that
appear in these symmetry orbitals.

13-12. Use the relationships that must exist among characters to complete the following
tables. Include proper symbols for the representations, but do not include bases.

(a)
E C2 σv σ ′

v (b)
E 2C3 3C2 σh 2S3 3σv

13-13. The D5 group has four classes of operation and has order 10. How many
inequivalent irreducible representations are there and what are their dimensions?

13-14. Consider the structure shown in Fig. P13-14.

Figure P13-14 � Square pyramid.

a) Figure out the symmetry elements and operations for this molecule.
b) What is the group order and number of classes?
c) How many inequivalent irreducible representations are there and what are

their dimensions?
d) Ascertain the group symbol and compare your answers with the character

table in Appendix 11.

13-15. A group has the following representations:A1,A2,B1,B2,E1,E2. What is the
group order and how many classes are there?

13-16. Find the matrices that transform s and p STOs into sp3 and sp2 hybrids (Sec-
tion 13-18). Demonstrate that these are unitary matrices.

13-17. It has been argued (Section 13-18) that sp2 hybrid orbitals are appropriate basis
functions for CH+

3 (D3d). Could one use a basis set of sp3 hybrid orbitals for
this system?
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13-18. In each of the following cases, resolve the given character set. If these were
characters of integrands, would the integral vanish by symmetry? For example,

C3v : 4 0 1 A1 ⊕ A2 ⊕ E No.

a) C4v: 5 −1 1 1 −3
b) D2h: 3 −1 −1 3 −1 3 3 −1
c) D3d: 8 2 0 0 0 0

13-19. Referring to the data in Problem 13-9, which integrals below must vanish by
symmetry?

a)
∫

φ6xφ10dv

b)
∫

φ6yφ10dv

c)
∫

φ1xφ2 dv

d)
∫

φ3xφ14dv

e)
∫

φ2zφ4 dv

13-20. Consider the possible electronic excitations of staggered ethane from its occu-
pied 1eg MO to the various empty MOs of symmetrya1g, a2u, eg, andeu. Which
of these are symmetry allowed and how are they polarized?

13-21. Referring to the data in Problem 12-24, which transitions from MO 4 can be
induced byy-polarized light? (Note: the moleculary axis is coincident with
the symmetryz axis.)

13-22. The order of a group for a given object is equal to the number of equivalent
locations for any nonspecial point in space about the object. Without referring
to tables, predict the order of the group for

a) a square (both faces identical).
b) a cube (all faces identical).

Multiple Choice Questions

(Answer the following questions without referring to text or tables.)

1. Generate the symmetry operations for water, and choose the true statement from the
set below.

a) H2O has two C2 axes.
b) H2O belongs to a group of order three.
c) H2O belongs to a group having exactly three classes.
d) H2O can have only nondegenerate MOs.
e) None of the above statements is true.

2. Which one of the following statements is true?

a) All reflections in a group must belong to the same class.
b) All linear molecules must have an inversion center.
c) An S6 axis has exactly two nonredundant operations.
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d) Use of a basis set of hybrid orbitals built from a minimal basis set of STOs leads
to a different variationally minimized energy than does use of the minimal basis
set of STOs without hybridization.

e) None of the above is a true statement.

3. Which one of the following isnota symmetry element for eclipsed ethane?

a) i

b) S3
c) C2
d) σv

e) σh

4. Which of the followingnondegenerateMOs is (are) possible for the CO2 molecule?

+ +–

1 2 3 4

+ +
–

+

+ –– +
+

–

–

+
– +

a) 1 only.
b) All four are possible.
c) 1, 2, and 3 only.
d) 2 and 3 only.
e) 1 and 3 only.

5. The presence of anS4 axis guarantees the presence of

a) a point of inversion.
b) aσh reflection plane.
c) aC4 axis.
d) aC2 axis.
e) None of the above is correct.

6. A molecule having only theE symmetry operation can have

a) only nondegenerate MOs.
b) MOs of any degeneracy.
c) an infinitely degenerate level.
d) only doubly-degenerate MOs.
e) None of the above is correct.

7. An MO that is symmetric or antisymmetric for every symmetry operation of a
molecule

a) must be degenerate.
b) cannot be variationally altered.
c) must be the lowest- or highest-energy MO.
d) must be nondegenerate.
e) None of the above is correct.
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8. The character for a reducible representation ofC4 on a square planar molecule
equals

a) 0
b) 1
c) 2
d) −2
e) 4

9. Consider the planar molecule-ion NOCl+
2 .

Cl

Cl
N O

+

The number of reflection planes,σ , three-fold rotation axes, C3, two-fold rotation
axes, C2, and inversion centers,i, that are symmetry elements for this molecule-
ion axis

σ C3 C2 i

a. 1 0 1 0
a) 2 0 1 0
b) 2 0 1 1
c) 2 1 2 0
d) None of the above is correct.
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Chapter 14

Qualitative Molecular Orbital Theory

14-1 The Need for a Qualitative Theory

Ab initio and semiempirical computational methods have proved extremely useful. But
also needed is a simple conceptual scheme that enables one to predict the broad out-
lines of a calculation in advance, or else to rationalize a computed result in a fairly
simple way. Chemistry requires conceptual schemes, simple enough to carry around
in one’s head, with which new information can be evaluated and related to other infor-
mation. Such a theory has developed alongside the mathematical methods described
in earlier chapters. We shall refer to it as qualitative molecular orbital theory (QMOT).
In this chapter we describe selected aspects of this many-faceted subject and illustrate
QMOT applications to questions of molecular shape and conformation, and reaction
stereochemistry.

14-2 Hierarchy in Molecular Structure
and in Molecular Orbitals

We seek a simple qualitative approach to the question, “How does the total energy
of a system change as the nuclei move with respect to each other?” This ques-
tion is very broad, encompassing the phenomena of molecular structure and chemical
reactivities.

It is useful to distinguish three kinds of process that can occur as nuclei move. One
of these is the process in which two nuclei move closer together or farther apart, with
their separation being somewhere around a bond length, either at the outset or the
conclusion of the motion (or both). This process includes the breaking or forming of
bonds and also the stretching or compressing of bonds. It also includes the forcing
together of two species that will not bond (e.g., He with He). Let us refer to this as
a nearest-neighborinteraction, even though the two nuclei need not be bonded in the
usual chemical sense. The second process is the changing of the bond angle between
two nuclei bonded to a third. The changing of the H–O–H angle in water is an example.
A necessary consequence of such a change in angle is a change in distance between
the two moving nuclei (here H–H). In geometries normally of interest, however, this
distance is somewhat greater than a typical bond length throughout the entire process.
We refer to this process asbond-angle change. The third process is the rotation of one
part of a system with respect to the other about some axis (usually a single bond in the
system). An example is rotation of one methyl group in ethane with respect to the other.

484
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We refer to this process as atorsional angle change, or aninternal rotation. Such a
change will produce changes in distances between nuclei located on opposite ends of
the torsional axis, but these distances typically remain several times as great as a bond
length throughout the entire process.

Chemists have long recognized that the energies associated with these three kinds of
change fall into a loose hierarchy, with nearest-neighbor interactions having the great-
est effect on energy, bond-angle changes having a smaller effect, and torsional angle
changes the least. Indeed, for this reason spectral transitions corresponding to stretch-
ing, bending, and torsional modes are found in different regions of the electromagnetic
spectrum.

Most nearest-neighbor interactions are a consequence of theconnectedness, or
topology, of a molecule. This aspect of molecular structure, sometimes called thefirst-
order, orprimarystructure, is the first aspect one considers when establishing structure,
and it is the first aspect that chemists became aware of, historically. Thesecond-order
aspect of structure concerns the bond angles. Once those are at least roughly known,
one can go on to consider thethird-order, or tertiary structure resulting from torsional
energetics. The last aspect is usually referred to as theconformationof the system.

It is advantageous to discuss MOs from a similar viewpoint. If we wish to guess
the nature of the MOs of a system (i.e., where they have their nodes) and the MO
energy order, we first consider the topology of the system. (Recall that this is the
only thing that the simple H¨uckel method considers.) Elementary arguments lead to a
fair approximation of the appearance and relative energies of the MOs. Next, we can
consider bending the system, bending the MOs along with it. By judging whether MO
energies will rise or fall in this process, we shall show that one can often predict whether
the molecule will be more stable in the linear or bent form. Finally, when we know
the second-order structure, we can imagine the various conformational possibilities,
allowing the MOs to be carried along with the nuclei. Again, by judging how the MO
energies respond, it is possible to make predictions as to which conformation is most
stable.

In order to formulate rules for QMOT, we will return to the H+
2 molecule ion and the

H2 molecule. Then, using insights gained there, we shall consider more complicated
systems.

14-3 H+
2 Revisited

In Chapter 7 we used the linear variation method to solve the minimal basis H+
2 problem.

However, symmetry conditions alone suffice to force the solutions to be

ψσg = 1/
√

2(1+ S)(1sa + 1sb), Eg(el) = (Haa + Hab)/(1+ S) (14-1)

ψσu = 1/
√

2(1− S)(1sa − 1sb), Eu(el) = (Haa − Hab)/(1− S) (14-2)

whereHaa and Hab are negative energies, andS is the (positive) overlap integral
between 1s AOs on nucleia andb. The energiesEg(el) andEu(el) are upper bounds
for the electronicenergy of theσg andσu states. The total energies are obtained by
adding the internuclear repulsion energy 1/R a.u., whereR is the internuclear distance
in atomic units.
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Figure 14-1 � Steps in compiling total energies for minimal basis LCAO-MO calculation on H+
2

atR = 2 a.u.

It is instructive to consider the total energies,Eg(tot) andEu(tot) as the result of an
artificial step-by-step procedure as indicated in Fig. 14-1. We begin with a 1s AO on
nucleusa at E = −1

2 a.u. If we now bring protonb up to a distance of 2 a.u., but do
not allow the 1s AO to respond, we get an energy lowering due to the increased nuclear
attraction now felt by the electron in 1sa. At R =2 a.u., this additional attraction lowers
the energy by 0.472 a.u., givingHaa =−0.972 a.u. Let us refer to this as thefrozenAO in
moleculeenergy. (It may be thought of as the energy to first order due to a “perturbation”
caused by the approach of protonb, although this is hardly a small perturbation.) As
our next step, we includeHab. This term equals−0.699 a.u., and it splits the energy
evenly aroundHaa, as shown in the figure. The resulting energies are the expectation
values for the electronic energies of theunnormalized(due to omission of overlap)
functions 2−1/2(1sa ± 1sb). Two things have happened in this step: The electronic
charge has become delocalized over both centers, andit has changed in amount so that
we no longer have one electron in each MO. Because the overlap termS (equal to 0.586
at R = 2 a.u.) has not yet come into the calculation, we have here the energies due to
1+ S, or 1.586 electron in theσg MO, and 1− S, or 0.414 electron in theσu MO.

Before proceeding to the next step, let us examine the two energies at this point to
see how they compare for equal amounts of charge. The 0.414 electronic charge inσu is
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associated with an energy of−0.273 a.u., whereas the 1.586 charge inσg corresponds
to−1.671 a.u. It is clear that theσg MO is inherentlyof lower energy (relative toE =0)
per unit charge, due to the detailed nature of kinetic and nuclear electronic energies.
(We will not concern ourselves with these detailed aspects, however.)

Our next step is to normalize the charges by dividing by 1±S. This essentially adds
0.586 electron toσu and subtracts 0.586 fromσg. From the figure, we see that this lowers
the energy ofσu and raises that ofσg. This is reasonable: Adding more charge to an
MO of negative energy should make its energy contribution more negative, removal of
charge should make it less negative. A very important fact, though, is thatσg rises more
thanσu goes down. This simply reflects our observation in the preceding paragraph
thatσg charge “has lower energy per unit charge,” so removal of it “costs more” than
is gained by putting it intoσu. A useful summary of the effect of renormalization is:
Renormalization tends to cancel the energy level changes due to nuclear motion. The
higher an energy level is, the less effective is this cancellation. Therefore, net energy
changes (due to nuclear motion) tend to be greatest for the antibonding member of a
bonding-antibonding pair of levels, and, in general, greater for a higher-energy MO
(bonding or antibonding) than for a lower-energy MO.

The final step is to add the internuclear repulsion energy of 1/2 a.u. to each level. It
is important to notice that the finaltotal energy levels are related to the initial H atom
energies in almost the identical way thatEg(el) andEu(el) are related to the “atom-in-
molecule” energyHaa (see Fig. 14-2) because the energy lowering due to the original
1sa electron being attracted by protonb (−0.472 a.u. atR=2 a.u.) is fairly close in mag-
nitude to the repulsion between the protons (+0.5 a.u.). We expect this near cancellation
to hold as long asR is large enough that protonb is “outside” the charge cloud due to the
1sa electron. In other words, thetotalenergies should lie above or below theseparated-

Figure 14-2 � Total and electronic energies for bonding and antibonding states of H+
2 compared

to appropriate reference energies.
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atom energyin much the same way that theelectronic energieslie above or below the
“atom-in-molecule” energy, if the internuclear separation is not too small. [We know
that, asR approaches zero, the internuclear repulsion approaches infinity, whereas the
exact values ofEg(el) andEu(el) respectively, approach the united atom He+ energies
of −2 a.u. (1s) and−0.5 a.u.(2pσ ), and the cancellation ultimately breaks down.]

From this discussion of H+2 , the following ideas emerge:

1. The energy of an MO is lowered by bonding interactions, raised by antibonding
interactions, relative to the appropriate reference energy.

2. Antibonding interactions are inherently more destabilizing than bonding interactions
are stabilizing.

3. A parallel exists between electronic energy change and total energy change if we
are careful about reference energies and internuclear distances.

But H+
2 is atypical of the systems we will be interested in treating by QMOT. We

will usually be considering neutral, many-electron systems, and H+
2 is a charged, one-

electron system. Therefore, we turn next to the molecule H2 to consider how well the
above ideas carry over to a more typical system.

EXAMPLE 14-1 The simplest MO treatment of H2 would follow an HMO-like
procedure, and assume that two electrons in the 1σg MO should give a total energy
for H2 of 2Eg(tot,H+

2 ), or 2(−0.554 a.u.) = −1.108 a.u. The correct total energy
for H2 is−1.1745 a.u. (Table 7-4), so the agreement is better than one might expect.
Is this because our procedure is physically correct?

SOLUTION � There are several errors in the procedure. Most obvious is that E(tot) for H+
2

includes the repulsion between two protons, so our value for H2 contains double that nuclear
repulsion. But both molecules have a pair of protons. So how come the result agrees so well with
the exact value? For one thing, doubling E(tot) for H+

2 fails to include interelectronic repulsion,
so we fail to include any interelectronic repulsion but we include too much internuclear repulsion.
In addition, Re for H2 is about 3/4 that for H+2 , so Vnn in H2 is really about 4/3 Vnn in H+

2 . Also,
Vne in these two species differs, both because the protons are not separated by the same distance
and because the electron cloud is swollen by the presence of interelectronic repulsion. Because
the electronic potential energy changes, the kinetic energy changes too. We are observing here
the result of partial cancellation of several errors. �

14-4 H2: Comparisons with H +
2

We first consider the ramifications of the neutrality and nonpolarity of H2. Imagine that
we have a ground-state hydrogen atom Ha and we allow another similar atom, Hb, to
approach it. At values ofR in excess of, say, 2 a.u., we expect the perturbation felt by
Ha to be much smaller than was the case in our H+

2 discussion. This is because, where
before we had approach by achargedparticle, here we have approach by a neutral atom.
The attraction between the electron on Ha and the proton on Hb is counterbalanced
by repulsion between the electron on Ha and that on Hb. This means that the frozen
atom-in-molecule energy for H2 is fairly close to the energy of the isolated atom.
This simplifies our qualitative treatment for neutral molecules since it means we can
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meaningfully compare molecular electronic energies directly with unperturbed atomic
electronic energies.

We now come to a consideration of the orbital energies of H2. Here we will find
that there are important differences between a one-electron system like H+

2 and multi-
electronic systems. Consider the lowest(1σg) MO of H2. According to the description
of ab initio theory in Chapter 11, the “energy of” this MO at some internuclear sep-
arationR [call it E1σg(R)] is equal to the energy of an electronin this MO (i.e., the
orbital energy is equal to the one-electron energy). This energy results from kinetic
and nuclear attraction components and from repulsion for the other electron.But where
is this other electron? If we are considering the ground state of H2, it is in the 1σg
MO also. That gives us an energy we might callE1σg(R,1σ 2

g ). However, we might
instead be considering an excited state of H2, perhaps with the configuration 1σg1σu.
Depending on whether we choose the symmetric or antisymmetric combination for the
spatial part of the wavefunction, we shall be considering an excited singlet or triplet
state. In each case, repulsion for the 1σg electron will be different. Thus, we already
have three orbital energies for this lowest MO, and we could continue getting more by
considering other excited states of H2. Clearly, the orbital energies in a multielectronic
molecule are dependent on the state being considered.

Another important feature of one-electron energies in multielectronic systems is that
they do not add up to the total electronic energy. That is, 2E1σg(R,1σ 2

g ) is not equal
to the electronic energy of H2 at R. As pointed out in Chapter 11, this is because
E1σg(E,1σ 2

g ) includes the interelectronic repulsion, so 2E1σg(R,1σ 2
g ) counts the inter-

electronic repulsion twice.
One might imagine that, since MO energies in multielectronic systems are state-

dependent and cannot be simply summed to give the electronic energy, it is hopeless
to use them as a basis for explanation or prediction. However, this would be too
pessimistic. It turns out that thequalitative features of MO energies are not all that
sensitive to change of state (see Fig. 14-3) and, besides, we are usually concerned with
the ground state or with excited states wherein most of the electrons remain in orbitals
occupied in the ground state. Also, the extra measure of interelectronic repulsion that is

Figure 14-3 � Orbital energies as function of internuclear separation for He2. The two curves for
ε1σg are qualitatively similar, although far from identical. (From Yarkony and Schaefer [1].)
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included in the sum of one-electron energies can sometimes be expected to compensate
roughly for the as yet unincluded internuclear repulsion energy. This rough equality
requires that our system be neutral (so that the total number of repelling negative charges
is equal to the total amount of positive charge) and nonpolar (so that the loci of charge
are similar). We expect the equality to be quite good at large internuclear separation,
where the electrons of each atom repel those of others as though they were centered
on the nuclei, and to become progressively poorer as the atoms get closer together and
undergo interpenetration of charge clouds. If we accept this rough equality, then we
are permitted to approximate the change intotal energy of the system (when the nuclei
move), as equal to the change in the sum of one-electron energies.1

14-5 Rules for Qualitative Molecular Orbital Theory

The considerations discussed in the two preceding sections provide a rather loose jus-
tification for the following QMOT rules related tototal energy changes when nuclei
are moved.

1. An increase in overlap population between two AOs tends to lower the energy of an
MO; a decrease tends to raise it.

2. The effects of a given amount of orbital overlap population change on orbital energy
are much more pronounced for higher-energy MOs. A corollary is: The destabi-
lizing effect of an antibonding relation between two AOs tends to be greater than
the stabilizing effect of a bonding relation, other factors (AO identities, distances)
being equal.

3. The sum of changes of one-electron energies should approximately equal thetotal
energy change if we are treating a neutral, nonpolar system and if the nuclei that
are moving with respect to each other are separated by a distance of a normal bond
length or more.

Rule (2) and its corollary are due to the different effect of renormalization on orbitals
of different energy. Note that rule three refers only to energychanges. We donotexpect
the sum of one-electron energies to equal the total energy. This becomes obvious in
the limit of infinite separation of atoms (e.g., in CO2) in which there is no internuclear
repulsion, but interelectronic repulsionwithin each atom is still being counted twice.

These rules are normally applied only to MOs made from valence-shell AOs. Inner-
shell electrons are only very weakly perturbed in normal nuclear motions. The resulting
small changes, while detectable and useful for analytical purposes, are inconsequential
compared with valence electron effects.

14-6 Application of QMOT Rules to Homonuclear
Diatomic Molecules

If we apply our rules from the preceding section to the motion of a pair of iden-
tical nuclei, each carrying a 1s AO, we obtain the orbital energy versusR curve
shown in Fig. 14-4. Theσg MO energy is predicted to drop as overlap population

1For comments on this point, see Ruedenberg [2].
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Figure 14-4 � Energyversusinternuclear separationR for two nuclei with 1s AOs, derived from
QMOT rules.

increases, theσu to rise as out-of-phase overlap increases, andσu rises faster than
σg drops. In QMOT, we argue from this figure that one-, two-, or three-electron
homonuclear diatomic molecules should be stable (H+

2 ,H2,H−
2 ,He+

2 ) and that
four-electron molecules(He2) should be unstable. Since a similar figure holds for
molecules in which the valence orbital is 2s, 3s, etc., we might also expect systems
like Li+2 ,Li2,Li−2 ,Be+

2 ,Na+
2 ,Na2,Na−

2 ,Mg+
2 to exist, but not Be2 or Mg2. This set

of predictions is a reasonable starting point, and in many cases agrees with observation
(see e.g., Table 7-2). By the time we get to the Na–Mg series, however, the energy
difference between 3s and 3p AOs is so small that it is unrealistic to treat these as
“pure” 3s cases. Consequently, we must put less faith in simple predictions for those
molecules. The comparison between our QMOT guess about these molecules and
experimental orab initio observation is shown in Table 14-1.

The reader may have noticed that we have violated one of our QMOT conditions by
considering nonneutral systems. One is presumably less safe in including such systems,
although several of them have been studied and found to fit the QMOT prediction.

TABLE 14-1 � Stability of Some Homonuclear Diatomics as Predicted by QMOT and as
Observed from Experiment orab initio Calculation

Molecule QMOT
Experimental
or ab initio Molecule QMOT

Experimental
or ab initio

H+
2 Stable Stable Be+2 Stable Stable

H2 Stable Stable Be2 Not Stable Not Stable
H−

2 Stable Stablea Na+
2 Stable Stable

He+
2 Stable Stable Na2 Stable Stable

He2 Not Stable Not Stable Na−2 Stable ?
Li+2 Stable Stable Mg+2 Stable ?
Li2 Stable Stable Mg2 Not Stable Stable (?)
Li−2 Stable Stable

aThis molecule–ion is unstable with respect to losing an electron and forming this neutral molecule at its lowest
energy, but it is stable with respect to dissociation into a neutral atom and a negative ion in their ground states.
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Apparently, if one is concerned only with the question of the presence or absence of
a valley in the total energy curve (and not with relative depths of valleys or relative
Re values), deviation from neutrality byoneelectron is not too damaging (as we saw
for H+

2 ). However, for doubly positive diatomics, like He2+
2 , the internuclear repulsion

dominates so that there is no stable species.
One can add p-type AOs to the two nuclei and expand the orbital energy plot, as

illustrated in Fig. 14-5. Filling in the orbital levels with electrons leads to the prediction
that B2 is singly bonded, C2 is doubly bonded, N2 triply bonded, O2 doubly bonded,
F2 singly bonded, and Ne2 not bonded. These systems, with their singly charged
relatives, have been described in Chapter 7, and we will say no more about them here
except that the agreement between QMOT rules and observations is quite respectable
(see Fig. 14-6).

An important distinction exists between the energy versusR curves drawn in
Fig. 14-5 and those in Fig. 7-17. The latter set was constructed by sketching orbital
energies for the united-atom and separated-atom limits, and linking these energies
together using symmetry agreement and the noncrossing rule. The former set was con-
structed by sketching orbital energies for the separated atoms, and then using QMOT
rules to decide which curves go up, and which go down in energy asR decreases.

Figure 14-5 � Qualitative sketches of homonuclear diatomic MO energies as a function ofR based
on QMOT rules.
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Figure 14-6 � De versusaufbausequence for homonuclear diatomic molecules and ions. The
tendency for systems having more net bonding electrons to have a greaterDe is adhered to fairly well
(see Table 7-2 for data).

When we wish to emphasize this distinction, we will refer to these astwo-sidedand
one-sidedcorrelation diagrams, respectively.

According to the simple QMOT viewpoint, we should expect a bonding MO to be
lower in energy than the AOs that comprise it. Likewise, an anti-bonding MO should
be higher in energy. We can test this by comparing first ionization energies (IEs) for
molecules against those for the constituent atoms. (Recall that Koopmans’ theorem
equates orbital energy to ionization energy.) If the highest occupied MO (HOMO) of
the molecule is bonding, the IE for the molecule should be greater than that for the
atom. If it is antibonding, the IE of the molecule should be smaller. Strictly speaking,
the HOMO of the molecule may consist of mixtures of AOs on each atom. In that
case, we should compute a “valence state ionization energy” for the atom. Also, for
heteronuclear moleculesAB, we need to know what percentage of the HOMO to identify
with each atom in order to obtain a suitable average atomic IE to compare with the IE
of the molecule. Even if we ignore these corrections, however, and simply compare
experimental IEs, the anticipated behavior is shown nicely by diatomic molecules, as
indicated in Table 14-2.

There is much similarity between the QMOT rules and the assumptions inherent in
the extended H¨uckel method described in Chapter 10. There, also, a bonding interaction
is equated with energy lowering and an antibonding interaction with an energy rise.
Furthermore, the sum of orbital energies is assumed to change in parallel with the
total energy change, even though the internuclear repulsion is not included. We noted
that this assumption limits the range of validity for EHMO calculations to relative
nuclear motions at distances that are on the order of a bond length or greater. The
EHMO method is, in essence, the numerical equivalent to the qualitative MO approach,
and such calculations can serve as a guide for developing qualitative explanations in
complicated situations or for producing numbers that enable one to compare QMOT
with experimental orab initio results.
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14-7 Shapes of Polyatomic Molecules: Walsh Diagrams

In this section we will describe how the rules and concepts of QMOT enable one to ratio-
nalizeandpredictmolecularshapes. Theearliestsystematictreatmentofthisproblemwas
givenbyWalsh,2whoseapproachhasbeenextendedbyothers,particularlyGimarc[6].3

We begin by considering the symmetric triatomic class of molecules HAH, where
A is any atom. Such molecules can be linear or bent. Walsh’s approach predicts which
are linear, which are bent, and sometimes which of two bent molecules is more bent.

We approach the problem in the following way. First we sketch the valence MOs
for the generalized linear molecule HAH, deciding which is lowest, second lowest, etc.
in energy. Then we imagine bending the molecule and argue whether each MO should
go up or down in energy on the basis of our QMOT rules. This produces a chart of
orbital energies versus bond angle—a one-sided correlation diagram. Finally, we use
this diagram to argue that HAH will be linear or bent, depending on how many valence
electrons HAH has and on how they are distributed among the MOs.

The first problem is to sketch the MOs for linear HAH and decide their energy order.
Probably the simplest way to do this is through use of symmetry and perturbation argu-
ments. We know that the linear molecule belongs to theD∞h point group, possessing
a center of inversion and a reflection plane through the central atom and perpendicular
to the HAH axis. This means that the two hydrogen 1s AOs (1s1 and 1s2) will appear in
MOs in the symmetry combinationsφg =1s1 +1s2, φu =1s1 −1s2, where g and u stand
for geradeandungerade, respectively (see Chapters 7 and 13 for a background discus-
sion). Recognizing this, we can next consider which MOs will result from interactions
between thevalenceAOsonatomAandthesymmetryorbitalsφg andφu. Aperturbation-
type diagram for this appears in Fig. 14-7. We have assumed that only the valence
s and p AOs on A are involved in bonding. Extension to include d AOs is possible.

On the right side of Fig. 14-7, the symmetry orbitalsφg andφu are shown to be
slightly split. This reflects the greater stability of the in-phase, or bonding, combination.
However, the splitting is slight because the hydrogen atoms are quite far apart (so that
atom A can fit between them). These two levels sandwich the separated-atom limit of
−1

2 a.u. or−13.6eV.
The AOs of atom A are sketched on the left. Their energies are arranged so

that the 2p energies are about the same as theφg, φu symmetry orbital energies on
the right. (For example, AO energies used for nitrogen in EHMO calculations are:
2s∼ −25 eV,2p∼ −13 eV.) For the linear molecule, we can label the s and p AOs on
atom A asσ or π and g or u.

To generate the MO energy-level pattern from the interactions between these AOs
on A andφg, φu, we use the following rules from perturbation theory (see Chapter 12):

1. Interactions occur only between orbitals of identical symmetry.

2. Interactions lead to larger splittings if the interacting orbitals are closer in energy
(overlap considerations being equal).

The resulting energy levels appear in the central column of Fig. 14-7.
We need sketches of the MOs whose energy level pattern we have just approximated.

We can guess the qualitative appearance of these by recalling that, when two orbitals

2SeeWalsh [4]and thepapers immediately following. SeealsoMulliken [5].
3For a critical review of the theoretical validity of Walsh’s method, see Buenker and Peyerimhoff [7].
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Figure 14-7 � Orbital energies of MOs formed by interaction ofσu andσg symmetry orbitals on
H1 . . .H2 with valence s and p AOs on central atom A. Theπ AOs and MOs are degenerate but are
sketched as slightly split.

interact to give splitting, the lower energy corresponds to a bonding interaction, the
higher energy to antibonding. Thus, for example, Fig. 14-7 indicates that the 1σg MO
is a bonding combination of the 2s AO on A and theσg symmetry orbital, whereas 2σg
is the antibonding combination. Theπu MOs are simply the pπ AOs on A, since there
is nothing of the same symmetry for them to interact with. The six MOs for the HAH
molecule are sketched in Fig. 14-8a.

Before proceeding, notice that the lowest two MOs are A–H bonding, the next two
are nonbonding, the highest two are antibonding. This is an example of the way in
which topological, or nearest-neighbor, interactions govern the gross features of energy
ordering. In fact, we could have generated this same set of MOs and energy order by
simply sketching all of the MOs we could think of that were symmetric or antisymmetric
for relevant symmetry operations and then putting the bonding ones lowest (with s lower
than p), nonbonding next, and antibonding highest (again recognizing that greater s
character should yield lower energy). (Note that the nonbonding MOs are not symmetric
or antisymmetric for arbitrary rotations about theC∞ axis. Hence, they must form a
basis for a representation of dimension greater than one. Hence, they are degenerate.
See Chapter 13 for detailed discussion.) Electrons in the two lowest MOs produceA–H
bonding. Electrons in the next two MOs have little effect on A–H bonding and, in fact,
constitute what a chemist normally thinks of as lone pairs. Electrons in the two highest
MOs tend to weaken the A–H bonds. We normally do not worry about questions of
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Figure 14-8 � The Walsh-type correlation diagram for HAH: (a) linearD∞h; (b) bentC2v. The
cross-hatched parts of MOs have opposite sign from open parts.

shape for systems where these highest two MOs are filled because such an HAH system
is not even bonded (i.e., we do not worry about second-order structure if there is no
stable first-order structure). Consequently, these two highest MOs will be omitted in
many energy-versus-angle diagrams, although there are certain cases where they can
be useful (e.g., in singly excited configurations) (see Problem 14-5).

EXAMPLE 14-2 Referring to Fig. 14.8, give the QMOT rationale for the MOs in
the lower-half of the figure having energies below those in the upper half. What is
the rationale for the lowest(a1g) MO being at lower energy that the second-lowest
(a2u) MO, and why are these both below the next(eu) MOs?
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SOLUTION � The lowest-energy half of the set are all C–H bonding MOs, the other half all
being C–H antibonding. Because there are so many C–H bonds, their nature determines this
separation. Within the C–H bonding set, the lowest-energy pair differ from the others in having 2s
AOs on carbon, which are sufficiently lower in energy than 2p AOs to give them lower energy. The
a1g MO is C–C bonding, hence has lower energy than the a2u MO, which is C–C antibonding.�

We now consider how the MO energies change upon bending the molecule. As
1σg is bent, the two hydrogen AOs move closer together. Because they have the same
phase, this leads to an overlap increase, but it occurs over a fairly long distance, being
a second-nearest neighbor interaction. Therefore, there is an energy lowering, but it
is not very large. Bending 1σu leads to two changes. First, the 1s AOs move away
from the axis of maximum concentration of the 2p AO. This causes a substantial loss
of overlap and a substantial increase in energy. Second, the 1s AOs move closer to
each other. They disagree in phase, and this also tends to increase the energy, although
it is a relatively small effect because it occurs between second-nearest neighbors. In
the linear molecule, 1πux and 1πuy MOs contain no contribution from hydrogen 1s
because the hydrogens are in a nodal plane in each case. If we imagine that, in bending
the molecule, we keep the hydrogens in thexz plane, then we see that the hydrogens
are remaining in the nodal plane for 1πuy , but have moved away from the nodal plane
of 1πux . Once this happens, the 1s AOs are no longer forbidden by symmetry from
contributing to theπx MO, and a “growing in” of 1s AOs occurs, leading to an MO like
the 2a1 MO drawn in Fig. 14-8. This behavior is more complicated than we observed
for the lower-energy MOs because it involves more than a mere distortion of an existing
MO. With a little experience, this additional complication is easily predicted (or, one
can do an EHMO calculation and “peek” at the answer by sketching out the MOs
contained in the output; see Problem 14-6). The effect on the energy of this 2a1 orbital
is quite large because several things happen, all of which are energy lowering:

1. For a given amount of 1s AO, the bonding overlap with 2p increases with bending.

2. For a given amount of 1s AO, the bonding overlap between the two hydrogens
increases with bending.

3. Since the amount of 1s AO present is not constant, but increases with bending (from
zero in the linear configuration) the rate of energy lowering due to (1) and (2) is
further augmented.

Also, this is a fairly high-energy MO, and QMOT rule (3) tells us to expect such MOs
to respond more dramatically to overlap changes. Finally, the overlap of a 1s AO with
a 2p AO on another nucleus varies as cosθ , whereθ is zero when the 2p AO points
directly at the 1s AO. This means that therate of change of overlap with angleis much
greater aroundθ = 90◦ than atθ = 0◦ (see Problem 14-8). This is another reason for
thinking that 1πux → 2a1 will drop in energy much faster than 1σu → 1b2 will rise.

The otherπ MO, 1πuy , undergoes no changes in overlap since the hydrogen atoms
remain in the nodal plane throughout the bending process. Therefore, QMOT arguments
predict no energy change for this MO.

The highest two MOs change in energy in ways that should be obvious to the reader,
based on the above examples. Since these are the highest-energy MOs, they should
show further enhanced sensitivity to overlap changes.

The MOs for the bent form are labeled in accordance with the symmetry notation for
theC2v point group, witha andb meaning symmetric and antisymmetric, respectively,
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for rotation about the two-fold axis and 1 and 2 being analogous symbols for reflection
in the plane containing theC2 axis and perpendicular to the molecular plane. The lowest
valence MO of each symmetry type is numbered “1” despite the fact that lower-energy
inner-shell orbitals exist.

Because of the very qualitative nature of the arguments leading to Fig. 14-8, no effort
is made to attach a numerical scale, either for energy or angle.

We are now in a position to see how predictions based on our Walsh-type correlation
diagram compare with experimental data. For molecules having only one or two valence
electrons, we expect the preferred shape in the ground state to be bent. Examples are H+

3
and LiH+

2 , both of which have been shown by experiment and/or accurate calculation
to be bent. Molecules with three or four valence electrons should be linear, since
the 1σu − 1b2 energy rise is much greater than the energy change for the lower MO.
Examples are BeH+2 ,BeH2, and BH+

2 , which are indeed linear. Addition of one or two
more electrons now brings the 1πu −2a1 MO into play, and we have already argued that
the energy change of this MO should be considerably greater than that of 1σu − 1b2.
Basically we have here a competition between a filled MO that favors the linear form
and a higher, partially or completely filled MO favoring the bent form. We therefore
might reasonably expect molecules in which 2a1 is singly occupied to be bent, and
molecules in which it isdoublyoccupied to bemorebent. Occupancy of the 1πu − 1b1
MO should have no effect on angle. Thus, that a molecule like BH2(1a1)2(1b2)2(2a1)

has an equilibrium bond angle of 131◦, whereas SiH2(1a1)2(1b2)2(2a1)2 has an angle
of 97◦,NH2(1a1)2(1b2)2(2a1)2(1b1) has 103◦ and H2O(1a1)2(1b2)2(2a1)2(1b1)2 has
105◦ is in pleasing accord with these simple ideas.

Changes of angle upon electronic excitation also agree well with the correlation dia-
gram. The triplet state of SiH2 resulting from the 2a1→1b1 excitation has a wider angle
(124◦) than does the ground state(97◦). The excited singlet corresponding to the same
excitation has a comparable angle(126◦). NH2, when excited from. . . (2a1)2(1b1) to
(2a1)(1b1)2 opens from 103◦ to 144◦. The isoelectronic PH2, under similar excita-
tion, opens from 92◦ to 123◦. There are other examples to support the validity of the
HAH diagram, but these suffice to illustrate that this qualitative approach has consider-
able generality and utility. Note again that singly charged cations appear to fit QMOT
predictions despite the fact that there is less theoretical basis for success here.

EXAMPLE 14-3 SiH2 and H2O have rather similar H-A-H angles of 97◦ and 105◦,
respectively. How would you expect these angles to compare for SiH+

2 and H2O+?

SOLUTION � SiH2 loses an electron from the 2a1 MO, and should open up to an angle in the
130◦ range. H2O loses an electron from the 1b1 MO, so its angle should not be greatly affected.
(The value for H2O+ is 110.5◦.) �

Walsh-type correlation diagrams have been constructed and discussed for many
systems, among them AH3, HAB, HAAH, BAAB, H 2AAH2, B2AAB2, H3AAH3.4 It
is not appropriate that these all be described here. We will briefly discuss two more
cases that bring in some additional features.

Molecules with HAB configuration lack the high symmetry of HAH, and this means
that the MOs are not as highly symmetry-determined as in HAH. Probably the simplest

4See Gimarc [6].
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way to arrive at sketches for linear HAB MOs is to start with AB MOs (similar to
A2 MOs) and add the 1s AO of H in bonding and antibonding modes to form linear
MOs. The results for the seven lowest-energy MOs (all A–H bonding or nonbonding)
are seen at the left side of Fig. 14-9. (Diatomic MOs were discussed in Chapter 7.)

We now imagine the hydrogen atom to move away from the AB axis, as shown, and
use our QMOT rules to decide whether the energies should rise or fall. As before, we
expect overlap changes between H and A (nearest neighbors) to have a greater effect
on energy than those between H and B.

The bent molecule has only one symmetry element, namely a reflection plane con-
taining the nuclei. Ana′ MO is symmetric under this reflection,a′′ is antisymmetric.

Figure 14-9 � The Walsh-type diagram for the HAB system: (a) linearC∞v; (b) bentCs. (After
Gimarc [6].) Reprinted with permission fromAccounts Chem. Res.7, 384 (1974). Copyright by the
American Chemical Society.
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This paucity of symmetry types means that many of the correlation lines in the diagram
refer to the same symmetry. Hence, it is not too surprising that some of our correlations
run into conflict with the noncrossing rule. In Fig. 14-9, dashed lines are drawn from 3σ

to 4a′ and from 1πx to 3a′. These dashed lines connect the MO drawings in the manner
expected if we ignore the noncrossing rule and simply bend the MOs along with the
molecule. They are, as it were,intendedcorrelations. But these lines are associated with
the same symmetrya′ and hence cannot cross. Instead we have anavoidedcrossing, as
3σ switches course and connects with 3a′ and 1πx goes to 4a′ (solid lines in Fig. 14-9).
Avoided crossings are not uncommon in quantum chemistry, and they occur in curves
referring tostate energyas well as orbital energy. A generalized sketch exemplifying
the idea is shown in Fig. 14-10. The actual energy change (as a function of bond length,
angle change, or whatever process is occurring) may show an intermediate maximum
or minimum as a result of the avoided crossing. (The dashed lines are energies we
predict by “forgetting” to allow the two functions of the same symmetry to be mixed
in the variational procedure. The error involved in this is small if the two functions
are of dissimilar energy. As they grow closer in energy, the error grows worse, and the
deviation between solid and dashed lines gets bigger as the dashed lines converge.)

A classic example of such an intermediate maximum is seen in an excited state
of H2, illustrated in Fig. 14-11. Such maxima are important in understanding high-
energy processes because they provide a means for some molecules to exist in bound
vibrational states even while unstable with respect to dissociation products. Such states
are calledmetastablestates.

The HAB Walsh diagram of Fig. 14-9 rationalizes the fact that the ten-valence
electron HCN is linear in the ground state (due to 1πx −4a′) but bent in the first excited
state. Such molecules as HNO, HNF, and HOCl, with 12–14 electrons, are bent in both
ground and excited states because there is always at least one electron in the 5a′ level.

The final system we shall consider is the H3AAH3 system. We will show how
QMOT can be used to understand why diborane(B2H6) has a bridged structure whereas
ethane(C2H6) does not, why ethane prefers to be staggered(D3d) rather than eclipsed
(D3h), and what geometry changes we might expect if ethane is forced into the eclipsed
conformation.

Figure 14-10 � Intended (dashed lines) and actual correlations between orbitals or states having
the same symmetry.
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Figure 14-11 � The four lowest states of H2. Note the curve for the first excited1�+
g state. This

shape results from an avoided crossing. (From Sharp [8].)

Gimarc’s diagram relating MOs for A2H6 in D3d staggered andD2h bridged shapes
is shown in Fig. 14-12. The MOs on the left are all H–A bonding and are arranged
pretty much in the order one would expect on the basis of the A–A bonding. The lowest
two are composed mainly of valence s AOs on atoms A. Next come theπ bonding
combinations, then the pσ bond, followed finally by theπ antibonds. The 1euπ bonding
levels lie below the 2a1gpσ bonding level because the former have greater ability to
overlap with the hydrogens.

There are only two MOs that show much energy change the molecule goes from
D3d to D2h geometry. These are the 2a1g → 2ag and the 1eg → 1b2g. In the former
case, the energy drops because two hydrogens have moved from positions off axis of
one p lobe into positions off axis of two p lobes, thereby increasing the total amount



Section 14-7 Shapes of Polyatomic Molecules: Walsh Diagrams 503

Figure 14-12 � Walsh-type correlation diagram forD3d−D2h shapes of H3AAH3. (After Gimarc
[6].) Reprinted with permission fromAccounts Chem. Res.7, 384 (1974). Copyright by theAmerican
Chemical Society.

of overlap. The energy in the latter case rises very markedly because the change in
geometry places all six hydrogens into nodal planes, greatly reducing the overlap.

Theprediction is thata10-or12-valenceelectronA2H6 systemshould favorabridged
D2h geometry overD3d but a 14-valence electron system should preferD3d overD2h.
Diborane (12 valence electrons) and ethane (14) have structures consistent with this.

EXAMPLE 14-4 What structure should be expected for B2H−
6 ?
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SOLUTION � Assuming that the extra electron occupies the 1b2g MO, one might expect that

B2H−
6 would have the D3d structure of ethane. It depends on whether or not one electron in the

1b2g MO suffices to overcome the effects of the doubly occupied MOs. (Experiments andab initio

calculations indicate that B2H−
6 has the same shape as ethane.) �

In structural problems such as this, one must be careful that, when comparing two
possible molecular shapes, one is not overlooking other possibilities that might be even
more stable. For instance, even though the diagram in Fig. 14-12 indicates that ethane
should preferD3d geometry toD2h, it says nothing aboutD3d relative toD3h, the
eclipsed form. For this we must construct another diagram, shown in Fig. 14-13. Here
the principal energy changes occur in the doubly degeneratee- type MOs. Recall that

Figure 14-13 � Walsh-type diagram forD3d–D3h A2H6: (a)D3d (staggered); (b)D3h (eclipsed).
Note that thee-type MOs for the two forms do not turn into each other by rotating about the C–C
bond. This is really a two-sided correlation diagram, the high symmetry of each form determining
the MOs. Then QMOT rules are used to decide how similar MOs on the two sides should relate in
energy. (See Lowe [9].)
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degenerate MOs need not be symmetric or antisymmetric for all symmetry operations
of the molecular point group. This results, in this case, in thee-type MOs being much
more unbalanced, or lopsided, than the nondegeneratea-type MOs. As a result, the
changes in overlap population upon rotation are much bigger fore-than for a-type
MOs. The higher-energyeg − e′′ set of MOs dominates the lower energyeu − e′ set
for two reasons; it is at higher energy and hence more sensitive to overlap change,
and the coefficients on the hydrogens are bigger due to the central nodal plane, which
reduces the size of the MO in the A–A bond, forcing it to be larger elsewhere. In sum,
a 14-valence electron A2H6 molecule prefers the staggered(D3d) form because the
long-range H· · ·H antibonding in 1e′′ dominates the long range bonding in 1e′. We
can describe this as “nonbonded repulsion” between hydrogens at opposite ends of the
molecule.

The energy changes in Fig. 14-12 are much larger than those in Fig. 14-13. In the
former, we are charting energy changes associated with changes in bond angle and even
molecular topology. Overlap changes are large and occur between nearest neighbors.
In Fig. 14-13 we are charting energy changes associated with internal rotation. Here
the overlap changes occur between third-nearest neighbors and are very small. The
order in which the possibilities have been examined—D3d versusD2h followed byD3d
versusD3h—is thus sensible in that we are considering the grosser energy changes first.

One can go even further and guess the qualitative changes in C–C, C–H distances,
and C–C–H angle if ethane is forced into the eclipsed conformation. We argue that the
1eg → 1e′′ pair of MOs suffer the greatest overlap change, losing population between
the vicinal hydrogens. We must renormalize the MO to compensate for this loss, just
as we had to in H+2 , discussed earlier. To renormalize, the MO 1e′′ is multiplied by a
factor slightly greater than unity. This magnifies theπ antibond between the carbons
and the bonding between carbon and hydrogens. Thus, we expect eclipsed ethane to
have a slightly lengthened C–C bond, slightly shorter C–H bonds, and a larger C–C–H
angle (the latter presumably mainly due to the increased vicinal repulsion brought
about by overlap changes in the original rotation).Ab initio calculations5 support these
predictions.

14-8 Frontier Orbitals

We have indicated that higher-energy MOs tend to undergo more pronounced energy
changes upon overlap change due to distortion of the nuclear frame. This fact has led
to a shortcut method for guessing the results of full orbital correlation diagrams of the
sort we have already discussed. One merely considers what the energy behavior will
be for the highest occupied MO (HOMO) and bases the prediction entirely on that MO,
ignoring all the others. Fukui6 was the first to draw attention to the special importance
of the HOMO. He also noted that, in certain reactions in which the molecule in question
acted as an electron acceptor, the lowest unfilled MO (LUMO) of the molecule (before it
has accepted the electrons) is the important one. These two MOs are called thefrontier
MOs. It sometimes happens that the second-highest-energy occupied MO undergoes a

5Stevens [10] finds that the C–C distance increases by 0.01 Å, the C–H distance decreases by 0.001 Å, and the
C–C–H angle opens by 0.3◦.

6See Fujimoto and Fukui [11].
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Figure 14-14 � HOMO and LUMO frontier MOs and subjacent and superjacent MOs.

much bigger overlap change than the HOMO does, and therefore dominates the process.
Recognition of this fact has led to a special name for the MOs just below the HOMO and
just above the LUMO. They are calledsubjacentandsuperjacentMOs (see Fig. 14-14).

An example of the frontier MO approach is provided by reconsidering the staggered
versus eclipsed conformation for ethane. We expect the highest-energy, lopsided MO
to be theπ antibondingeg − e′′ degenerate pair. Qualitative molecular orbital theory
rules lead us to expect this pair to have higher energy in the eclipsed form. Therefore,
we expect ethane to be staggered.

The same approach can be used to predict the conformation of dimethylacetylene,
H3C–C≡C–CH3. The HOMO is again a degenerate pair ofπ -type MOs. (Generally
speaking, one assumes that occupiedπ MOs are higher in energy than occupiedσ MOs,
and this is often true. Even when it is not, however, theπ -type MOs often tend to be
more lopsided and hence to dominate because their overlap changes are greater.) The
two degenerate HOMOs are delocalized over the entire molecule and can be expected
to have the following characteristics:

1. They will be orthogonal to each other.

2. They will be bonding in the central C≡C region, helping to establish multiple bond
character there.

3. They will be antibonding in the C–C single bond regions, thereby cancelling out
double-bond character from a lower set ofπ -type MOs.

4. They will be C–H bonding.

[Use of rules (2)–(4) often suffices to establish the qualitative nature of HOMOs of
hydrocarbons.] The results of all these conditions are the MOs sketched in Fig. 14-15.
Observe that the end-to-end hydrogen overlap is most positive in the eclipsed confor-
mation. This leads to the prediction that this molecule is more stable in the eclipsed
conformation. Since the hydrogens are so far apart, the overlap change is expected to
be very small.Ab initio calculations indicate that dimethylacetylene is more stable in
the eclipsed form and that it has a barrier of less than 0.02 kcal/mole.

As another example of frontier orbital usage, consider the methyl rotation barrier
in propene, H3C–CH=CH2. Here the HOMO should beπ -bonding in the double
bond, antibonding in the single bond, and C–H bonding in the methyl group. This
MO is sketched in Fig. 14-16 for the two possible conformations. The end-to-end
antibonding in this MO is greatest for case (b), and so conformation (a) is favored.
Indeed, it has been observed that,in general, a threefold rotor attached to a double bond
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Figure 14-15 � Degenerate HOMOs for dimethylacetylene, (a) eclipsed, (b) staggered, lead to the
prediction that this molecule should prefer the eclipsed conformation.

Figure 14-16 � HOMO of propene in two conformations. Methyl group (a) eclipses and (b) stag-
gers the double bond. The energy is lower in (a).

prefers to eclipse the double bond. A few examples are acetaldehyde(H3C–CH=O),
N -methylformaldimine (H3C–N=CH2), nitrosomethane(H3C–N=O), and vinyl
silane(H3Si–CH=CH2).

Notice that the HOMO of Fig. 14-16 is qualitatively similar to one of the 1eg − 1e′′
HOMOs of ethane. The QMOT frontier orbital argument for the stability of staggered
ethane is basically the same as that for the stability of form (a) in propene. Observe that
this MO also resembles the HOMO of 1,3-butadiene, and would lead to the prediction
that the trans form of this molecule is more stable than the cis. This is, in fact, observed
to be the case.

It is important to bear in mind that the frontier orbital approach is an approximation
to an approximation. It is not always easy to know when one is on safe ground. Of
the examples mentioned here, ethane and dimethylacetylene are safest because the
overlap changes are small. Hence, the perturbation is slight, and our assumption that
the MOs of the two forms are essentially identical, except for AO overlap changes, is
quite accurate. Also, symmetry is high, and so we know thatσ MO overlap changes
will be smaller than lopsidedπ MO overlap changes. Propene and butadiene are risky.
Here the whole molecular framework is lopsided, so overlap changes are large inσ as
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well as inπ MOs. Indeed, if one performs EHMO calculations on these molecules,
one finds thatσ -type MO energies change much more than does theπ HOMO energy.
This comes about because of the fairly close approach by some of the hydrogens in
these molecules. Much of thisσ energy change cancels out among the severalσ MOs.
In propene, the cancellation is so complete that theπ HOMO energy change is almost
the same as the total EHMO energy change. In butadiene, however, theπ HOMO
accounts for only about one-third of the total energy change. Even though the frontier
orbital method has an astonishing range of qualitative usefulness (we shall see more
applications shortly), it is clear that caution is needed.

EXAMPLE 14-5 How should the bond lengths and angles of propene change if the
methyl group rotates from the stable conformation (Fig. 14-16a) to the unstable
one (Fig. 14-16b)?

SOLUTION � The HOMO for form b has a bit more negative overlap, which requires a slightly
larger normalizing coefficient. This increases the influence of the HOMO, so we expect a slight
shortening of the two out-of-plane C–H bonds and the C=C bond, a lengthening of the C–C single
bond, and a slight opening of the H–C–H angle for the out-of-plane C–H bonds. No changes
are predicted for the in-plane C–H bond lengths or angles as a result of HOMO renormalization.
(However, other MOs are also being renormalized, so other changes will result. However, the
HOMO-induced changes should dominate.) �

14-9 Qualitative Molecular Orbital Theory of Reactions

It has been found possible to extend and amplify QMOT procedures so that they apply
to chemical reactions. One of the most striking examples of this was application
to unimolecular cyclization of an open conjugated molecule (e.g.,cis-1,3-butadiene,
closing to cyclobutene). This type of reaction is called anelectrocyclicreaction. The
details of the electrocyclic closure ofcis-1,3-butadiene are indicated in Fig. 14-17.

If we imagine that we can keep track of the terminal hydrogens in butadiene (perhaps
by deuterium substitution as indicated in the figure) then we can distinguish between
two products. One of them is produced if the two terminal methylene groups have
rotated in the same sense, either both clockwise or both counterclockwise, to put the
two inside atoms of the reactant (here D atoms) on opposite sides of the plane of the
four carbon atoms in the product. This is called aconrotatory(cŏn′ · rō · tā′ · tory)

closure. The other mode rotates the methylenes in opposite directions (disrotatory) to
give a product wherein the inside atoms appear on the same side of theC4 plane.

A priori, we do not know whether the reaction follows either of these two paths.
Figure 14-17 depicts processes where both methylene groups rotate by equal amounts

Figure 14-17 � Two idealized modes of electrocyclic closure ofcis-1,3-butadiene.
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as the reaction proceeds. This is an extreme case of what is known as aconcerted
process. The two processes occur together, or in concert. The opposite extreme is a
nonconcerted, or stepwiseprocess, wherein one methylene group would rotate all the
way (90◦) and only after this was completed would the other group begin to rotate.
This process would lead to an intermediate having a plane of symmetry (ignoring the
difference between D and H), which means that the second methylene group would be
equally likely to rotate either way, giving a 50–50 mixture of the two products pictured
in Fig. 14-17.

One can make a case for the reaction having somesubstantial degree of concertedness
(by which we mean that the second methylene should be partly rotated before the first
one is finished rotating). The reaction involves destruction of a four-center conjugated
π system and formation of an isolatedπ bond and a new C–Cσ bond. Energy is lost in
the dissolution of the old bonds, and gained in formation of the new ones. Therefore, we
expect the lowest-energy path between reactants and products to correspond to a reaction
coordinate wherein the new bonds start to form before the old ones are completely
broken. But the newσ bond cannot form to any significant extent untilbothmethylene
groups have undergone some rotation. Thus, concertedness in breaking old bonds
and forming new ones is aided by some concertedness in methylene group rotations.
(Note that concertedness does not necessarily imply absence of an intermediate. If the
reaction surface had a local minimum at a point at which both methylenes were rotated
by 45◦, it would not affect the argument at all.)

Because they knew that many electrocyclic reactions are observed to bestereospecific
(i.e., give∼100% of one product or the other in a reaction like that in Fig. 14-17),
Woodward and Hoffmann [12] sought an explanation of a qualitative MO nature. They
used frontier orbitals and argued how their energies would change with a con- or
disrotatory motion, due to changes in overlap. For butadiene in its ground state, the
HOMO is the familiarπ MO shown in the center of Fig. 14-18. The figure indicates that
the interaction between p–π AOs on terminal carbons is favorable for bonding in the
region of the incipientσ bond only in the conrotatory case. Therefore, the prediction
is that, for concerted electrocyclic closure, butadiene in the ground state should prefer
to go by a conrotatory path. When the reaction is carried out by heating butadiene
(thermal reaction), which means that the reactant is virtually all in the ground electronic
state, the product is indeed purely that expected from conrotatory closure.

One can also carry out electrocyclic reactions photochemically. The excited buta-
diene now has an electron in aπ MO that was empty in the ground state. This MO was
the lowest unoccupied MO (LUMO) of ground-state butadiene, pictured in Fig. 14-19.
One can see that the step to the next-higher MO of butadiene has just introduced one

Figure 14-18 � The HOMO of ground statecis-1,3-butadiene as it undergoes concerted closure
by either mode.



510 Chapter 14 Qualitative Molecular Orbital Theory

Figure 14-19 � The HOMO of the first excited state ofcis-1,3-butadiene as it undergoes closure
by either mode.

more node, reversing the phase relation between terminalπ AOs, and reversing the
predicted path from con-to disrotatory. Experimentally., the photochemical reaction
is observed to give purely the product corresponding to disrotatory closure. (It is
not always obvious which empty MO becomes occupied in a given photochemical
experiment. One assumes that the LUMO of the ground state is the one to use, but
there is some risk here.)

EXAMPLE 14-6 Is the LUMO ← HOMO transition dipole-allowed forcis-1,3-
butadiene?

SOLUTION � The HOMO is antisymmetric for reflection through the symmetry plane that
bisects the molecule, and the LUMO is symmetric for this reflection. This is the only symmetry
reflection plane where the MOs have opposite symmetry, so the transition is dipole-allowed (and is
polarized from one side of the molecule towards the other). The group theory approach for this C2ν

molecule is that the HOMO hasa2 symmetry, the LUMO hasb1 symmetry, their product hasb1
symmetry, and, sincex also hasb1 symmetry, the transition is allowed and isx-polarized (where
x is colinear with the central C–C bond). �

One might worry about the fact that we are looking at only a part of one MO, thereby
ignoring a great deal of change in other MOs and other parts of the molecule. However,
much of this other change, while large, is expected to be about the same for either of the
two paths being compared. The large overlap changes between p–π AOs on terminal
and inner carbon atoms, for instance, are about the same for either mode of rotation.
This approach, then, is focused first on the frontier orbitals, which are guessed as being
most likely to dominate the energy change, and second on those changes in the frontier
orbitals that will differ in the two paths.

This method is trivially extendable to longer systems. Hexatriene closes to cyclo-
hexadiene in just the manner predicted by the frontier orbitals. The only significant
change in going from butadiene to hexatriene is that we go from four to sixπ electrons.
This means that the HOMO for hexatriene has one more node than that for butadiene
(or, the HOMO for a 2n π -electron system is like the LUMO for a 2n−2 π -electron
system insofar as end-to-end phase relations are concerned). The net effect is that the
predictions for hexatriene are just the reverse of those for butadiene. That is, hexatriene
closes thermally by the disrotatory mode and photochemically by the conrotatory mode.
The general rule, called aWoodward–Hoffmann rule, is this: the thermal electrocyclic
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reactions of ak π -electron system will be disrotatory fork = 4q + 2, conrotatory for
k = 4q (q = 0,1,2, . . . ); in the first excited state these relationships are reversed.7

It is possible to treat electrocyclic reactions in another way, namely, via a two-sided
correlation diagram approach. This was first worked out by Longuet-Higgins and
Abrahamson [14]. Only orbitals (occupiedandunoccupied) that are involved in bonds
being made or broken during the course of the reaction are included in the diagram. For
butadiene, these are the fourπ MOs already familiar from simple H¨uckel theory. For
cyclobutene, they are the twoπ MOs associated with the isolated 2-centerπ bond and
the twoσ MOs associated with the new C–Cσ bond. These orbitals and their energies
are shown in Fig. 14-20.

In cyclobutene, theσ andσ ∗ MOs are assumed to be more widely split than theπ

andπ∗ because the pσ AOs overlap more strongly. Also, theσ MO is assumed lower
thanπ1 of butadiene. However, these details are not essential. All we have to be certain
of is that we have correctly divided the occupied from the unoccupied MOs on the two
sides. The dashed line in Fig. 14-20 separates these sets.

Next we must decide which symmetry elements are preserved throughout the ideal-
ized reactions we wish to treat. Let us consider first the reactants and products. These
haveC2v symmetry, that is, a two-fold rotational axis,C2, and two reflection planesσ1

Figure 14-20 � MOs associated with bonds being broken or formed in the electrocyclic closure of
(a)cis-1,3-butadiene to (b) cyclobutene.

7See Woodward and Hoffmann [13, p. 45].
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Figure 14-21 � Sketches illustrating that the conrotatory mode (b) preserves theC2 axis while the
disrotatory mode (a) preserves the reflection planeσ1.

andσ2 containing theC2 axis (see Fig. 14-21). A conrotatory twist preservesC2, but,
during the intermediate stages between reactant and product,σ1 andσ2 are lost as sym-
metry operations. A disrotatory twist preservesσ1 but destroysC2 andσ2. Therefore,
when we connect energy levels together for the disrotatory mode, we must connect
levels of the same symmetry forσ1, but for the conrotatory mode, they must agree
in symmetry forC2. Theσ2 plane applies to neither mode and is therefore ignored.
The symmetries for each MO are easily determined from examination of the sketches
in Fig. 14-20, and are given in Table 14-3. These assignments lead to two different
correlation diagrams, one for each mode. It is conventional to arrange these as shown
in Fig. 14-22.

TABLE 14-3 � Symmetries forC2v MOs

MO σ1 C2 MO σ1 C2

Butadiene Cyclobutene
π1 Sa A σ S S
π2 A S π S A
π3 S A π∗ A S
π4 A S σ ∗ A A

aS is symmetric; A antisymmetric.
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Figure 14-22 � A pair of two-sided correlation diagrams (one for each mode) for the electrocyclic
reactions ofcis-1,3-butadiene: (a) cyclobutene; (b) butadiene; (c) cyclobutene.

There is curve crossing in these diagrams, but it is always lines of different symmetry
that cross, and so no violation of the noncrossing rule occurs.

If we are considering a thermal reaction, the lowest twoπ MOs of butadiene are
occupied. These correlate with the lowest two MOs of cyclobutene if the conrotatory
mode is followed, and the thermal conversion ofcis-butadiene to cyclobutene by a
conrotatory closure is said to besymmetry allowed. The other mode correlatesπ2 with
an empty cyclobutene MO(π∗). Taking this route moves the reactant toward doubly
excited cyclobutene. (Even though we might anticipate de-excitation somewhere along
the way, the energy required in early stages would still be much higher than would
be needed for the symmetry-allowed mode.) This is said to be asymmetry-forbidden
reaction.

If we now imagine photo-excitation ofcis-butadiene to have generated a state asso-
ciated with the configurationπ2

1π2π3, and trace the fate of this species for the two
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modes of reaction, we note that the disrotatory route leads to cyclobutene in the con-
figurationσ 2ππ∗ while the conrotatory mode givesσπ2σ ∗. Both of these are excited,
but the former corresponds to the lowest excited configuration(π → π∗) while the
second corresponds to a very high-energy excitation(σ → σ ∗). Therefore, the former
is “allowed” (since it goes from lowest excited reactant to lowest excited product) and
the latter is “forbidden.”

The two-sided correlation diagrams of Fig. 14-22 thus lead to the same predictions
as the frontier orbital maximization of overlap approach. The difference between
these approaches is as follows: The frontier-orbital approach requires sketching the
HOMO and then judging overlap changes upon nuclear motion using QMOT reasoning.
The two-sided correlation diagram approach requires sketching all the MOs (occupied
and unoccupied) of both reactant and product involved in bonds breaking or forming,
ordering the corresponding energy levels, and finding symmetry elements preserved
throughout the reaction. Once all this is done, the levels are connected by correlation
lineswithout reliance on QMOT reasoning. Some qualitative reasoning enters in the
ordering of energy levels (levels with more nodes have higher energy), but the two-sided
correlation diagram technique is the more rigorous method of the two and tends to be
preferred whenever the problem has enough symmetry to make it feasible. Reliance
on frontier orbitals is more common for processes of lower symmetry.

Concern is sometimes expressed about the apparent restrictions resulting from use
of symmetry in correlation diagram arguments. One can imagine the butadiene cycliza-
tion occurring with less-than-perfect concertedness, the two methylene groups rotating
by different amounts as the reaction proceeds. But that would destroy all symmetry
elements. Will our symmetry-based arguments still pertain to such an imperfectly con-
certed reaction coordinate? Again, if we label certain sites by substituting deuteriums
for hydrogens as shown in Fig. 14-17, the symmetry will be destroyed. Do our pre-
dictions still apply? One can answer these questions affirmatively by reasoning in the
following way. If we had a collection of nuclei and electrons, and we could move
the nuclei about in arbitrary ways and study the ground-state energy changes, expe-
rience tells us that the energy would be found to change in a smooth and continuous
way. We can think of the energy as a hypersurface, with hyperdimensional “hills,”
“valleys,” and “passes.” Now, in a few very special nuclear configurations, identical
nuclei would be interrelated by symmetry operations, and we would be able to make
deductions on group-theoretical grounds. Such deductions would only strictly apply to
those symmetric configurations, but they would serve as indicators of what the energy
is like in nearby regions of configuration space. Thus, the correlation diagram indi-
cates that aperfectlyconcerted thermal electrocyclic reaction of butadiene will require
much less energy to go conrotatory as opposed to disrotatory. The inference that a
less-perfectly concerted reaction will have a similar preference is merely an assump-
tion that it is easier to pass through the mountainsin the vicinityof a low pass than
a high one. Experience also leads us to expect that substituting for H a D (or even a
CH3) will have little effect on the MOs, even though, strictly speaking, symmetry is
lost. In essence, we work with an ideal model and use chemical sense to extend the
results to less ideal situations, just as we do when, in applying the ideal gas equation
of state to real gases, we avoid the high-pressure, low-temperature conditions under
which we know the oversimplifications in the ideal gas model will lead tosignificant
error.
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It is possible to combine information onorbital symmetries and energies to arrive
at statesymmetries and energies. Then one can construct a correlation diagram for
states.8 We now demonstrate this for the dis- and conrotatory reactions just considered.

Each orbital occupation scheme is associated with a net symmetry for any given sym-
metry operation. Character tables could be used to assign these symmetries, but this is
not necessary. All we need to use is the fact that, in multiplying functions together, sym-
metries follow the rules: S×S=S,A ×A =S,S×A =A. Thus, anydoublyoccupied
MO in a configuration will contribute symmetrically to the final result. To ascertain
the net symmetry, then, we focus on the partly filled MOs. The symmetries forC2 and
σ1 of ground and some excited configurations of butadiene and cyclobutene are listed
in Table 14-4. Included are the cyclobutene configurations that result from intended
correlations of various butadiene configurations. (For instance,π2

1π2
2 butadiene has an

TABLE 14-4 � Symmetries and Intended Correlations of Some Configurations
of Butadiene and Cyclobutene

Cyclobutene
Symmetry for “intended” configuration

Configuration σ1 C2 Con Dis

Butadiene
π1

2π2
2 Sa S π2σ 2 σ 2π∗2

π1
2π2π3 A A π2σσ ∗ σ 2π∗π

π1
2π2π4 S S π2σπ∗ σ 2π∗σ ∗

π1π2
2π3 S S πσ 2σ ∗ σπ∗2π

π1π2
2π4 A A πσ 2π∗ σπ∗σ ∗2

π1
2π2

3 S S σ 2σ ∗2 σ 2π2

...

Cyclobutene
σ 2π2 S S
σ 2ππ∗ A A
σπ2π∗ A S
σπ2π∗ A S
σπ2σ ∗ A A
σ 2π∗2 S S
σ 2π∗σ ∗ S A

...

aS is symmetric; A antisymmetric.

8Actually, we shall be looking at simple products of MOs, orconfigurations. Each configuration is associated
with one or more states and gives the proper symmetry for these states as well as an approximate average energy
of all the associated states. Hence, the treatment described here gives a sort ofaveragestate correlation diagram.
It might be more accurately called aconfigurationcorrelation diagram.
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intended correlation withσ 2π∗2 cyclobutene if the disrotatory mode is followed. This
is inferred from theorbital correlation diagram, Fig. 14-22.)

Assuming that the energies of states associated with these configurations fall into
groups roughly given by sums of orbital energies, we obtain the two-sided diagram
shown in Fig. 14-23. Only a few of the configurations are interconnected, to keep
the diagram simple. Note that the ground-state configuration of butadiene correlates
directly with the ground state of cyclobutene for conrotatory closure, but has an intended
correlation with a doubly excited configuration in the disrotatory mode. This intended
correlation would violate the noncrossing rule by crossing another line of S symmetry,
so that the actual curve turns around and joins onto the ground state level for cyclobutene.
The effect of the intended correlation with a high-energy state is to produce a significant
barrier to reaction. The figure shows that, for the first excited configuration, the high-
energy barrier occurs for the opposite mode of reaction. State correlation diagrams

Figure 14-23 � A state or configuration correlation diagram for the electrocyclic closure ofcis-
1,3-butadiene.
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thus convert a “symmetry-forbidden” orbital correlation diagram into a high-activation-
energy barrier: the conclusions are the same using either diagram.

Another kind of reaction that is formally closely related to the electrocyclic reaction
is thecycloadditionreaction, exemplified by the Diels–Alder reaction between ethylene
and butadiene to give cyclohexene (I ). Such reactions are classified in terms of the

number of centers between the points of connection. Thus, the Diels–Alder reaction
is a [4+ 2] cycloaddition reaction. One can conceive of several distinct geometrical
possibilities for a concerted mechanism for such a reaction. The two newσ bonds can
be envisioned as being formed on the same face (suprafacial) (II ) or opposite faces
(antarafacial) (III ) of each of the two reactants. The various possibilities are illustrated
in Fig. 14-24. Qualitative MO theory is used to judge which process is energetically
most favorable. One has a choice between the two-sided correlation diagram and the

frontier orbital approach. We demonstrate the latter9 since it is simpler. Both methods
lead to the same conclusion. In the course of this reaction, electrons become shared
between theπ systems of butadiene and ethylene. This is accomplished, to a rough
approximation, by interaction between the HOMO of butadiene and the LUMO of
ethylene and also between the LUMO of butadiene and the HOMO of ethylene. Let us
consider the former interaction. The MOs are shown in Fig. 14-25 and the overlapping
regions are indicated for the four geometric possibilities. Inspection of the sketches
indicates that the two MOs have positive overlap in the regions ofboth incipient σ

bonds only for the[4s+2s] and[4a+2a] modes. Therefore, the prediction is that these
modes proceed with less activation energy and are favored. Now let us turn to the other
pair of MOs, namely the LUMO of butadiene (IV ) and the HOMO of ethylene (V).

9See Hoffmann and Woodward [15].
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Figure 14-24 � Four suprafacial–antarafacial combinations possible for the Diels–Alder 2+ 4
cycloaddition reaction.

Figure 14-25 � Overlaps between HOMO of butadiene and LUMO of ethylene resulting from four
interactive modes pictured in Fig. 14-24. The geometries for the four modes would all differ. These
drawings are highly stylized.

Note that, for each MO, the end-to-end phase relationship is reversed from what it was
before. Two symmetry reversals leave us with no net change in the intermolecular phase
relations. It is easy to see, therefore, that these MOs also favor the [s, s] and [a, a] modes.
In cycloaddition reactions of this sort, one need analyze only one HOMO-LUMO pair
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in order to arrive at a prediction. Extension to longer molecules or to photochemical
cycloadditions proceeds by the same kinds of arguments presented for the electrocyclic
reactions.

Another type of reaction to which qualitative MO theory has been applied is the
sigmatropic shiftreaction, where a hydrogen migrates from one carbon to another and
simultaneously a shift in the double bond system occurs. An example is given in
Fig. 14-26.

The usual treatment of this reaction10 involves examining the HOMO for the system
at some intermediate stage in the reaction where the hydrogen has lost much of its
bonding to its original site and is trying to bond onto its new site. At this stage, the
HOMO of the molecule becomes like that of the nonbonding MO of an odd alternant
hydrocarbon (Fig. 14-27) with a slightly bound hydrogen on one end. The suprafacial
mode is favored in this particular case because the hydrogen can maintain positive
overlap simultaneously with its old and new sites—the new bond can form as the old

Figure 14-26 � The two possible distinct products resulting from a shift of a hydrogen from position
1 to position 5 in a substituted 1,3-pentadiene. GroupsA, B, C, D are deuterium atoms, methyl groups,
etc., enabling us to distinguish the products.

Figure 14-27 � Phase relations in the HOMO for (a) suprafacial and (b) antarafacial [1, 5]
sigmatropic shifts.

10See Woodward and Hoffmann [16].
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bond breaks. This is not possible for the antarafacial [1, 5] shift. However, the [1, 7]
shift prefers the antarafacial mode.

Many other types of chemical reaction have been rationalized using qualitative MO
theory. The association ofSN 2 reactions with Walden inversion (i.e., the adding group
attacks the opposite side of an atom from the leaving group) is rationalized by arguing
that an approaching nucleophile will donate electrons into the LUMO of the substrate.
The LUMO for CH3Cl is shown in Fig. 14-28. A successful encounter between CH3Cl
and a base results in a bond between the base and the carbon atom, so the HOMO of
the base needs to overlap the p AO of carbon in the LUMO of Fig. 14-28a. Attack at
the position marked “1” in the figure is unfavorable because any base MO would be
near a nodal surface, yielding poor overlap with the LUMO. Therefore, attack at site
2 is favored. As the previously empty LUMO of CH3Cl becomes partially occupied,
we expect a loss of bonding between C and Cl. Also, negative overlap between the
forming C-base bond and the three “backside” hydrogens should encourage the latter
to migrate away from the attacked side, as indicated in Fig. 14-28b.

The tendency of a high-energy, occupied MO of the base to couple strongly with
the LUMO of a molecule like CH3Cl depends partly on the energy agreement between
these MOs. If they are nearly isoenergetic, they mix much more easily and give a
bonded combination of much lower energy. Molecules where the HOMO is high tend to
be polarizable bases. A high-energy HOMO means that the electrons are not very well
bound and will easily shift about to take advantage of perturbations. Such bases react
readily with molecules having a low-energy LUMO (Fig. 14-29a). This corresponds to a
“soft-base-soft-acid” interaction in the approach of Pearson [17]. When the HOMO and
LUMO are in substantial energy disagreement, orbital overlap becomes less important
as a controlling mechanism, and simple electrostatic interactions may dominate. This

Figure 14-28 � (a) The LUMO of CH3Cl. (b) Positive overlap between HOMO of base B and
LUMO of CH3Cl increases antibonding between C and Cl and also repels H atoms from their original
positions.
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Figure 14-29 � LUMO–HOMO interactions and splitting for (a) nearly degenerate levels, (b) well-
separated levels.

is a “hard-acid-hard-base” situation. Thus, we expect QMOT rules to apply to soft-soft,
rather than hard-hard interactions.

The reader may, by this time, begin to appreciate the very wide scope of QMOT
and the large number of variations of a common theme that have been used. In this
chapter we have given only a few representative examples. We have not described
all the variations or all types of application. For fuller treatment, the reader should
consult specialized books on this subject, some of which have been referred to in this
chapter [18].

14-9.A Problems

14-1. Calculate to first order the electronic energy of a hydrogen atom in its 1s state
and in the presence of an additional proton at a distance of 2 a.u. What is the
totalenergy to first order? Repeat for distances of 1 and 3 a.u. (SeeAppendix 3.)

14-2. Evaluate and graph the effects of dividingHaa ± Hab by 1± S for each of the
following cases:Haa = 0,−5,−10,+10,−20. In each case, letHab = −5,

S = 0.5. Does the QMOT rule that antibonding interactions are more
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destabilizing than bonding interactions are stabilizing apply in all cases? Is the
bonding level always the lower of the two? Does the QMOT expectation appear
to be better followed by very low-energy levels, or by higher-energy levels?

14-3. Table P14-3 is a list of electron affinities (in electron volts) of certain molecules
and atoms. Can you rationalize the molecular values relative to the atomic values
using QMOT ideas?

TABLE P14-3 � Atomic and Molecular Electron Affinities (in electron volts)

H (0.75) Cl (3.61) C2 (3.4) O2 (0.45) Cl2 (2.38)
C (1.26) Br (3.36) CN (3.82) F2 (3.08) Br2 (2.6)
N (0.0± 0.2) I (3.06) N2 (−16) S2 (1.67) I2 (2.55)
O (1.46) S (2.08) CO (< −1.8) SO (1.13) ICl (1.43)
F (3.40) H2 (∼ −2) CS (0.21) FCl (1.5) IBr (2.6)

14-4. For some time, it was uncertain whether the ground states of CH2 and NH+
2

are singlets(2a1)2 or triplets(2a1)(1b1). The ground-state geometries of these
systems have HAH angles of 134◦(CH2) and 140–150◦(NH+

2 ). Based on other
data described in the text for HAH systems, would you say these angles are more
consistent with a singlet or a triplet ground state? Assuming that the first excited
state is the other multiplicity, should the first excited state be more or less bent
than the ground state?

14-5. Based on Fig. 14-8, what should happen to the geometry of H2O upon 3a1←1b1
excitation?

14-6. Carry out EHMO calculations for CH2 at HCH angles of 180◦, 150◦, 120◦,
and 90◦. (Use a constant C–H bond distance of about 1 Å in all cases.) From
an examination of the MO coefficients, sketch and assign symmetry symbols
to each MO. Plot the energies versus angle. Critically discuss your computed
results compared to Fig. 14-8. If there are differences, try to rationalize them.
(Remember that any EHMO orbital energy change can be analyzed in terms of
Mulliken population changes, as discussed in Chapter 10.)

14-7. Using the EHMO energy formula [Eq. (10-25)], analyze the contributions to
the orbital energy change between 180◦ and 120◦ that you calculated for the
1b2 MO in Problem 14-6. What percentage of the energy change comes from
loss of overlap between 1s and 2p AOs? From antibonding between hydrogens?
Compare this with the discussion in the text.

14-8. If overlap between an s AO and a p AO goes as cosθ (for constant and finite
R) (Fig. P14-8), what is the mathematical expression for the rate of change of
overlap with angle? Calculate the effect on overlap of a 30◦ shift, starting from
θ = 0. Calculate the effect of a 30◦ shift from θ = 90◦.
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Figure P14-8 �

14-9. Use symmetry to help establish an energy level pattern and MO sketches for
planar AH3 (equilateral triangular). Use QMOT rules to produce the correlation
diagram for planar versus pyramidal AH3. Based on your reasoning, which of
the following should be planar? BH3,CH+

3 ,BeH−
3 ,NH3,PH3,H3O+,CH−

3 .
Can you think of any other shapes that might be examined as possibilities for
AH3 systems?

14-10. Use an EHMO program to generate MOs for CO2 at 180◦,150◦,120◦, and 90◦.
Sketch the MOs, characterize their symmetries, and construct an orbital energy
correlation diagram for this molecule. Indicate what causes each MO energy
to rise or fall. Based on your figure, would you expect the following molecules
to be linear or bent? BeCl2,C3,CO2,N−

3 ,NO2,O3,F2O.

14-11. Should aπu ← πg electronic transition for ozone cause the O–O–O angle to
increase or decrease according to Walsh-type arguments? Sketch the MOs and
indicate your reasoning. [The notationπg and πu refers to the MOs in the
linear molecule. For the equilibrium bent structure, these MOs are:πg →
a2, b2;πu → a1, b1.]

14-12. Consider the electrocyclic reaction wherein the allylanion closes to form a
cyclopropenylπ anion (VIII ). (The negative charge in the cyclopropyl anion
may be thought of as resulting from double occupancy of a p–π AO on the
singly protonated carbon.) Sketch the orbitals being formed or destroyed in

this process. Determine the orbital symmetries for the symmetry operations
conserved in conrotatory and disrotatory modes of closure. Set up an orbital
correlation diagram and decide which mode is more likely for thermal and
photochemical reactions.

14-13. Construct an orbital correlation diagram for the “broadside” 2+2 cycloaddition
of two acetylenes to form cyclobutadiene (IX ). Is the reaction likely to proceed
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through an intermediate of square planar geometry? Assuming this geometry,
would reaction be easier thermally or photochemically?

14-14. For a system having no symmetry elements (exceptE), what is the result of the
noncrossing rule?

14-15. a) Construct an orbital correlation diagram for the 2+ 4 cycloaddition
(Diels–Alder) reaction discussed in the text.

b) Construct astatecorrelation diagram for this reaction.

14-16. Based on the orbital relations discussed in the text and extensions of these rela-
tions to other cases, formulate generalized verbal rules (Woodward–Hoffmann
rules) for cycloadditions and sigmatropic shift reactions.
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Chapter 15

Molecular Orbital Theory
of Periodic Systems

15-1 Introduction

A structure is periodic in space, and hence has aperiodic potential, if a subunit of
the structure can be found that generates the entire structure when it is repeated over
and over while traversing one or more spatial coordinates. Thus, a regular polymer
can be “generated” mentally by translating a unit cell along an axis, sometimes with
accompanying rotations. A crystalline solid results from such translations along three
coordinates. In an analogous sense, somemoleculesare periodic. Benzene is an
example since it can be generated by rotating a C–H unit in 60◦ increments about a
point which ultimately becomes the molecular center.

We have already seen (Chapters 8 and 13) that the orbital energies, degeneracies,
and coefficients in benzene are to a great extent determined by symmetry. But these
symmetry constraints can also be viewed as resulting from the cyclic “periodicity” of
benzene, and this finite cyclic periodicity is, in essential ways, like the extended infinite
periodicity of, say, regular polyacetylene or of graphite. It is reasonable, therefore, that
some of the aspects of the energies and orbitals in theseextendedperiodic structures
are closely related to those incyclicperiodic systems.

The concepts commonly used to describe periodic polymers, surfaces, or solids are
closely related to those we have already developed for molecules, but their terminology
and depiction are not familiar to most chemists. Our goal in this chapter is to develop
an understanding of these concepts by progressing from more familiar cyclic systems,
like benzene, to polymers, and to show how qualitative MO concepts apply to periodic
systems in general.

15-2 The Free Particle in One Dimension

We will first examine the particle moving parallel to thex coordinate with no variation
in potential energy. (LetV = 0.) This system is periodic because every segment ofx

is the same as every other, and it provides a convenient starting point for discussion of
periodic systems in general.

526
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The quantum-mechanical solutions for this system are discussed in Chapter 2. The
relevant points are:

1. All non-negative energies are possible because there are no boundary conditions
(beyond the conditions applying to well-behaved functions).

2. Except forE = 0, all energy levels are doubly degenerate.

3. The pair of linearly independent wavefunctions associated with each doubly degen-
erate energyE can be combined in an infinite number of ways to produce different
resultant wavefunction pairs. Two of these pairs are especially convenient. These
are

ψ+ = exp

[√
2mE

h̄
ix

]
(15-1a)

ψ− = exp

[
−√

2mE

h̄
ix

]
(15-1b)

and

ψsin = sin

[√
2mE

h̄
x

]
(15-2a)

ψcos = cos

[√
2mE

h̄
x

]
(15-2b)

4. The exponential forms [Eqs. (15-1ba, b)] are also eigenfunctions for the momentum
operator,p̂x = (h̄/i)d/dx. Thusψ+ corresponds to a particle moving parallel to
thex axis with momentum+√

2mE (i.e., towardx = +∞), andψ− corresponds
to motion towardx =−∞. We can associate the double degeneracy of the energies
with the fact that there is no difference in the potential felt by the particle, regardless
of whether it moves from left to right or right to left: The system has two equivalent
directions.

5. The real forms [Eqs. (15-2ba, b)] give oscillating particle distributions (except when
E = 0). In a given pair, the sine puts maximum particle density where the cosine
puts its minimum, and vice versa. AsE increases, the frequency of nodes increases.
These wavefunctions are not “pure” momentum states because they are not eigen-
functions ofp̂x (except whenE =0). They are formed by mixing of the exponential
forms. However, these functions are sometimes more convenient to work with,
especially pictorially, and they are just as good as the exponential forms as long as
we are concerned withenergyrather than momentum.

Equations (15-1) and (15-2) are sometimes written with
√

2mE/h̄ replaced by the
symbolk, with k having any value from zero to infinity. Evidently,k in this systemis
proportional to particle momentum, hence to the square root of the kinetic energy,T.
(SinceV = 0, the kinetic energy is identical to the total energy,E.) For a free particle,
de Broglie’s relation holds, sop is proportional to 1/λ, whereλ is the de Broglie
wavelength. This means thatk is proportional to the number of de Broglie wavelengths
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Figure 15-1 � Three ways of picturing the energies of the free particle. (b) and (c) show the
dependence ofE onk. In (c), the energies are understood to be degenerate (except atE = 0).

per unit of distance. Consequently,k is often referred to as thewavenumber. It is
the de Broglie-wave-equivalent to the wavenumber of light or of any other classical
harmonic wave.

Summarizing,for the free particle,

k ∝ px ∝ √
E = √

T ∝ 1/λ (15-3)

There are several ways in which the solutions of the Schr¨odinger equation for peri-
odic structures are displayed graphically. One way is the familiar one of drawing all
the energy levels against a vertical energy scale, as in Fig. 15-1a. (Since all energies
are allowed for the free particle, this gives a single energy atE = 0 and a degener-
ate continuum, or “band”, fromE > 0 to ∞, rather than a series of discrete lines.)
Alternatively, we can plotE versusk to obtain the parabolic plot of Fig. 15-1b. This
can be simplified, though, by plotting only one arm of the parabola (Fig. 15-1c), mak-
ing implicit the fact that, for each solution with wavenumberk, there is a degenerate
solution with wavenumber−k. Graphs that relate energy tok for periodic polymers,
surfaces, or solids are calledband diagrams. Figure 15-1c is the band diagram for the
one-dimensional free particle.

Another quantity of great physical importance is thenumberof states near a particular
energy value. This is called the “density of states” (DOS). If we consider Fig. 15-1c,
we can see that the states associated with 0< |k|< 1 all lie within a certain range which
we callE0 − E1 in Fig. 15-2a. If we assume that all values ofk are equally likely (we
show this to be true in Section 15-5), then there is an equal (infinite) number of states
associated with 1< |k|< 2, and these lie in the larger rangeE1 − E2. Hence, the states
in the rangeE1 − E2 are less densely packed than those in the rangeE0 − E1. It is
not hard to show that the density of states for the free particle drops off as 1/

√
E, as

plotted in Fig. 15-2b.
Ultimately we will consider one-dimensional periodic structures (polymers) with

varyingpotentials caused by the presence of nuclei and other electrons, and we will find
that these systems retain some of the above features. In particular, degeneracy due to
directional equivalence and choice of real or complex forms for orbitals persist. Also,
the quantityk retains its meaning as a wavenumber (in a restricted sense). However,
k loses its simple relation to momentum and energy (because the electrons possess
potential energy as well as kinetic energy), and, typically, certain energies become
disallowed. This changes the infinite band to band segments separated by gaps in energy.
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Figure 15-2 � The states between|k| = 0 and 1 are equal in number to those between|k| = 1 and
2, but the former set is packed into a smaller energy range, producing a greater density of states.

15-3 The Particle in a Ring

A particle of massm constrained to move in the angular coordinateφ about a ring
of radiusr with V (φ) = 0 is thecyclic analog of the free particle. This system, also
described in Chapter 2, is similar in many ways to the one just discussed. Except for the
case ofE = 0, all solutions are doubly degenerate and describable with real (trigono-
metric) or complex (exponential) functions. The quantum numberj (we will usej in
cyclic systems,k in linear systems) is proportional to the angular momentum, to the root
of the energy, to the reciprocal wavelength, and to the number of de Broglie waves in
one circuit of the ring. However, since the number of waves in the ring must be integral,
we have a periodic boundary condition that restrictsj to integer values and leads to a
discrete energy spectrum as opposed to the continuous spectrum of the free particle.

The diagrams summarizing relations between energies,j , and number of states are
collected in Fig. 15-3.

–2 +2–1 +10

j

E

(a) (b)

0
0 1 2

NOS

Figure 15-3 � (a) The energy for a particle in a ring has parabolic dependence onj , but exists only
whenj is an integer. (b) The number of states versus energy. This is the discrete-state analog of the
density-of-states plot for a continuum of energies.
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Cyclic structures withvarying potentials exist (e.g., benzene), and such systems
retain the degeneracy and real or complex orbital features. Also,j continues to have
meaning (restricted) with respect to wavelength and number of nodes. However, angular
momentum and energy are no longer simply related toj .

15-4 Benzene

We next examine benzene—a cyclic system having a nonuniform potential. We consider
only theπ electrons as described by the simple H¨uckel method, since the features we
wish to point out are already present at that elementary level. A formula is presented
(without derivation) in Chapter 8 [Eq. (8-52)] for the MOs of molecules like benzene.
This gives, for thej th MO of benzene,

φj =
6∑

n=1

{6−1/2 exp[2πij (n − 1)/6]}2pπ (n), j = 0,1, . . . ,5 (15-4)

wherei = √−1 and 2pπ (n) is a 2pπ atomic orbital centered on thenth carbon atom.
The energy for MOφj is equal to [Eq. (8-51)]

εj = α + 2β cos(2πj/6). (15-5)

If j = 0, all the exponentials equal one and Eq. (15-5) givesε0 = α + 2β, which can
be recognized as the lowest-energyπ MO, and Eq. (15-4) givesφ0 = (1/

√
6)[2pπ (1)+

2pπ (2) + 2pπ (3) + 2pπ (4) + 2pπ (5) + 2pπ (6)]. This gives all the 2pπ AOs the same
phase, which is what we expect for the totally bonding, lowest-energyπ MO.

If j = 1, ε1 = α + 2β cos(π/3) = α + 2β(1/2) = α + β. This is an energy in the
second-lowest level, which is a degenerate level. The corresponding MO isφ1 =
(1/

√
6){[exp(0)]2pπ (1) + [exp(πi/3)]2pπ (2) + [exp(2πi/3)]2pπ (3) + [exp(πi)] ×

2pπ (4) + [exp(4πi/3)]2pπ (5) + [exp(5πi/3)]2pπ (6)}. This somewhat formidable-
looking MO is complex. Becauseφ1 is one of a degeneratepair of MOs (the other one
is φ5), we can mix the complex MOs to obtain real ones that are still eigenfunctions.
The real forms of the benzene MOs are described in Section 8-10D. The MO formulas
produced by Eq. (15-4) are real for nondegenerate cases but are usually complex for
degenerate MOs. However, it is always possible to mix any pair of degenerate complex
MOs to produce a pair of degenerate real MOs. Notice that the complex MOs place
the same electron density at each carbon whereas the real forms do not. The real MOs
show nodes at various points in the ring (see Fig. 8-13) just as the real wavefunctions
for the free particle show nodes at various points inx.

In these formulas,j is restricted to the integer values ranging from 0 to 5, giving six
MOs. If one tries other integer values ofj in formulas (15-4) and (15-5), one simply
reproduces members of the above set. Indeed,any six sequential integer values for
j produces the same set of solutions as does the sequence 0–5. In particular, the set
−2,−1,0,1,2,3 is perfectly acceptable and provides a match with the conventions of
solid-state physics and chemistry.

The energies for the six unique MOs of benzene are reproduced over and over again
if we allow the indexj to run beyond the specified range. This is depicted in Fig. 15-4a,
and it is easy to see that the same six energies result for any six contiguousj values.
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Figure 15-4 � (a) Energies for benzene as a function ofj . (b) Unique energies of benzene.
(c) Number of states at each energy. All data refer toπ energies at the simple H¨uckel level.

The set from−2 to 3, alluded to above, can be replotted in condensed form over the
range 0–3 (Fig. 15-4b) if we keep in mind the fact that the energies are degenerate
except for the first and last. The “number of states” diagram for benzene is sketched in
Fig. 15-4c.

If we consider a monocycle with thousands of carbon atoms, Eq. (15-5) gives (con-
densed) results as sketched in Fig. 15-5a. The very large number of energies still lie
in the rangeα + 2β to α − 2β with the cosine wave now stretched over a much larger
range of integers. The well-separated points of Fig. 15-4b coalesce into the line of

Figure 15-5 � (a) Hückel energies and (b) density of states for a very large number of carbons in
a cycle.
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Fig. 15-5a, which now appears almost continuous. The shape of the curve in Fig. 15-5a
makes it evident that the states aroundj = 0 andj = N/2 are closer together in energy
than are those aroundj = N/4, giving the density of states curve shown in Fig. 15-5b.

There is a qualitative difference between what we found for the particle in a ring and
benzene. In the former case,k can increase without limit, and energy keeps increasing
as the square ofk. In benzene, increasingj beyond the prescribed range simply causes
the energy to cycle back and forth betweenα + 2β andα − 2β. Why do these systems
behave so differently in this regard? The energy of the free particle increases as we
fit more and more waves into a circle of fixed radius, obtaining, therefore, shorter de
Broglie wavelengths. The H¨uckel energy of a benzeneπ MO depends on the extent of
bonding and antibonding character between adjacentπ AOs. Whenj is zero, all the
interactions are bonding andε =α +2β. Asj increases, bonding interactions disappear,
ultimately to be replaced by antibonding interactions. Atj = 3, all interactions are
antibonding andε = α − 2β. It certainly makes sense that this is the highest energy
an MO can have because this is the most antibonding arrangement imaginable. But
what happensmathematicallyto make this work out? Let us examine the exponential
functions in Eq. (15-4) for two values ofj , sayj =3 andj =9, to see if we can resolve
this question. An immediate problem confronts us: The function is complex, and
sketching a complex function is not convenient. However, because the complex MOs
can always be mixed to form real MOs, we can let the mixing occur within Eq. (15-4)
itself to give sine and cosine equivalents. For example,

φj cos=
6∑

n=1

{6−1/2 cos[2πj (n − 1)/6]}2pπ (n). (15-6)

(For some values ofj , this expression will yield MOs that are not normalized.) Equa-
tion (15-6) tells us that MOφj has six terms, each term being a 2pπ AO times a
coefficient. The values of the coefficients are given by the term in curly brackets. This
term produces a discrete set of values, sincen is a discrete set of integers, but we can
sketch acontinuousfunction [by replacing(n − 1)/6 with the continuous variableφ]
and then locate the places on this “coefficient wave” that correspond to the discrete
points of interest. Sketches for this “coefficient wave” whenj =3 andj =9 are shown
in Fig. 15-6. The special points of interest, where actual coefficient values are given

Figure 15-6 � Coefficient waves forj = 3 (dashed curve) andj = 9 (dotted curve). Both curves
intercept the same coefficient values(±1/

√
6) at the positions related to carbon atoms 1–6, so the

curves produce the same MO.
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for benzene MOs, are also shown (at the positions labeled 1–6), and it is obvious that
the same set of coefficients is produced by each function. Increasingj has caused the
coefficient wave to oscillate with a shorter wavelength, but the extra oscillations do not
register because they occurbetweenthe special points of interest where we are sampling
the function (i.e., at the points where the carbon nuclei reside). In other words, the extra
oscillations in our benzene coefficient functions are just “empty wiggling” and have
no effect on the MO, so we cut off thej range where the meaningful wiggling starts
to become empty wiggling. The reason that the particle in a ring does not show this
behavior is that the exponential (or sine, cosine) functions in that system actuallyare
the wavefunctions, while in benzene these functions are sampled only at discrete points
where AOs are located, and the resulting coefficients are then used to produce MOs.

Notice that the MOs for benzene as given by Eq. (15-4) are produced from an
equation having the following form: There is an exponential term that, for each MO,
supplies the coefficients for various carbons in the molecule, and there is a basis set of
functions located on the various carbons. This basis set has the same “periodicity” as
does the molecule. (In the case of benzene, we have so far taken this to be six identical
2pπ AOs.) Wavefunctions for all periodic systems have this same form—an exponential
(or equivalent trigonometric) expression times a periodic basis. This is the content of
Bloch’s theorem, which we prove in the next section.

EXAMPLE 15-1 What coefficients are generated for a benzene MO by a coefficient
wave of the type shown in Fig. 15-6 withj = −3? j = 0?

SOLUTION � The arguments of the cosine function of Eq. (15-6) will be the negative of those
of thej = 3 case. Because the cosine is symmetric about an argument of zero, we obtain the same
curve forj = −3 as forj = +3, hence the same MO coefficients. This demonstrates that the MO
generated byj − 6 is the same as that generated byj . Forj = 0, the cosine arguments all vanish,
the cosines all equal+1, and the curve of Fig 15-6 becomes a straight line at a coefficient value of
+1/

√
6. This produces the lowest-energy MO of benzene. �

15-5 General Form of One-Electron Orbitals in Periodic
Potentials—Bloch’s Theorem

We will establish in this section the general mathematical nature of eigenfunctions for
periodic hamiltonians. This is the content ofBloch’s theorem. The actual proof will be
carried through forcyclic“periodic” systems, and those results will then be extended to
noncyclic periodic systems. The rationale for this is that a nearly infinite linear periodic
structure can be treated as cyclic without introducing error. That is, a sufficiently long
extended chain of atoms can be assumed to have the same wavefunctions and energies
as the same chain joined end to end to form a cycle. For short chains and rings, this
is not the case; the lowest-energy MO for hexatriene is not as low in energy as that
for benzene, nor is it uniform over the whole chain (as it is in benzene). But for long
enough chains, the difference becomes negligible.

Bloch’s theorem, as it applies to periodic cycles, states that eigenfunctions have the
form

�j (φ) = exp(ijφ)Uj (φ) (15-7)
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wherei = √−1, j is an integer andUj (φ) has the periodicity of the cycle. If the
cycle belongs to theCn point group, thenU(φ) = U(φ + 2π/n). Functions of the
form of Eq. (15-7) are calledBloch functions. It was stated in Section 13-8 that every
wavefunction or orbital is a member of a basis for an irreducible representation for the
point group of the system, so it follows that the wavefunctions we seek to characterize
have to be bases for irreducible representations of theCn point group. These groups
are discussed in Section 13-11, where it is shown that the functionsε = exp(iφ) and
ε∗ = exp(−iφ) are bases for irreducible representations for these groups, which is to
say that they are eigenfunctions for the rotation operator, no matter what the value of the
integern in Cn. We consider the more general functions exp(±ijφ) with j an integer
(so that the function obeys the cyclic continuity condition) and ask what happens when
such functions are subjected to a rotation. Let the rotation operator be symbolizedCq

n

for a rotation ofq times 2π/n. Then-fold cyclic system is invariant to this rotation if
q is an integer. It is not difficult to show that (see Section 13-11)

Cq
nf (φ) = f (φ − 2πq/n) (15-8)

(For example, clockwise rotation by 60◦ brings to each point in the circle the value that
used to be 60◦ in the counterclockwise direction.) Then

Cq
n exp(ijφ) = exp[ij (φ − 2πq/n)]

= exp(−2πiqj/n)exp(ijφ) (15-9)

Equation (15-9) shows that exp(ijφ) is an eigenfunction for the rotation operator, so
exp(ijφ) is a basis for an irreducible representation, withj any integer. We can build
additonal flexibility into this eigenfunction if we write an exponential function in a
more complicated way: exp[i(j + nN)φ] with N also an integer. We know that this
must still be a basis function because(j + nN) must still be an integer. If we operate
with Cq

n, we find that (Problem 15-6)

Cq
n exp[i(j + nN)φ] = exp(−2πiqj/n)exp[i(j + nN)φ] (15-10)

This shows that our newest, most general, exponential has thesame eigenvaluefor
Cq

n no matter what integer value we choose forN . [Observe that the eigenvalue in
Eq. (15-10) depends onq, j , andn, but notN .] Therefore, since we have an unlimited
number of choices for the integerN , we have an unlimited number ofdegenerate
eigenfunctions forCq

n for each choice ofj . We can mix together such degenerate
eigenfunctions in any way we please and still have an eigenfunction. Let us take the
linear combination

∞∑

N=−∞
AN exp[i(j + nN)φ] (15-11)

This can be factored into the form

exp(ijφ)

∞∑

N=−∞
AN exp(inNφ) (15-12)

The sum is a function ofφ which we can callU(φ). It has the same periodicity inφ
as the cycle becausen is equal to the number of identical cells in the cycle andN is
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an integer.It is actually the general Fourier series expansion of a periodic function.
ForN = 0, the contribution is constant(A0) at allφ. ForN =±1, the functions repeat
n times around the cycle and clearly have the periodicity of the system. ForN = ±2
the functions repeat 2n times, so they obviously still have the periodicity of the system.
Since all the individual members of the sum have the periodicity of the system, so does
the sum itself. The specific nature of the resultant functionU(φ) depends on the choice
of coefficientsAN .

We have shown that

exp(ijφ)U(φ) (15-13)

with U(φ) n-fold periodic is a general mathematical form for bases for irreducible
representations for theCn group. But wavefunctions,ψ(φ), for a periodic potential
must also be bases for such irreducible representations. Therefore, wavefunctions must
be expressible in this form:

ψj (φ) = exp(ijφ)U(φ), j = 0,±1,±2, . . . (15-14)

We arenotclaiming thatall functions of the form Eq. (15-13) are wavefunctions for the
n-fold periodic potential. Rather, we are claiming that all such wavefunctions belong
to the class of functions represented by Eq. (15-13). Only certain choices ofU(φ) will
serve to make Eq. (15-13) become a wavefunction for the system, and the choice of an
appropriate functionU(φ) is not necessarily the same at different values ofj . To make
this dependence onj explicit, we include it as a subscript onU :

ψj (φ) = exp(ijφ)Uj (φ), j = 0,±1,±2, . . . (15-15)

with Uj (φ) n-fold periodic. This completes the proof of Bloch’s theorem for periodic
cycles.

Before extending this result to noncyclic systems, a number of comments and clar-
ifications should be made. First, the functionUj (φ) may still seem to be something
of a mystery. Think of it this way. For benzeneπ MOs we know we need to create
a basis set having two properties: It should be like a 2pπ AO near any carbon atom,
and it should be the same at each carbon atom. Bloch’s theorem does not comment on
whetherU should look like a 2pπ AO at a carbon atom, but it does require that it be
thesameat each carbon atom, that it be the same at the midpoints between adjacent
carbons, that it be the same at a point one bohr above each carbon atom, etc. In short,
U must be symmetric for the six-fold rotation operation. It is up tous to figure out
what that six-fold symmetric basis set should look like in detail, and to constructU

appropriately.
Second,U depends onj . What does this mean? Suppose we compare the lowest-

and highest-energyπ MOs for benzene. The lowest is totally bonding and the highest is
totally antibonding. Ordinarily, we use the identical set of 2pπ AOs as basis functions
for both MOs, but this is not required. Perhaps thepπ AOs for the bonding MO
would be more appropriately chosen to be slightly larger, so they overlapped better, and
maybe those for the antibonding MO should be slightly smaller, to reduce antibonding
interactions. These objectives could be achieved, for example, by makingU a mixture
of 2pπ and 3pπ AOs on each center and letting the nature of the mixture depend onj .
This makes for a more involved variational calculation, so it is normally not included in
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cases like this one where such effects are expected to be small. (3pπ character should
not mix in to a significant extent because the 3pπ AO is considerably higher in energy
than the 2pπ AO.) However, there are many cases where a unit cell contains several
AOs in the same symmetry class and of similar energy (e.g., 2s,2pσ ), and it is then
quite important to allow the mix of these to vary withj . A given band, for example,
could start out being mainly 2s at low energies and end up being mainly 2pσ at the
high-energy end. This means that the appropriate description of the functionU must
be redetermined for each choice of wavenumberj .

Third, careful comparison of Eqs. (15-15) and (15-4) shows that they are not exactly
the same. Equation (15-15) instructs us to find a periodic functionUj (φ) and multiply it
by exp(ijφ) atevery point inφ. Think of the sine or cosine related to the exponential and
imagine what this means as we multiply it times a 2pπ on some carbon. Say the cosine
is increasingin value as it sweeps clockwise past the carbon nucleus at 2:00 on a clock
face. This produces a product of cosine and 2pπ that is unbalanced—smaller toward
1:00 than toward 3:00, because the cosine wave modulatesUj (φ) everywhere. But
Eq. (15-4) is different. It instructs us to take the value of the cosine at 2:00 and simply
multiply the 2pπ AO on that atom by that number. The 2pπ AO is not caused to become
unbalanced. Only itssizein the MO is determined by the cosine. Equation (15-4) is
called aBloch sum. Such sums are approximations to Bloch functions, but any errors
inherent in this form are likely to be quite small if the basis functions and unit cell are
sensibly chosen. (Using Bloch sums is similar in spirit to the familiar procedure of
approximating a molecular wavefunction as a linear combination of basis functions.)

Extending Bloch’s theorem to linear periodic structures requires identifying an
appropriate substitute for the coordinateφ and reconsidering the appropriate values for
j (which we will callk in noncyclic systems). We require that these substitutions yield
eigenfunctions and eigenvalues for the linear system that are the same as what results
when it is treated as a cycle. Let us suppose that we have some very large number,n,
of unit cells in the cycle, with a repeat distance ofa. This means that the cycle has a
Cn axis and also a circumference ofna, so the linear coordinate (call itx) ranges from
0 tona as the angular coordinateφ ranges from 0 to 2π . When we moves steps around
the cyclic polymer, the exponential’s argument changes by a factor of 2πijs/n, with j

an integer. The same number of steps should give us the same effect on the exponential
for the linear polymer. If we choose our exponential’s argument to be of the formikx,
thens steps creates the factoriksa, so we require thatiksa = 2πijs/n. This gives
k =2πj/na, with j an integer. We see that, for extremely large values ofn, k becomes
an effectively continuous variable (points separated by 2π/na). Also, we see thatk is
uniformlydistributed (j =0,±1,±2, etc.), which affects our DOS calculations, as was
mentioned in Section 15-2.

We can also ask about therangeof k, which should correspond to the 0–2π range of
φ. We expect “empty wiggling” to occur when the sin or cos equivalent of exp(ikx) has
a wavelength shorter than 2a. The largest nonredundant value ofk should come when
cos(kx) goes from cos(0) to cos(2π) asx goes from 0 to 2a. Thereforekx =k(2a)=2π ,
sok has a range of 2π/a. Since the convention is to centerk about zero,k runs from
−π/a to π/a. (Note that this range becomes infinite for the free particle in a constant
potential, for whicha is zero.) The range ofk over which all unique wavefunctions for
the periodic system are produced once and only once(−π/a < k ≤ π/a) is called the
first Brillouin zone(FBZ).



Section 15-7 An Example: Polyacetylene with Uniform Bond Lengths 537

For noncyclic, one-dimensional systems, then, eigenfunctions have the form

ψk = exp(ikx)Uk(x), −π/a < k ≤ π/a (15-16)

Just as was true for cyclic cases, we can approximate this Bloch functional form
with a Bloch sum:

ψk =
n−1∑

s=0

exp(iksa)Uk(sa), −π/a < k ≤ π/a (15-17)

In chemistry, it is Blochsumsthat are normally used.
Two- or three-dimensional periodic systems can be treated similarly, with separate

k vectors for each of the independent translational directions.

15-6 A Retrospective Pause

We have reviewed some familiar systems and presented Bloch functions and sums for
one-dimensional cyclic and linear periodic systems. The practical lesson to this point is
that one can generate useful one-electron wavefunctions for some such systems simply
by choosing a basis set of AOs that is identical from one unit cell to the next and then
modulating that set with exponential (or sine and cosine) functions. This is most easily
done by using the exponential or trigonometric functions as “coefficient waves” from
which coefficient values are plucked at points where a unit cell basis set is centered
(i.e., by taking Bloch sums). In a case like theπ electrons of benzene, each unit cell is
a carbon atom and the basis set is a 2pπ AO at each atom. The coefficients determined
by exp(ijφ) with j =0,±1,±2,3 serve to define the wavefunctions completely. Once
these are known, the energy values follow. In cases where several AOs are present in
each unit cell the situation is complicated because the mix of these AOs may change
asj (or k) changes. This added complexity is easily handled by computer programs
working within the paradigm of the variational method. What is important for us to
understand as chemists is what the computer is doing in such cases, why it is doing it,
and what it means for the chemical and physical properties of the system.

15-7 An Example: Polyacetylene with Uniform
Bond Lengths

Consider the molecule produced by addition polymerization of acetylene. The standard
chemical representation for the alltransversion of the molecule is shown in Fig. 15-7a.
The resonance diagram makes it plausible that this polymer, like benzene, will have
equal C–C bond lengths, intermediate in value between the lengths of single and double
bonds. For the moment let us assume this to be true and examine the MOs for the
π orbitals of this system. To keep matters simple, we begin by treating the system at
the simple H¨uckel level. This means that the hydrogen atoms can be ignored. Also,
since only nearest-neighborπ interactions are accounted for, we can pretend that the
carbon framework is linear (Fig. 15-7b).
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Figure 15-7 � (a) All-transpolyacetylene in its two “resonance structures.” (b) The linear model
appropriate for a nearest-neighbor,π -only calculation.

First we must choose our unit cell. The simplest choice is to make it a single carbon
atom with the characteristic translational distance being a C–C bond length, shown as
a in Fig. 15-7b.

Next we must choose the periodic basis setUk(x) for the π MOs. The normal
choice for this (and also the choice dictated by the simple H¨uckel method) is a 2pπ AO
on each carbon. Furthermore, it is normal to assume that this basis does not change
as we go from one MO to another, so we can dispense with the subscriptk on U .
(Hence, no variational calculation will be necessary in finding the wavefunctions for this
system.)

Equation (15-17) tells us how to produce wavefunctions. We simply take exp(ikx)

times our basis set, withk taking on all values between−π/a andπ/a, and pick off
values at discrete points corresponding to carbon atom positions. Since it is more
convenient to work with the real forms of solutions, we in effect choose apair of k values
(e.g.,−π/4a andπ/4a) so that we can generate a pair of trigonometric coefficient
waves[cos(πx/4a) and sin(πx/4a)]. Theπ MOs for regular polyacetylene produced
from Bloch sums are shown in Fig. 15-8 for selected values ofk. These can be used to
illustrate some important points:

1. Thek = 0 situation merely reproduces the basis set.

2. As |k| increases, the coefficient wave goes to shorter wavelength and more nodes.

3. Only one MO results from each of the±π/a extremes of thek range—these are
nondegenerate solutions.

4. The pair of MOs drawn for±π/4a are degenerate, as are those for±π/2a. There-
fore, they can be mixed, either to generate complex functions or else simply to shift
the phase. For example, the pair atk =±π/2a can be added or subtracted to produce
the equally valid alternative pair shown in Fig. 15-9. In this way a phase shift of any
degree could be created. There is no requirement that the MOs be “lined up” in a
simple way with the atoms, as we have done in Figs. 15-8 and 15-9. (It is, however,
usually more convenient.)
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Figure 15-8 � Coefficient waves times a periodic basis set of one 2pπ AO on each carbon. (a)k =0,
so the coefficient wave is a constant and the periodic basis is unmodulated. (b)–(d) Plus and minus
k-value exponentials are mixed to give trigonometric coefficient waves. In (d), one of these waves
has nodes at every carbon so no Bloch sum function exists for this case.

Once we have the MOs, also sometimes called “crystal orbitals” (COs) for infi-
nite systems, we can consider their energies. In general, these would come from
computations involving nuclear-electronic interactions, kinetic energies, etc. But the
simple Hückel method takes the much easier approach of relating energy to bond order.
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Figure 15-9 � An alternative to the Bloch sums shown in Fig. 15-8c. These have the same coeffi-
cient wavelength but the wave is displaced bya/2.

(See Section 8-9.) We can see at once that the MO atk = 0 is totally bonding. By
analogy with the totally bonding MO of benzene, its energy isα + 2β. The pair of
MOs due tok = ±π/2a are nonbonding. This is obvious from Fig. 15-8, but is also
not hard to see in Fig. 15-9, which shows the MOs as having equal numbers of bond-
ing and antibonding interactions. These MOs, then, haveE = α. Finally, the totally
antibonding MO atk = π/a has an energy ofα − 2β. (Note that the pairing theorem
holds. Compare the coefficients of this MO with those atk = 0.)

EXAMPLE 15-2 What is the energy of an MO in Fig. 15-8 havingk = ±π/4a?

SOLUTION � The figure shows that these are triads of atoms having bonding interactions within
themselves. Interactions between triads are nonbonding, since only nearest-neighbor interactions
are taken into account in the HMO method. SoE lies betweenα andα + 2β. Within a triad, the
coefficient ratios (if we choose the cosine set) go as cos(−π/4),cos(0),cos(π/4) or

√
2/2,1,

√
2/2.

Normalizing for a triad gives 1/2,1/
√

2,1/2. Eq. (8-58) givesE = α + 2β(1/2
√

2+ 1/2
√

2) =
α + 1.414β. This is the same as the result we obtained for the allyl radical in Section 8-6, which
makes sense since, because they are nonbonding to their neighbors in this CO, they behave like
isolated allyl systems. �

The Hückelπ MO energies for regular polyacetylene can be plotted versusk. The
result appears in Fig. 15-10 along with a plot of the density of states (DOS). Each carbon
atom brings oneπ electron to the polymer, and these fill the lower-energy half of the
MOs, so the highest occupied MO (HOMO) for the polymer is atE = α, |k| = π/2a.
Because the CO energies are identical for|k| and−|k|, we can observe all the unique
energiesby plotting over the range 0≤ k ≤ π/a. Thek-range that produces all unique
energies (rather than all the independent wavefunctions) is called thereduced first
Brillouin zone(RFBZ).

The termFermi energyis often used in reference to electrons having the highest
energy in the ground state of the system. Here, if we ignore the effects of thermal
energy, the Fermi energy is the HOMO energy. When there is a gap between the HOMO
and LUMO energies, there is some disagreement in use of this term. Physicists, for
good theoretical reasons, place the Fermi level midway between HOMO and LUMO
energies; chemists often continue to equate it to the HOMO energy.
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Figure 15-10 � (a) Energy versusk for a chain ofπ AOs as calculated by the simple H¨uckel
method with Bloch sums. (b) Sketch of the variation of density of states versus energy. (c) Sketch
of the crystal orbital bond order (COBO) function.Solid line is bond orders between neighbors.
Dashed lineis bond orders between second-nearest neighbors (reduced by an arbitrary factor of five
to reflect smaller extent of overlap betweenπ AOs on second-nearest-neighbor atoms). (Adapted
from Hoffmann et al. [1].)

It is apparent that the energy span of theπ band depends on the magnitude ofβ and
that this in turn should depend ona, the distance between the carbon atom unit cells.
The simple H¨uckel method in factassumesβ to be roughly proportional to AO over-
lap. (The extended H¨uckel method makes the assumption explicit.) This means that
theπ band of polyacetylene should become “wider” as the distance between carbons
decreases. Standard terminology is to refer to the span between lowest and highest
energies in a band as theband width, even though normal graphical representations
show this as a vertical distance.)

There is yet another graphical representation of the relationships within these MOs
that is useful to chemists. This is a plot of the amount of Mulliken overlap population
between AOs as a function ofE. This quantity, calledcrystal orbital overlap popula-
tion (COOP), allows one to see at a glance how the bonding interactions change in a
band. The simple H¨uckel analog of COOP is thecrystal orbital bond order(COBO).
Figure 15-10c shows the COBO for the linear polyacetyleneπ system as a function
of k. The lower-energy COs have a high degree of net bond order, but this falls off to
become zero atE = α and then negative at higher energies. This is just what we know
must be happening. The H¨uckel MO energies are, after all, directly proportional to
bond order, so low energymustgo with large positive net bond order, etc. Also, the
pairing theorem holds, so the nearest-neighbor COBO curve must behave antisymmet-
rically throughE = α. Although this particular COBO curve is not especially subtle,
it is a good first example because we understand so well what it is telling us.

A useful feature of COOP or COBO curves is that one has complete freedom as to
whichAOs (or groups of AOs) one can look at in this way. For example, the dashed
line in Fig. 15-10c shows the overlap populations betweenπ AOs onsecond-nearest
neighbors in linear polyacetylene. (Even though all overlaps are formally assumed to
be zero in the H¨uckel method, once wehavethe MOs we are at liberty to calculate
the overlaps that actually exist between the AOs in these MOs.) We see that the 1,3
interactions start out with positive overlap at lowE, decrease to a negative value at
E = α, and then rise to a positive value at high energy. This behavior is less obvious
than the 1,2 COOP curve, though examination of the MOs atk = 0,π/2a, andπ/a
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in Fig. 15-8 makes sense of it. (COOP curves are often shown without an explicit
numerical overlap scale because they are usually used for qualitative comparisons.)

EXAMPLE 15-3 Compare Fig. 15-8(c) to Fig. 15-9 with regard to second-nearest-
neighbor COBO values.

SOLUTION � The values should be equal since these are equivalent orbitals. It is easy to see that
the value should be negative in Fig. 15-8(c) because half of the next-nearest-neighbor coefficient
products are negative, and the other half are zero. In Fig. 15-9, they are all negative. Because the
normalization constant in 15-8(c) is larger by a factor of

√
2, the sum is the same in each case.

These are nonbonding orbitals, so their energies equalα. Fig. 15-8(c) shows that the corresponding
second-nearest-neighbor COBO is indeed negative. �

Theπ system of polyacetylene is a convenient first example. It provides elementary
examples of the unfamiliar (to chemists) band, DOS, and COOP plots. Also, the MOs
are trivial to generate because they areidenticalto the Bloch sums of the basis functions.
We have already seen similar behavior in the context of diatomic molecules, where the
analog to a Bloch sum is a symmetry orbital (SO). (See Chapter 7.) In the case of H2,
we saw that use of a minimal basis set ( 1sA and 1sB ) gives two symmetry orbitals
(1sA ± 1sB) and that these areidentical to the MOs for H2. However, when we go to
larger basis sets (1s,2s,2px,2py,2pz on each center) we find that symmetry orbitals
may no longer be the same as MOs—some MOs aremixturesof symmetry orbitals of
like symmetry (e.g., the 2sσg SO mixes with the 2pσg SO). We will now explore a case
where the analogous mixing of Bloch sums occurs for a polymer.

Consider what happens to our treatment of the linear chain of carbon atoms when
we use an all-valence basis set(2s,2px,y,z) on each carbon. Since our chain lies along
thex-coordinate, the symmetries of the 2s and 2px AOs isσ , while that for 2py and
2pz is π . We can use the extended H¨uckel (EH) method to deal with this basis. At very
large internuclear distances, interactions betweenAOs on different atoms vanish, so our
energy diagram becomes the simple two-level picture for isolated atoms (Fig. 15-11a).
As the atoms move closer together, bands of finite width begin to develop (Fig. 15-11b).
At first, while the bands are still fairly narrow compared to the distance between E2sand
E2p, we can describe them as almost pure s and pure p in character. That is, the MOs
are essentially identical to Bloch sums of the basis set at this point. The 2s band rises
in energy from a totally bonding set of 2s AOs to a totally antibonding set of 2s AOs.
The 2py and 2pz bands (degenerate) behave similarly. The 2px band looks peculiar in
that it dropsin energy ask increases. Sketching out the Bloch sums for 2px at k = 0
andπ/a (Fig. 15-12) shows why this happens. The 2px AOs in their original basis
set arrangement are antibonding. Thek = 0 Bloch sum keeps them that way. At the
other extreme,k =π/a and the Bloch sum reverses the sign of every second coefficient,
making all of the interactions bonding. This is just the opposite of what happens for
the other bands. We say that the 2s, 2px , and 2py bands “run up” as|k| increases and
that the 2px band “runs down.” The simple rule is that bands run up when unit cell
basis functions aresymmetricacross the unit cell (so they have phase agreement on
the two ends) and run down for antisymmetric basis functions. Note that the 2px band
is wider than the 2py,2pz band because the 2px orbitals overlap more strongly due to
their orientation. Note also how the DOS plot (Fig. 15-11c) reflects the degeneracy of
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Figure 15-11 � (a) Valence AO energies for an EHMO calculation of a linear chain of carbon
atoms. (b) EHMO band diagram calculated at an interatomic distance of 220 pm. (c) DOS diagram
and (d) COOP curve between adjacent carbons, for the same calculation. (Adapted from Hoffmann
et al. [1].)

Figure 15-12 � 2px and 2py basis sets atk = 0,π/a.

the 2py,2pz (or 2pπ ) band as a large area. Because the data leading to Fig. 15-11 are
produced by theextendedHückel (EH) method, we see the characteristic magnification
of antibonding effects (Chapter 10), leading to asymmetries in DOS and COOP curves.

The variational method underlying EH calculations on this system evaluates interac-
tions between various Bloch sums at eachk value. Because the Bloch sums (BSs) for
2s and 2px AOs have the same symmetry(σ ), a nonzero hamiltonian matrix element
may exist between them, permitting mixing. However, the higher energy of the 2px

BS compared to the 2s BS discourages much mixing as long as the overlap between
them is small. At large distances, the overlap is indeed small, so we see the relatively
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“pure” bands of Fig. 15-11. Since the 2pπ band disagrees in symmetry with theσ BSs,
it remains unmixed with them regardless of C–C distance.

EXAMPLE 15-4 How should the areas compare in the DOS of 2s and 2p regions in
Fig. 15-11?

SOLUTION � To the extent that these regions remain “pure,” we should have three times more
area in the p regions because, with three times as many basis functions, there are three times as
many states. (The integral over DOS gives the number of states.) �

Recalculating the band diagram for all-valence linear carbon at a smaller C–C dis-
tance gives the band diagram in Fig. 15-13a. Several things have happened: The lowest
band has dropped significantly in energy atk = 0 and risen slightly atk = π/a, so it is
wider. Theπ band has gotten slightly wider too. The highest band has shot up to very
high energies and has undergone a noticeable change of shape: It has a large hump at
intermediatek values that did not show at large C–C separation. What is responsible
for these changes?

Even without BS mixing we should expect band widths to increase as a result of
increased overlap between AOs on adjacent carbons. Hence, at first glance the lowest-
energy band could be simply a more spread out 2s band. This cannot be right, though,
because the EH method on a pure 2s band would give an antibonding-caused energy
rise atk = π/a that is larger than the bonding-caused energy drop atk = 0. Instead,
we are seeing asmallerrise. Something must be happening to either enhance the drop
at k = 0 or counteract some of the rise atk = π/a. The DOS plots with 2s and 2pσ

portions shaded (Fig. 15-13b, c) indicate what is happening. We see that the lowest

Figure 15-13 � (a) EHMO band diagram for a linear chain of carbon atoms separated by 140 pm.
(b) DOS plot, with 2s AO contributions shaded. (c) DOS plot with 2pσ AO contributions shaded.
(From Hoffmann et al. [1].)
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Figure 15-14 � Band diagram for a linear chain of carbon atoms showing some COs and intended
correlations. Positive and negative phases are indicated by shading or lack of shading. (From
Hoffmann et al. [1].)

band is still primarily 2s for smallk, but becomes mainly 2pσ at largerk. The highest
band shows opposite behavior. It is mostly 2pσ at smallerk and 2s at largerk. Mixing
is occurring between Bloch sums.

Another way to see these features is to sketch the MOs that the computer program
reports for variousk values. These are shown fork =0,π/a in Fig. 15-14. It is obvious
that the lowest band is all 2s atk = 0 and all 2pσ atk = π/a, whereas the highest band
is exactly the reverse. The bands have switched character. The pure 2s band we were
discussing, that should have gone to very high energy, is represented by a dashed line
in Fig. 15-14, and the pure 2pσ band by another, and these dashed lines do just what
we argued they should.

The variational program is figuring out, at each value ofk, how to get the minimum-
energyσ band, minimum-energyπ band, etc. and is not seeking to maintain 2s or
2pσ purity in the bands. Evidently, for the lowest band, it finds pure 2s to be lowest in
energy atk = 0 and pure 2pσ to be lowest atk = π/a. At intermediatek values it finds
a mixture to be best.

The dashed lines in Fig. 15-14 are the bands for Bloch sums ofpure2s and 2pσ AOs.
They differ from the bands for variational COs, where the Bloch sums are mixed. Even
though they are not real bands, these dashed lines are nevertheless useful for guessing
in advance of calculation what a band diagram will look like. The dashed lines are
sometimes referred to asintended correlationsbecause they show where the band that
starts out as 2s, for instance, “intends” to be atk = π/a. These two dashed lines are
forced to cross at some value ofk, but we have seen (Section 7-6) that such crossings
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are not allowed for wavefunctions of like symmetry (i.e., Bloch sums that have nonzero
overlap). Because the two dashed lines belong to Bloch sums of the same symmetry,
the noncrossing rule prevents their crossing, forcing the alternative correlation scheme
shown by the solid lines. We will see later that an easy way to construct some qualitative
band diagrams is to draw them first for simple Bloch sums and then to reroute some of
the lines to remove forbidden crossings.1

15-8 Electrical Conductivity

The all-valence band diagram of Fig. 15-14 still leads to the prediction that theπ band
is half filled. Many texts make the point that metallic conductivity results when there
are empty MOs immediately above the Fermi energy in a bulk solid, so we should
consider whether or not polyacetylene is a metallic conductor. This leads us into the
topic of electrical conductivity in one-dimensional periodic systems.

The essence of electrical conductivity is electron flux, and this requires net elec-
tron momentum. Consider the “band” for the one-dimensional free particle, shown in
Fig. 15-1. If we had a band of this kind partially filled with electrons, the levels would
be occupied from the lowest up to the Fermi level. For each occupied state exp(ikx)

there would be an occupied mate exp(−ikx). In short, each electron having momentum
kh̄ would be balanced by one having momentum−kh̄. Net momentum and electrical
current would be zero. But if we apply a voltage, states exp(ikx) and exp(−ikx) lose
their degeneracy. The state corresponding to motion in the direction of lower potential
energy for the electron will now have lower energy than that for equal momentum in the
opposite direction. As a result, some states that were originally above the Fermi level
will move below it because they correspond to motion in the “right” direction, while
others that were originally below the Fermi level will move above it. The electrons
readjust their occupancies to fit the new scheme, and we now have more states occupied
that correspond to momentum in the right direction and fewer corresponding to motion
in the wrong direction. Electric current flows. Notice that this mechanism will work
for very small applied voltages (metallic conductivity) only if there are empty MOs
justabove the Fermi energy.

If the first empty levels are separated from the Fermi level by a modest energy gap
(on the order ofkBT , wherekB is Boltzmann’s constant, 1.38× 10−23J K−1), then a
small population of electrons will exist in the “empty” orbitals at thermal equilibrium.
This allows electrical conductivity (though typically much lower than that normal for
metals) which increases with temperature—the situation inintrinsic semiconductors.
If the gap is large, no conductivity occurs except at extreme voltages and the material
is aninsulator.

The above discussion is based on a free-particle wavefunction. In real materials
the potential along a coordinate is not constant, so the band structure becomes more
complicated than the parabola of Fig. 15-1. Also, charge-density adjustments occur
that tend to screen out the applied field. However the basic requirement for metallic
conductivity continues to be the absence of a gap between the highest filled and lowest
empty MOs. Therefore, if theπ band of polyacetylene really is partly filled, pure

1Apparent symmetry disagreement of bands for reflection through a plane perpendicular to the polymer axis
and bisecting an atom or a bond does not lead to allowed crossing. This is explained in Section 15-13.
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polyacetylene should be a good (metallic) conductor. However, we will show next that
there are other factors operating that always open up a band gap just above the Fermi
level in one-dimensional systems, thereby preventing metallic conductivity.

15-9 Polyacetylene with Alternating Bond
Lengths—Peierls’ Distortion

We now reconsider our assumption of uniform C–C bond lengths. Since the molecules
leading up to polyacetylene (butadiene, hexatriene, etc.) have alternating long and
short C–C bonds, it is reasonable to ask whether this variation disappears completely
in the limit of the infinite polymer.

We return to theπ -only system at the simple H¨uckel level. This allows us to continue
treating the polymer as though it were a straight chain of carbon atoms (Fig. 15-15a).
Since we are considering the possibility that the bond lengths alternate, we can no
longer take a single carbon as our unit cell. (That would require two different translation
distances.) Instead we take two atoms, say bonded through the shorter distance, and
let the translation distance,a, equal the sum of the two bond lengths (Fig. 15-15b).

The band diagram undergoes a marked change in appearance when we change from
a one-atom to a two-atom unit cell, quite aside from the fact that we have two bond
distances. To show this, we will first work out the two-atom unit cell band diagram for
equal bond lengths.

The most obvious change comes in the range ofk. Recall that−π/a < k ≤ π/a.
But our new choice of unit cell gives a new translation distance,a, equal to twice its
previous value, so the numerical range ofk is cut in half.

Figure 15-15 � (a) A section of a linear carbon polymer with alternating bond lengths. (b) Unit
cell and translation distance. (c)Ungerade(u) andgerade(g) basis sets for a unit cell.
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The other big change is in the basis setU . Before it was one 2pπ AO on each carbon.
Now, however, we must have two AOs for each unit cell, and so we need to consider
the most useful combinations to choose as basis. Generally we seek choices that will
minimize subsequent mixing of Bloch sums, because evaluation of such mixing requires
variation calculations and a computer. Bloch sums will not mix if they disagree in
symmetry (for operations for which the polymer hamiltonian is invariant). Clearly,
inversion through the center of a C–C unit cell is a symmetry operation for the whole
polymer, so let us choose theg andu combinations of 2pπ AOs shown in Fig. 15-15c.
Since these basis functions cannot mix without producing a polymer MO of mixed
symmetry (which is not allowed unless the MOs are degenerate), we can take the Bloch
sums of these bases as identical to thenondegenerateCOs at least.

We can now construct the band diagram. Atk = 0, our two basis functions give two
Bloch sums, shown in Fig. 15-16a. Theungeradecombination atk = 0 is obviously
totally bonding over the whole molecule, has energyα + 2β, and is identical to the
MO we obtained atk = 0 when we chose one carbon atom per unit cell. (Compare
with Fig. 15-8.) Thegeradebasis function atk = 0 is totally antibonding, has energy
α −2β, and is the same as what we previously had atk =π/a (with a equal tooneC–C
bond length). These, then, are the COs we previously indicated to be nondegenerate.
When we shift toa equal to two C–C bond lengths, we find atk = π/a that the g and
u bases produce the polymer MOs shown in Fig. 15-16b. These are easily seen to be
nonbonding MOs(E = α) exactly like those in Fig. 15-9. When we start the band
diagram atk = 0, we find two energies(E = α ± 2β). The u basis has the same phase
on the ends of the unit cell, so it runs up (fromα + 2β) ask increases, ending up at
E =α whenk =π/a. The g basis has opposite phases on the ends of the unit cell, runs
down fromα − 2β ask increases, and finishes atE = α too, as shown in Fig. 15-17.
The Fermi level is still atE =α, but this point now occurs on the right edge of the band
diagram instead of at the midpoint.

In going from a uniform chain ofπ AOs with one carbon per unit cell to an identical
chain with two carbons per unit cell, we have not changed anything physically. We have
merely changed our choice of representation. Therefore we must obtain the same MOs
and energies either way, and it appears that we do, at least at the edges of the diagram.
However, the appearance of the band diagram is affected strongly. The relation between

Figure 15-16 � Results of translating u and g basis functions through unit cell translation distances
a, modulated by cos(kx) with k = 0 andπ/a.
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Figure 15-17 � π -band diagram from using two-atom unit cell of Fig. 15-15 with (a)s = l, (b)s �= l.

the two band diagrams turns out to be very simple, though. Comparison of Figs. 15-17a
and 15-10a shows that the band diagram for the two-atom unit cell is generated from
that for the one-atom unit cell by simply folding the latter through a vertical line halfway
across the diagram. There is always a smallest possible entity that can be chosen as
the unit cell, and it is always possible to select any multiple of this for the unit cell and
still generate the periodic structure. The band diagrams based on smaller unit cells can
always be converted to those based on larger cells by the process of folding.

Note that what wasoneπ band in the earlier band diagram becomestwo π bands
when we double the unit cell size. We shall refer to the lower of these two as theπ band
and the other as theπ∗ band, the asterisk indicating net antibonding character. What was
previously a degenerate level in the middle of the|k| range is now at the right edge of the
diagram, with each member belonging to a different band (though still degenerate).

There is a subtlety that needs to be addressed at this point. All that has been said up
to now suggests that no energy changes occur as a result of our doubling the size of the
unit cell. This is misleading. The Bloch sums resulting at intermediatek values arenot
identical for corresponding states in these two representations. This reflects the fact that,
ask varies for a single-carbon unit cell, the coefficient of the pπ AO can change from one
carbon to the next. For the two-carbon unit cell, the AO coefficients are locked together
in pairs. We cannot get a CO that looks like the one in Fig. 15-8b, for instance, using
a Bloch sum based on theπu basis set in a two-carbon unit cell. Doubling the unit cell
forces the Bloch sums to be a more “coarse-grained” approximation. What saves the day
is that thevariationalprocedure mixes together theπ andπ∗ Bloch sums at intermediate
k values in precisely the manner needed to undo the result of this limitation. The lesson
we take from this is that, if we seek to estimate band wavefunctions and energies from
Bloch sumswithout variational modification, we make the smallest error if we use the
smallest possible unit cell, since this gives the finest-grained first approximation.

Now that we understand the band diagram for a two-atom unit cell, we can consider
the effects of bond-length alternation. This is most easily treated as a perturbation on the
uniform bond-length system, with half of the bonds getting longer and the intervening
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half getting shorter. It will suffice to consider the effects of this perturbation to first
order and to consider only the four MOs shown in Fig. 15-16. Looking first at thek =0
MOs, we see that making half of the bonds longer will raise the energy of the bonding
MO, but making the other half of the bonds shorter will lower the energy. Hence we
expect little net energy change. The totally antibonding MO will likewise respond
oppositely to each type of change, so the effects will again cancel. To first order, then,
we expect the perturbation to have little effect on the left side of theπ band diagram.

On the right side, the situation is much more interesting. The MOs here (Fig. 15-16b)
are degenerate (both nonbonding,E = α), so we must be wary. There is only one
pair (among the infinite number of possible mixtures) that is “proper” for evaluating
this particular perturbation. From Chapter 12 we know that the proper pair is that
which responds most differentlyto the perturbation. Consider first the MOs shown in
Fig. 15-8c. It is easy to see that neither of these would undergo any energy change as
bond lengths change because there is noπ AO overlap at all between nearest neighbors.
On the other hand, the versions of these MOs shown in Fig. 15-9 or 15-16b respond
strongly to the perturbation. One of them is bonding across the bonds being shortened
and antibonding across the bonds being lengthened, and its energy will be lowered
by both factors. The other is antibonding across the shortening bond, bonding across
the lengthening bond, so its energy will rise. Clearly, this choice of MOs leads to the
most different responses to this perturbation, so this is the prediction we use—that the
endpoints of the curves at the right side of the band diagram will split apart, one going
up and one going down (Fig. 15-17b). States at slightly smaller|k| are slightly less
affected, etc., so the curves split apart over a range, not just at their termini.

Will the polymer elect to make this bond-length distortion? Yes, because theoccupied
MOs are affected only by energy lowering. All of the MOs of increasing energy are
empty. This situation is analogous to what we saw in Chapter 8 for molecules having
partly occupied degenerate MOs. In that context, the molecule undergoes what is
called Jahn–Teller distortion. For infinite periodic materials, the phenomenon is called
aPeierls distortion.

We should consider whether the perturbation affects the other bands (σ bands) in a
manner to counteract the effect on theπ bands. Although some splitting does occur
for those bands too, the effect on overall energy is much smaller because these bands
are either completely occupied, so that the effects of energy rise and lowering are both
registered, or else are empty, so that neither effect registers. Thus, it is the partly filled
band that determines the overall energy change due to the perturbation.

We have been dealing with a half-filled band, but it is not difficult to show that a
suitable distortion can be found to produce a gap at the Fermi energy for any fractional
degree of filling.

We arrive, then, at the conclusion that a one-dimensional periodic structure having
a partly filled band is unstable with respect to a distortion in bond lengths that will
produce a gap at the Fermi level. This means that polyacetylene cannot be a metallic
conductor, though it might be a semiconductor if the gap is not too large.

Finally, we must address the question of howanymetal can be a conductor. How can
sodium, say, have a partly filled band without a band gap? Why doesn’t the metal relax
into a lower-energy structure having a gap at the Fermi energy? The answer is that,
while one-dimensional systems can always find a distortion that has opposite effects on
the energies of the MOs above and below the Fermi level, multidimensional systems
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cannot. A distortion that would work to split the MOs around the Fermi level according
to their behavior in one coordinate does not necessarily work when we examine what is
happening in the other coordinates. A kind of coincidence is needed that is not usually
found except in crystals called quasi–one-dimensional. As a result, two- and three-
dimensional crystals with partly filled bands can exist without undergoing spontaneous
structural reorganization and losing metallic conductivity.

15-10 Electronic Structure of All- Trans Polyacetylene

We finish our discussion of this polymer by examining the band structure for the
nonlinear, alltransstructure with alternating bond lengths (Fig. 15-18a) as calculated
by the extended H¨uckel method.

The EHMO band structure appears in Fig. 15-18b. There are 10 valence AO basis
functions per unit cell (two carbons and two hydrogens) so we get 10 lines in the band
diagram. Note that, since the chain is no longer linear, the 2py and 2pz bands are no
longer degenerate. One of these is still perpendicular to the molecular plane, hence is
still of π symmetry, but the other now lies in the plane and hasσ symmetry.
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A gap resulting from bond-length alternation occurs at the right edge for each of
the bands, though it is quite small in bands associated with MOs that have small C–C
overlap. A density-of-states plot for the occupied valenceσ bands and theπ bands
shows the gap to be just above the highest-energyπ -band level.

With two exceptions, the EHMO band structure shown in Fig. 15-18a, b foralter-
nating bond lengths is almost indistinguishable from that for uniform bond lengths
(not shown). The only significant differences are that (1) the avoided crossing between
σ levels shown in 15-18b becomes a true crossing in the more symmetric, uniform bond-
length case, and (2) all the gaps atk = π/a disappear for uniform C–C bond lengths.

15-11 Comparison of EHMO and SCF Results
on Polyacetylene

So far our entire discussion of band theory has been in the context of H¨uckel-type mod-
els. It is possible to do band calculations using a self-consistent-field (SCF) approach
wherein the contributions to one-electron energies resulting from kinetic energy,
nuclear-electron attraction energy, and electron–electron repulsion and exchange
energies are each explicitly calculated as described in Chapter 11. As pointed out
there, the total energy is not the same as the sum of one-electron energies in such
calculations, since this would double-count the interelectronic interactions. Also,
the energies for virtual orbitals are not given the same physical interpretation as for
occupied orbitals. For a calculation on a neutraln-electron system, the occupied MO
energies are appropriate for an electron in the neutral system interacting with then − 1
other electrons. The virtual MO energies are appropriate for anadditional electron
(electronn+1) interacting with then other electrons (with the proviso that the original
n electrons have not reacted to the presence of electronn + 1). Thus, the virtual MOs
refer to a different system (the unrelaxed negative ion) than the occupied MOs. We
will see that this affects the nature of band diagrams.

In contrast to SCF calculations, H¨uckel methods evaluate orbital energies entirely
in terms of nodal behavior. Simple H¨uckel theory calculates bond orders and converts
these to energies. As more and more nodes go into the MO, the bond orders drop
from net positive through zero (nonbonding) to net negative, and the MO energies rise
accordingly. Since overlap is neglected, the MO coefficients remain similar in absolute
value over this range, so the high-energy antibonding MOs are elevated above zero
energy as much as the bonding MOs are depressed below it, as the pairing theorem
requires. The extended H¨uckel method is similar in spirit but evaluates the overlaps
between AOs explicitly in order to arrive at interaction elements that are tailored to
explicit AO types, the particular kinds of atoms involved, and the explicit distance
between them. Importantly, this methoddoesincludeAO overlap in MO normalization,
which leads to very much larger coefficients in the highly noded MOs and a resulting
“inflation” on the high-energy end of the energy spectrum. However, because these
high-energy MOs are usually not occupied with electrons, they do not affect predictions
and can generally be ignored. In contrast to the SCF situation, there is no qualitative
difference between the interpretation appropriate for an empty and a filled simple or
extended H¨uckel MO. The lowest empty MO is simply an MO that is a little more
antibonding than the highest occupied MO. If two H¨uckel MOs are equally antibonding,
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Figure 15-19 � SCF band diagrams computed for all-trans-polyacetylene. (a) All C–C bonds
1.39 Å. (b) Alternating bond lengths of 1.3636 Å and 1.4292 Å. (From Andr´e and Leroy [2].)

they have equal energy, even if one is occupied and the other is not, whereas this is not
the case for twoab initio SCF MOs.

We can see the results of these factors when we compare the band diagram for
polyacetylene calculated by an SCF procedure with that from an EHMO program.
Figure 15-19 shows the SCF bands resulting fromall-transpolyacetylene with uniform
and with alternating C–C bond lengths. Comparing these with the EHMO results
(Fig. 15-18a and discussion in previous section), we see that the occupied valence
bands agree quite well in the two approaches (the five lowest curves in Fig. 15-18a
and the third through seventh lowest curves in Fig. 15-19b). This is important if these
methods are to agree in predictions of relative energies of various polymer structures.
The highest-energy band in the EHMO diagram is much higher than in the SCF diagram
as a result of the inflationary factor described above. This is not a problem as long as we
do not try to use this band for predictions. The most important difference is that the SCF
band diagram foruniform C–C distances shows a sizableπ–π∗ band gap, while the
EHMO method would show no gap there. The SCF gap gets larger when bond-length
alternation is introduced, while the EHMO gap becomes finite, so the methods agree
that bond-length alternation increases gap size.

The apparent disagreement about the existence of a gap in the uniform polymer is
really not a disagreement in light of what we have seen about the different ways these
methods define orbital energies. The EHMO method indicates that the highestπ and
lowestπ∗ COs have the same amount of overlap-induced bonding energy (the MOs are
the same, merely differing in phase). The SCF method indicates that theleaststable
electron in the neutral polymer (at the top of theπ band) is at lower energy than an
electron can achieve in the best CO it can find in the (unrelaxed) negative ion (at the
bottom of theπ∗ band). The EHMO method is suggesting that the uniform polymer
should be a conductor (if we could make it stay uniform). The SCF method is telling
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us (via Koopmans’ theorem) that the energy needed to remove an electron from neutral
polyacetylene is larger than the energy released when neutral polyacetylene gains an
electron (without relaxing). It would be incorrect to use the EHMO band diagram for
a Koopmans’ theorem analysis and say that the ionization energy and electron affinity
of polyacetylene have the same absolute value. It would also be improper to argue
that the large gap seen in this SCF calculation on uniform polyacetylene means such
a system would not be a conductor. Both types of calculation have advantages and
disadvantages, and these include their appropriateness for revealing various properties.
We will continue to use H¨uckel methods in this chapter.

15-12 Effects of Chemical Substitution on the π Bands 2

We have seen that Peierls’ distortion produces a band gap at the Fermi level in poly-
acetylene. Another type of change we can consider is replacement of one kind of atom
in the unit cell with another. While this is not a modification that the polymer can make
spontaneously, it is a way for us to predict what sort of changes in band structure would
result if substitutional relatives of polyacetylene were synthesized.

Consider what would happen if one C–H group in the two-carbon unit cell were
replaced by N. In making this substitution, we lose a hydrogen atom and its 1s AO,
so the all-valence band diagram would have 9 lines rather than 10. Also, we replace
one carbon with a more electronegative atom having greater attraction for its electrons.
At the simple Hückel level, this would lead to use of a coulomb integral for nitrogen
that is lower in energy than that for carbon:αN· = αC + hN·β. According to Table 8-3,
hN· is 0.5. At the extended H¨uckel level, valence state ionization energies for nitrogen
would replace those for carbon.Ab initio methods would account for the change by
increasing the nuclear charge from 6 a.u. to 7. Because the results of all these methods
agree qualitatively, we continue the discussion in terms of the simple H¨uckel method
since all relevant calculations can be done mentally.

We again start with uniform bond lengths and consider only theπ electrons. It is not
difficult to predict the changes, to first order, that will occur atk = 0 when N replaces
C–H. Referring once more to Fig. 15-16, we note that both theπ andπ∗ bands place
equal amounts ofπ -electron density on every atom. Therefore, each energy should
drop atk = 0 by an amount reflecting the fact that each electron now spends half of its
time in a nitrogen 2p AO. At the simple H¨uckel level this is easily seen to be an energy
drop of 0.25β. At k = π/a, we once again confront the question as to which of the
infinite number of linear combinations of degenerate COs is the correct set to use in
evaluating the substitutional perturbation. Both members of the pair we used to evaluate
bond-length alternation (shown in Fig. 15-16b) place equal density on every carbon, so
both COs would drop fromα toα +hβ/2 and remain degenerate. Maximum difference
in response comes from using the pair shown in Fig. 15-8c because one of these COs
places all of its density on the set of atoms that become nitrogen while the other places
all of its density on the atoms that remain carbon. The first-order change predicted by
the Hückel method, based on the principle of “maximum difference in response” from
degenerate-level perturbation theory, is that one level drops toα + hβ while the other
remains atα. The results of these considerations are sketched in Fig. 15-20a.

2This section follows closely the discussion of Lowe and Kafafi [3].
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Figure 15-20 � (a)π band of polyacetylene (simple H¨uckel method) with alternating C–H groups
replaced by nitrogen. (b) Same as (a) except that the remaining C–H groups have been replaced by
an atom for which the correction factorh is half as large as that for nitrogen.

We can go further and consider the effects of replacing the other C–H groups with
something else. If we continue the perturbational treatment using the original poly-
acetylene functions, it is easy to see that now it will be theother band that will be
affected atk = π/a (Fig. 15-20b).

Since substitution removes the degeneracy atk = π/a, we now find the situation
changed if we go on to consider alternating bond lengths. Whereas before we found
that the uniform structure would distort to open a gap, we now find a gap already present
due to substitution. Furthermore, the COs now describing the nondegenerate states at
the upper and lower edges of the gap are the ones that we saw earlier arenotaffected by
bond-length changes. This means that the substitutional change strongly suppresses the
tendency of the polymer to have alternating bond lengths. (To first order for degenerate
states, perturbations will counteract each other unless they share the same set of proper
zeroth-order wavefunctions. See Section 12-8.)

There is a lot going on that we are ignoring. The C–N length is different from the
C–C length, the COs change when we go to higher levels of perturbation theory, and
Hückel methods are very approximate and become less reliable in systems with polar
bonds. It should nevertheless be clear that, if one were looking for ways to predict the
effects of chemical substitution on band gap, this sort of approach would provide the
conceptual framework.

15-13 Poly-Paraphenylene—A Ring Polymer

We turn now to theπ COs of poly-paraphenylene (PPP). This system serves as an
excellent illustrator of principles introduced in earlier sections.3

3This section follows closely the discussion of Lowe et al. [4].
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Figure 15-21 � (a) Two of the choices for the unit cell of PPP. (b) Theπ MOs of benzene. Shading
indicates negative phase. (From Lowe et al. [4].)

As its name indicates, PPP results when benzene molecules are attached in a planar
chain, with each benzene being linked to two neighbors atpara (opposite) positions
(Fig. 15-21a). There is an infinity of ways we could select the repeating segment, or
unit cell, for this polymer. Two of the most obvious are indicated in Fig. 15-21a, but
any portion of lengtha (or na) would serve. Since selection of the unit cell determines
the basis set of MOs we will use to construct the COs, we choose the unit cell on the
left and start with the familiarπ MOs of benzene, sketched in Fig. 15-21b.

Two of the benzene MOs,φ1 andφ6, are nondegenerate. There are two degenerate
pairs:φ2, φ3 andφ4, φ5. Our first task is to decide how these MOs will respond to the
perturbation resulting from linking them to a pair of neighbors in an infinite chain. We
will assess the interaction energies at the simple H¨uckel level, since the computations
are so trivial that the reasoning is less obscured. Before the perturbation, then, these
MOs are at energiesEφ1 = α + 2β;Eφ2,φ3 = α + β;Eφ4,Eφ5 = α − β;Eφ6 = α − 2β,
whereβ is a negative quantity.
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Figure 15-22 � Crystal orbitals for PPP constructed as Bloch sums fromφ1 at |k|=0,π/2a,π/a.
(From Lowe et al. [4].)

We first consider the lowest-energy MO,φ1. We want to know the energy that
results whenφ1 is a component of COs in which|k| ranges from 0 toπ/a. We can
estimate this to first order by imagining that the MO does not undergo any change
when it is incorporated into the CO. That is, it remains six 2pπ AOs, all with the same
coefficient(1/

√
6), just as in the molecule. Whenk = 0, the MO repeats itself [times

exp(ika) = exp(0) = 1] for each translation through the distancea, giving the pattern
shown at left in Fig. 15-22. An energy ofα +2β results from the unchanged bond order
within each benzene, but there is now some additional bond orderbetweenmolecules.
Recalling that the bond order between AOsj and k in MO i equalscj,ick,i this is
(1/

√
6)(1/

√
6)=1/6. Since MO energy involves 2β times bond order, such new bonds

are worth|β|/3. Since there is one such new bonding interaction per ring, the energy
of the CO atk = 0 is lowered by|β|/3 toα + 2.33β. Qualitatively, the MOs have been
linked in a bonding manner so the first-order energy is lower than that for an isolated MO.
At k =π/a, the MOφ1 is multiplied by exp(ika)=exp(iπ)=cos(π)+ i sin(π)=−1,
for each translation through the distancea, resulting in the situation sketched at the
right of Fig. 15-22. When we analyze this to first order, all is as before except that the
additional interaction is antibonding, so the energyrisesby |β|/3 toα + 1.67β. At the
halfway point, whenk = π/2a,φ1 oscillates half as fast, going through zero on every
second unit cell, giving the middle sketch of Fig. 15-22. Obviously,φ1 is not interacting
at all with a companion on either side, so its energy remains unperturbed atα + 2β.
The resulting CO energy curve, labeledπ1, runs up (by 2β/3 to first order) because the
unit cell MO has phase agreement at the two points of attachment to the polymer chain.

The analysis forφ6 is identical except that there is phasedisagreementat the points
of attachment, no matter which opposite set of carbons we choose. This means that the
bandπ6 runs down. Since the coefficients all have the same absolute value as inφ1,
the first-order interaction magnitudes are the same, soπ6 runs fromα − 2.33β atk = 0
throughα − 2β atk = π/2a to α − 1.67β atk = π/a.

Analysis of the degenerate MOs requires that we work with the proper zeroth-order
versions. We need to ask, for each level, which orthogonal pair responds most differ-
ently to the perturbation resulting from linking onto para carbons. Alternatively, we
can select a reflection plane that does not move the linkage sites and then seek the
orthogonal pair having opposite symmetries for reflection through that plane. Such a
plane is the one perpendicular to the benzene plane and intersecting both of the linking
sites. Either of these approaches leads to the conclusion that the proper zeroth-order
MOs are pairs such that one MO places a node at the linking carbons and the other
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places an antinode there. Looking at Fig. 15-21b, we see that we can use these MOs
as they are sketched provided we assume that the linking occurs at the carbons located
at the 3 o’clock and 9 o’clock positions (i.e., atoms 1 and 4 in Fig. 15-21a). Once we
ascertain this starting point for analysis, the rest is easy. COsπ2 andπ5, resulting from
φ2 andφ5, are unaffected by the polymerization perturbation because they are zero at
the linking sites.π3 runs down because the AO phases disagree at the linking sites, but
π4 runs up by an equal amount because phases agree.π3 andπ4 are wider bands than
π1 andπ6 because the coefficients at the linking sites are larger. In fact, they are

√
2

times larger (see Appendix 6 for coefficients), so the bands are twice as wide. All of
these considerations are brought together in Fig. 15-23.

The first-order simple HMO band diagram of Fig. 15-23 must be considered tentative
because it shows two curve crossings and we have not yet considered whether these are
allowed by symmetry. The noncrossing rule tells us that such crossings are forbidden
if the COs agree in symmetry for all operations, so it is necessary to compare the
symmetries ofπ2 andπ3 and also ofπ4 andπ5. Examination of the COs sketched in
Fig. 15-23 makes it clear that, in each pair, there is symmetry disagreement for reflection
through a plane perpendicular to the polymer plane and containing the polymer axis.
(Call thisσ1.) Therefore, the crossings are allowed.

Figure 15-23 � First-order simple H¨uckel band diagram for PPP showing fragments of COs at
|k| = 0,π/a. The curves are sketched between points computed only at|k| = 0,π/2a, andπ/a.
(From Lowe et al. [4].)
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One might select a different plane, say the one that is perpendicular to the polymer
axis and bisects a benzene ring. (Call itσ2.) This also appears to be a plane of symmetry
disagreement betweenπ4 andπ5, but, surprisingly, this disagreement alone wouldnot
allow crossing. This subtlety arises from the existence of two degenerate COs for
each value of|k| (except at 0 andπ/a). For example,π4 at |k| = π/2a is multiplied
by either+i or −i for each translation bya. For convenience in picturing COs, we
take appropriate linear combinations to achieve the real forms that correspond to the
+,0,−,0,+,0,− pattern of a cosine wave and the corresponding 0,+,0,−,0,+,0
sine wave pattern, just as we did for Figs. 15-8b and c. These real pairs forπ4 andπ5 are
shown in Fig. 15-24. Evidently, if one member of a pair is symmetric for the reflection
σ2, the other is antisymmetric. This is simply a manifestation of a general property
of sine and cosine functions and obviously holds for all the bands at intermediate|k|
values. Now we can see that the apparent symmetry disagreement we found between
π4 andπ5 for σ2 reflection is only part of the story and that, if one of thereal π4 COs
disagrees with a realπ5 CO in symmetry, theotherrealπ4 must agree with it. This in
turn means that, when we convert back to exponential versions, which are sine-cosine
mixtures, there will always be some symmetry agreement betweenπ4 andπ5, so the
bands still cannot cross (unless there is some other symmetry disagreement).Therefore,
symmetry with respect to a reflection perpendicular to thek axis is not useful in band-
crossing analyses. (A more general approach to such analyses is to assign symmetry
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Figure 15-25 � EHMO π -energy bands in eV for (a) PPP, (b) PPP-N2. (c) PPP-N2N6. All C–C
and C–N bond lengths are set at 1.40 Å, all angles at 120◦. (From Lowe et al. [4].)

labels to the COs, which effectively reveals symmetry agreement or disagreement for
all symmetry operations of the polymer.)

A variational EHMO band calculation results in the diagram of Fig. 15-25a. There
is much similarity with the simple H¨uckel first-order band diagram of Fig. 15-23, but
there are also some differences. Theπ2 andπ5 lines are not exactly horizontal, so
these bands now have finite width. This results from the ability of AOs separated by
two or more bonds to interact weakly in EHMO calculations. Theπ4 andπ6 bands are
much wider thanπ1 andπ3, a result of the inflation at high energies characteristic of
EHMO calculations. The CO coefficients indicate that some mixing of Bloch sums has
occurred. For instance, inπ1 at k = 0 not all carbon coefficients are equal: The ones
on the linkingparacarbons are larger. Variational mixing has managed this because it
produces more overlap population and therefore a lower minimum energy root. Finally,
the degeneracies atk = π/a of π1 andπ3 and also ofπ4 with π6 are lost. The gap
betweenπ4 andπ6 results from an avoided crossing. We can tell that this is the case
because the EHMO-computed wavefunction forπ6 at k = π/a, when sketched (not
shown), looks like the second-highest CO sketched at the right of Fig. 15-23. That is,
it is made up ofφ4-type monomer MOs, so it is the “intended correlation” point for
π4. But π4 andπ6 are both symmetric forσ1, hence cannot cross. On the other hand,
examination of the CO coefficients atk = π/a for π1 andπ3, shows that this gap does
not result from an avoided crossing. These bands merely fail to meet as they run up or
down to their intended correlation points.

The effects of chemical substitution on the band structure of this system can be ana-
lyzed using perturbation arguments, just as was done earlier. Consider the effect, to first
order, of replacing the C–H group at position 2 (see Fig. 15-21a) with a nitrogen atom
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Figure 15-26 � π1 andπ3 at |k| = π/a, shown at left as Bloch sums from the benzene basis, are
degenerate and mix under the influence of a perturbation at position 2 to produce proper zeroth-order

functionsπ
(0)
a andπ

(0)
b

. (From Lowe et al. [4].)

to form what we will code as PPP-N2. Because of nitrogen’s greater electronegativ-
ity (more negative valence-state ionization energy) we expect any band’s energy to be
lowered at eachk value by an amount proportional to the amount of electronic charge
the band places at position 2. All of the COs place some charge at position 2 when
k = 0 (see Fig. 15-23), so all of these band energies should drop on the left side of the
band diagram. It appears that all the COs place charge at position 2 fork = π/a also,
but now we have degeneracies (or near-degeneracies) to consider. We need to discover
the linear combinations of degenerate COs that lead to zeroth-order COs having the
greatestdifferencein their responses to the perturbation. Clearly it should be possible
to mix π3 andπ4 to achieve cancellation at position 2. The orthogonal mate for this
new CO is correspondinglylarger at position 2 because the charge placed at any site
by thispair of COs must not vary with CO mixing. Figure 15-26 shows the results of
mixing π1 andπ3 to produceπ(0)

a andπ
(0)
b . Note thatπ(0)

a is zero not only at position 2
but also at position 6, due to the symmetries ofπ1 andπ3 with respect to aσ1 reflection.
We expect, then, thatπ(0)

a will be unaffected by substitution at position 2, whereas
π

(0)
b will be strongly lowered in energy. A similar analysis results for COsπ4 andπ6.

Looking at the results of an EHMOvariational calculation on PPP-N2 (Fig. 15-25b),
we find that these expectations are borne out: All band energies atk =0 are lowered, as
are all but two atk =π/a. These two exceptions (π2 andπ6) are essentially unaffected
by nitrogen substitution at position 2.

Notice that theπ2–π3 andπ4–π5 crossings in PPP become avoided crossings in
PPP-N2. This results from the loss ofσ1 reflection as a symmetry operation for the
system when nitrogen is substituted at position 2. Whereas these COs can have different
symmetries forσ1 reflection in PPP, this is not possible for PPP-N2. (There is only
one point-symmetry operation for PPP-N2, namely a reflection through the molecular
plane. Allπ COs are antisymmetric for this. Hence no crossings are possible among
π bands.)

When we replace yet another C–H (at position 6) with nitrogen, giving PPP-N2N6,
we find (Fig. 15-25c) that the band energies all move down some more in energy except
for the two that did not move before, because, as we saw, the corresponding COs
for these two are also zero at position 6. This substitution restoresσ1 reflection as a
symmetry operation, so theπ4–π5 crossing recurs. Accidental degeneracy now occurs
for π2 andπ3 atk = π/a.
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15-14 Energy Calculations

Suppose we wish to compare the calculated energy of regular polyacetylene to that of a
bond-alternating version, or that of PPP with PPP-N2. How do we get energies from the
band calculations for these two cases? In a H¨uckel-type calculation of amolecule, we
simply add up the one-electron energies. In a band calculation we are faced with a very
large set of one-electron energies—one for eachk value. How do we deal with this?

Consider again the simple H¨uckel band diagram for regular polyacetylene
(Fig. 15-17a). This band diagram indicates that electrons in theπ CO atk = 0 have an
energy ofα + 2β, those atk = π/a haveE = α, and those atk = π/2a have an energy
somewhat belowa + β. It is fairly obvious that the CO average energy is somewhat
below α + β. Each CO has two electrons delocalized over the polymer, but the net
number of electronsper unit cellis two. Therefore, with an averageπ CO energy of
belowa + β and twoπ electrons per unit cell, we have aπ energy per unit cell below
2a + 2β. To be more precise would require a more precise average energy for the CO.
[Even without such a calculation, however, we can see that bond alternation causes the
average energy of the occupiedπ band to drop (Fig. 15-17b), so theπ -electron energy
per unit cell is lower for the alternating structure.]

The problem, then, is to calculate an accurate average energy for each of the filled
bands, the average being over the first Brillouin zone, and then multiply each such
average energy by the number of electrons in that band, per unit cell. The sum of these
is the Hückel total energy per unit cell. (This procedure assumes that the bands are not
partially filled.)

The practical difficulty in doing this is that each variational calculation is carried
out at a single point ink space. Thus, for the variational bands sketched in Fig. 15-23,
an EHMO calculation was made atk = 0, another was made atk = π/2a, and a third
was made atk = π/a. Then lines were drawn to connect the energy points found at
thesek values, with consideration being given to the noncrossing rule. Obviously, this
produces a rather qualitative diagram. To refine it would require making additional
variational calculations at intermediate points ink space. Thus, we must be concerned
with the trade-off between accuracy of final average energy and effort needed to achieve
well-characterized band energies from which to calculate that average.

Achieving accurate average CO energies from values at a fewk points is possible if
those points are sensibly chosen and if appropriate weighting factors are employed. The
problem of choosing the correct few points and their weight factors has been worked out
by Chadi and Cohen [5] for multidimensional systems of various symmetries. Although
this is a matter of real practical interest, we will not explore it further here.

15-15 Two-Dimensional Periodicity and Vectors
in Reciprocal Space

In one-dimensional problems there is a single translation direction, a single step size
a, and a single accompanying variablek. It is a simple matter in such problems to treat
a andk as scalars and to plot band energies versusk in the range of the first Brillouin
zone,−π/a < k ≤π/a. Step sizea has dimensions of length andk of reciprocal length
to give an argument for exp(ikna) that is dimensionless.
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Figure 15-27 � (a)A two-dimensional rectangular lattice (solid points) showing translation vectors
a1 anda2 as well as reciprocal vectorsb1 andb2. (b) The reciprocal lattice (hollow points) with
the first Brillouin zone outlined by dashed lines. (c) The first Brillouin zone with the reduced first
Brillouin zone (RFBZ) shaded.

In multidimensional systems we must keep track ofk values for waves oriented along
different directions, and we need to calculate each CO energy at a point correspond-
ing to k values for each of these directions. This makes treatment of such problems
considerably more complicated. It is convenient and conventional to handle all this in
terms of vectors. We will outline the vector treatment here, using the two-dimensional
rectangular lattice shown in Fig. 15-27a as an example.

For a three-dimensional crystal, we label the translation vectors for a unit cell in
real spacea1,a2, anda3. Any pointr in the unit cell can then be expressed in terms of
vectorsa. For the vectors inreciprocal space, we use the symbolsb1,b2, andb3. The
positionk in reciprocal space can then be expressed in terms of vectorsb. Vectorsa
have dimensions of length, andb of reciprocal length.

The vectorsb in reciprocal space are defined according to the formula

bi = 2π(aj × ak)/(ai · aj × ak) (15-18)
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This makes each vectorbi orthogonal to the plane of the “other” twoa vectors,aj and
ak. In the case of a two-dimensional crystal, the missing vectorak is assumed to be a
unit vector perpendicular to the plane ofai andaj . The denominator of Eq. (15-18)
is a scalar with the same value in all three cases, so the length ofbi is greater if the
vector product ofaj andak is greater, i.e., if|aj ||ak|sinφ is greater, whereφ is the
angle betweenaj andak. In the example of Fig. 15-17a, all angles are the same, so
the fact thata1 is twice as long asa2 makesb1 half as “long” (in reciprocal distance)
asb2. The “length” ofbi is 2π/|ai |, which means that these vectors are of appropriate
dimensionto define edges for the first Brillouin zone. However, we will see that they
need some adjustment inposition.

As is indicated in Fig. 15-27a, moving a lattice point through translationsa generates
the real, ordirect lattice. Moving a point in reciprocal space through translationsb
generates thereciprocal lattice. Figure 15-27a and b indicate that a real lattice with
orthogonal vectorsa results in a reciprocal lattice with orthogonal vectorsb but that
the reciprocal lattice is rotated with respect to the real one. When the vectorsa are not
orthogonal, the reciprocal lattice may look quite different from the real one.

According to Fig. 15-27b, the zone defined by vectorsb runs from 0 to 2π/|a|.
We seek an FBZ that runs from−π/|a| to π/|a| in each direction. We can arrange
this by drawing lines connecting one reciprocal lattice point to all its nearest neigh-
bors and then bisecting all these lines with perpendicular bisectors. This gives the
rectangle bounded by dashed lines in Fig. 15-27b. In essence, we are finding a cell
in reciprocal space that fills up that space when translated by stepsb and that also
associates every point in reciprocal space with the reciprocal lattice point to which it
is closest. This is sometimes called aWigner–Seitz unit cell. It is also the FBZ for
the crystal. In the example at hand, the FBZ looks like the zone defined by theb
vectors, simply shifted, but in more complex systems, these may look quite different.
Generally, the FBZ continues to have the symmetry of the real crystal. Thus, both the
direct lattice and the FBZ in Fig. 15-27 are symmetric for reflections in thexz andyz

planes.
We have seen that one-dimensional systems have degenerate COs for equal values of

|k| and so, if we wish to portray only the unique energies of the system, we need consider
only the range from 0 toπ/a. The analogous situation in two or three dimensions
is that symmetrically equivalent positionsk give degenerate COs. Hence we need
consider only a symmetrically unique portion of the FBZ—the reduced first Brillouin
zone(RFBZ). Since the FBZ is symmetric for the reflections mentioned above, the
RFBZ is the quadrant shown in Fig. 15-27c.

It is standard to use the label
 for the central point of the FBZ. Certain other unique
points are often labeled with symbols such asK,L,M, andX. These points often
generate waves having the same periodicity as the crystal.

If we choose a basis of one s-type AO on eachreal-spacelattice point, then the COs
resulting from the specialreciprocal-spacelattice points labeled in Fig. 15-27c appear
as shown in Fig. 15-28. The point
 has coordinate intercepts (ork1, k2 values) of (0,0),
so exp(ik ·na)=1 and the sAO is translated without change from point to point, giving
the totally bonding CO of Fig. 15-28a. PointX corresponds to(0,π/a2), meaning that
no phase change occurs as we move through the direct lattice by steps ofa1 but that
the phase reverses for each step bya2 (Fig. 15-28b). PointM is for (π/a1,π/a2), so
phase reversal occurs for a step by eithera1 or a2, resulting in the totally antibonding
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Figure 15-28 � Bloch sums based on an s-type AO at each lattice point in the two-dimensional
rectangular lattice.(k1, k2) = (a) (0,0), (b)(0,π/a2), (c) (π/a1,π/a2).

situation in Fig. 15-28c. The waves for pointsX andM can be seen to indeed have the
periodicity of the lattice.

Comparison of these three COs leads us to expect lowest energy at
, higher energy
at X, and highest energy atM. A complete map of the CO energies would require
a surface lying over the RFBZ. Instead of showing this surface, it is standard to plot
the energy as a function of various straight-line paths connecting special points—e.g.,
from 
 to X, from X to M, from M to X′, from 
 to M. Such line plots are portrayed
side by side on a commonk axis, as in Fig. 15-29, even though the identity ofk (k1, k2,
or some combination) changes from panel to panel.

15-16 Periodicity in Three Dimensions—Graphite

Graphite is an important commercial material. Some of its uses derive from the fact that
it is a very good conductor of electricity—nearly as good as metals. The most stable
crystalline form of graphite (Bernal graphite) is depicted in Fig. 15-30a. It comprises
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Figure 15-29 � Energy versusk along various paths in the RFBZ for the system of s-type AOs in
a rectangular two-dimensional lattice.

carbon atoms in two-dimensional sheets having hexagonal symmetry. These are stacked
so that half of the carbons in a sheet lie directly between carbons in adjacent sheets
while the other half lie between empty hexagon centers. The atoms within a sheet are
strongly covalently bonded to their neighbors, with nearest-neighbor bond lengths of
1.42 Å. The sheets are separated by 3.5 Å, indicative that the forces between them are
very weak. (This explains why they fracture into sheetlike fragments that can slide
over each other like a pile of playing cards, making ground graphite a good lubricant.)
A sensible approach to understanding the electronic structure of graphite, then, is to
first analyze the two-dimensional sheet and then consider the perturbation involved in
forming layers of sheets.

A section of a two-dimensional sheet, the translation vectorsa1 and a2, and the
primitive unit cell are sketched in Fig. 15-30b. The primitive unit cell contains two
carbon atoms. The angle betweena1 anda2 is 120◦. Notice that the lattice points in real
space, at the vector origin and at the termini of integral numbers of steps from the origin,
fall at the centers of hexagons, where there are no atoms. This illustrates that there is no
particular identification of direct lattice points with atoms or other structural features of
the molecules that constitute a crystal. In the present instance the direct lattice, shown
in Fig. 15-30c, looks like a graphite crystal that has been rotated by 30◦ with an extra
point in the center of each hexagon. In general, even though the direct lattice need not
look identical to the crystal, it will have the same symmetry as the crystal, in this case
hexagonal. In Fig. 15-30d is shown the relation between the vectorsaand the reciprocal
space vectorsb. Sinceb1 must be perpendicular toa2, etc., it follows that the angle
betweenb vectors is 60◦. The reciprocal lattice generated by theb vectors appears
in Fig. 15-30e and is again a centered-hexagon pattern, but rotated with respect to the
direct lattice. The FBZ is constructed by drawing lines from one reciprocal lattice point
to all its nearest neighbors and then cutting them with perpendicular bisectors. This
yields a hexagon, as shown in Fig. 15-30f. Also shown is the RFBZ. The entire FBZ
can be filled by putting the RFBZ through the symmetry operations of the hexagonal
sheet, so it includes all the points not equivalent by symmetry.

Points of special interest in the RFBZ are labeled
,M, andK. The point
 corre-
sponds to the(k1, k2) values (0,0). This is a unique point in the FBZ, so it produces
one nondegenerate Bloch sum for each basis function in the unit cell. The pointM
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Figure 15-30 � (a) The crystal structure of Bernal graphite. Each point represents a carbon atom.
(b) Top view of a hexagonal sheet of graphite showing the unit cell and translation vectors for the
two-dimensional structure. The “origin point” of the vectors does not correspond to an atom location.
(c) The direct lattice produced by translations of the “origin point” of thea vectors. The full lines
emphasize that this is a lattice of centered hexagons. The graphite structure is indicated with dashed
lines. (d) Reciprocal lattice vectorsb are shown in relation to vectorsa. (e) The reciprocal lattice,
produced by translating the origin point of theb vectors. (f) Construction of the FBZ by bisecting
lines connecting one reciprocal lattice point to all of its nearest neighbors. The RFBZ is shaded.
(g) Geometry of the relation between pointK and the vectors connecting it to the origin.

corresponds to(π/a,0). We might expect this to be a six-fold degenerate point because
it is one of six symmetrically equivalent points in the FBZ. However, the point diamet-
rically opposite this in the FBZ, at(−π/a,0), does not produce a separate independent
Bloch sum because, if we combine these complex functions to form a real (cosine)
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wave, the other real (sine) wave puts a node at every real lattice point, meaning that
the basis function is multiplied everywhere by zero, which is not acceptable. This is
similar to what we saw in the one-dimensional case, which led us to exclude−π/a

from the range ofk. So here again we recognize that two points on opposite sides of
the FBZ where perpendicular bisectors intersect lines between reciprocal lattice points
really only account for one independent state. This means that the pointM represents
three independent Bloch sums rather than six. We shall have more to say about this
later. The point labeledK does not lie on ab vector, so must be expressible as a sum
of two vectors. Figure 15-30g shows the relevant construction. Since the lowest ray
has lengthπ/a, the central ray has lengthπ/(a cos 30◦). Then the length ofk1 or k2
must beπ/a(2 cos2 30◦), or 2π/3a. So(k1, k2) = (2π/3a,2π/3a) at K. As will be
explained later,K does not have reduced degeneracy asM does.

Since there are two carbon atoms per unit cell and four valence AOs per carbon,
we have eight basis functions per unit cell for a minimal valence basis set calculation.
Therefore, we expect eight bands. Since the system is planar we can distinguish twoπ

AOs and sixσ AOs. We know that these two symmetry types will not interact for any
k, so we can predict or interpret theσ andπ band behaviors independently.

Let us begin by making some predictions about the twoπ bands. As was the case
for polyacetylene, the two basis sets that are simplest to work with are the bonding(πu)

and antibonding(πg) combinations in a unit cell. We shall label the band resulting
from the bonding functionπ and the other bandπ∗. At the point
, the unit cell basis
functions are simply translated alonga1 anda2 with no change in phase, yielding the
COs sketched in Fig. 15-31a. Theπ CO is bonding in every bond,π∗ is antibonding,
so these will be widely separated in energy. Indeed, there is no way they could become
more widely separated by intermixing, so we can assume that, if we were to do a
variational calculation, these Bloch sums would not be modified.

At point M, translation by each step alonga1 is accompanied by phase reversal
becausek1 = π/a1, whereas translation alonga2 involves no change becausek2 = 0
(Fig. 15-31b). Now we find each carbon to be bonding to two neighbors and antibonding
to the third in theπ CO and the reverse in theπ∗CO. Once again, it is not hard to see
that any mixing of these two would decrease their energy difference (Problem 15-24),
so these Bloch sums should be unchanged in a variational calculation. Therefore, theπ

andπ∗ bands should be separated in energy atM, but only by about one third as much
as at
. As we mentioned above, the COs sketched in Fig. 15-31b are each degenerate
with two other COs corresponding to symmetrically equivalent points in the FBZ,
for example, the points(0,π/a) and(π/a,−π/a). Sketching these (Problem 15-25)
shows that they are like the CO already sketched except rotated by±60◦.

PointK is more complicated to analyze because it hask values that do not produce
COs having the periodicity of the crystal. This means that the decreased degeneracy
we find for high-symmetry points likeX in Section 15-15, caused because one of the
real coefficient waves has a node at every unit cell, does not occur atK. (If the wave
lacks the periodicity of the crystal, it cannot put a node at every unit cell, by definition.)
That means we will have twoπ and twoπ∗ solutions atK. Also, the fact that these
waves lack the periodicity of the crystal makes them more complicated to sketch.
Nevertheless, undaunted, we plunge ahead. SinceK corresponds to(2π/3a,2π/3a),
we expect steps along eithera1 or a2 in real COs to be modulated by either cos(2nπ/3)

or sin(2nπ/3). Forn=0,1,2,3, this gives the following repeating series for the cosine
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Figure 15-31 � π andπ∗ COs at the point (a)
, (b) M, (c) K.

and sine cases, respectively: 1,−0.5,−0.5,1 and 0,0.866,−0.866,0. The results
of using these factors to modulate translations of theπu andπg basis functions are
sketched in Fig. 15-31c. Inspection of these sketches shows that the extent of bonding
and antibonding interactions around any carbon exactly cancels in every case. This
means that theπ andπ∗ bands are degenerate atK. Each of the pairs of COs sketched
in Fig. 15-31c is degenerate with two other pairs that are rotated by±60◦. Therefore,
the degeneracy of this energy level is 12.

The band diagram for two-dimensional graphite is sketched in Fig. 15-32 for a circuit
around the RFBZ. Theπ andπ∗ bands behave essentially as we anticipated, being
widely separated at
, much less separated atM, and degenerate atK. We note that
there are threeσ bands at lower energy and three more at higher energy, corresponding
to predominantly bonding and antibonding situations, respectively. However, these
bands are less easily analyzed because the 2s, 2px , and 2py AOs undergo varying extents
of mixing with each other ask varies. That is, these are bands where the variational
method causes extensive mixing of Bloch sums. Nevertheless, we can see patterns that
would not be difficult to investigate. For example, we can see that theπ band and one
of theσ bands run up from
 to M, whereas the other twoσ bands run down. This is
consistent with the fact that the 2s and 2pπ AOs relate to correspondingAOs in adjacent
unit cells in one way, while 2pσ AOs relate in the opposite way (Problem 15-28).
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Figure 15-32 � Valence-band diagram for two-dimensional graphite. (Adapted from Painter and
Ellis [6].)

There are eight valence electrons per unit cell in neutral graphite. For the band
diagram of Fig. 15-32 it is simple to figure out the band-population scheme. Eight
electrons require four bands, and we see that the four lowest-energy bands lie below
the other four bands forall values ofk. This means that the four lowest-energy bands
are filled and the others are empty. Therefore, the Fermi level comes at the top of the
π band, which occurs atK. We see that there is an empty band(π∗) at the same energy,
so there is no gap at the Fermi level. Thus the two-dimensional lattice is predicted to be
a good electrical conductor. We could examine the possibility that lattice deformation
would split the levels to produce a gap (a Peierls distortion), but, since we have structural
information indicating that graphite does in fact have hexagonal symmetry, we will not
pursue that point.

If there were crossing of one of theσ ∗ COs with theπ CO over part of the range of
k, then some fraction of the electronic population would occupy the low-energy portion
of theσ ∗ band at the expense of the high-energy portion of theπ band. Analysis of this
would require more effort, but the result would still predict good conductivity since,
instead of a full band “touching” the bottom of an empty band, we would have two
partially filled bands.

Next we consider the effects of stacking two-dimensional sheets to form the three-
dimensional crystal.4 As Fig. 15-30a indicates, the stacking pattern repeats the ori-
entation of a sheet after one intervening layer in an ABABAB stacking pattern. This
means that the three-dimensional unit cell must contain carbon atoms from two layers.
The unit cell now has three associated translation vectors. The two “intrasheet” trans-
lationsa1 anda2 are as before, and the “intersheet” translationa3 is perpendicular to
the planes of the sheets and 7.0 Å long. Becausea3 is the longest vector in real space,
b3 is the shortest vector in reciprocal space, leading to a reciprocal lattice where sheets

4A discussion of effects due to other stacking arrangements can be found in LaFemina and Lowe [7].
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of centered hexagons are layered with short intersheet distances. The resulting FBZ,
produced by perpendicular bisecting planes (since we are now working in three dimen-
sions), appears in Fig. 15-33a. The RFBZ is similar to that in Fig. 15-30f except that
it now has a third dimension, over whichk3 ranges from 0 toπ/a3 (Problem 15-26).
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Figure 15-33 � (a) The FBZ and RFBZ for three-dimensional Bernal graphite. (b) View of the
unit cell for Bernal graphite, as seen along an axis parallel to the hexagonal sheets. (Compare to
Fig. 15-30a.)
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Let us see if we can predict the modifications in energies of COs that should occur
at some of the special points in the RFBZ as a result of intersheet interactions. Because
three-dimensional Bernal graphite is symmetric for reflection through the plane of a
hexagonal sheet, we continue to have a valid distinction betweenσ andπ COs. We
expect intersheet interactions to be small, so we can take a perturbational approach.
The interactions involvingπ COs should be largest sincepπ AOs project farthest from
the plane, so we will restrict our attention to theπ bands.

A side view of the unit cell appears in Fig. 15-33b. Obviously, some of the intersheet
interactions are already included in the unit cell, and the others will occur between unit
cells. We will first consider the energy changes due to new interactions within the cell.
These do not depend onk values. Then we will consider energy changes caused by
stacking the unit cells. These depend onk3. We will ignore all interactions except those
between carbons directly above or below each other in adjacent sheets.

We begin with the situation where theπ andπ∗ bands are nondegenerate, e.g., at


or M. We know from our two-dimensional treatment that each covalently bonded pair
of carbons in the unit cell will have aπu MO when we are dealing with theπ band and
aπg MO for theπ∗ band. (See Fig. 15-31a, b.) But we have a choice of arranging these
in the unit cell to give long-range bonding or antibonding between layers (Fig. 15-34).
These two arrangements cause the energies to rise or fall slightly (indicated byE ↑ or
E ↓), splitting both theπ andπ∗ bands.

Next we examine what happens when we stack these unit cells. Consider first the
point 
. Herek3 = 0, so we stack the unit cells with no change. If we start withπanti
of Fig. 15-34a, we obtain Fig. 15-35a, which shows that the unit cells interact in an
antibonding manner. Here, then, is a Bloch sum that is antibonding within and also
between unit cells. The symbolE ↑↑ indicates two destabilizing interactions. Each
arrow represents the same amount of energy because the interlayer distance within
a unit cell is the same as that between unit cells and also because there are equal
numbers of inter- and intralayer interactions in the crystal. Similar sketches easily
demonstrate how the other three unit-cell function sets of Fig. 15-34 behave at
 :
πbond,E ↓↓; π∗

anti, E ↑↑; π∗
bond,E ↓↓. Therefore, at
, theπ andπ∗ bands are both

split.
Now let us consider pointA. Here we stack the unit cells together with a reversal

in sign. The situation forπanti is shown in Fig. 15-35b. The intercell interaction has
reversed from thek3 = 0 case. This means that theE ↑↑ andE ↓↓ cases from
 now
areE ↑↓ andE ↓↑. The levels arenotsplit by interlayer effects atA.

When we consider pointsM andL, we again are dealing with the sameπu andπg
functions in the unit cell (see Fig. 15-31b), so we obtain the same results withk3 = 0,
or π/a3. Theπ andπ∗ bands are split atM by the same amount as at
, and atL they
are not split at all.

At point K, theπ andπ∗ bands are degenerate. This means we must ask which are
the proper zeroth-order two-dimensional COs with which to analyze the perturbation.
We know that these will be four COs produced by mixing the four COs shown in
Fig. 15-31c. This mixing is determined by solving a 4× 4 determinantal equation,
which, as was pointed out in Chapter 12, is the same equation we would use to discover
the COs having minimum and maximum energy changes as a result of the perturbation.
As a shortcut, then, we can simply look for the COs that respond most differently. Our
analysis at
 andM tells us that theπu andπg bases will give a splitting of all the
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Figure 15-34 � The four independent arrangements ofπ (or πu) andπ∗ (or πg) functions in a unit
cell. Labels “anti” and “bond” refer to the interactions between AOs directly above/below each other.
E ↑ andE ↓ indicate whether these interactions raise or lower the energy.

COs. Not bad, but we can do even better by mixing the COs pictured in Fig. 15-31c.
Adding and subtracting the cosπ∗ and cosπ COs produces two new functions whose
unit cells (in two dimensions) have a 2pπ AO on one carbon and nothing on the other,
and vice versa. (In effect, we are taking the sum and difference of theπu andπg basis
functions that we constructed in the first place.) These new basis functions give us
four new unit cell bases for the three-dimensional case, shown in Fig. 15-36. Two of
these place all the 2pπ AOs on atoms that lie directly above and below each other, so
these rise or fall in energy due to the intracell interactions. The other two place all
the 2pπ AOs on carbons that donot have neighbors directly above or below them, so
these do not undergo energy change. The rise and fall here are larger than for the cases
pictured in Fig. 15-34 because theAO coefficients are larger when the basis set exists on
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Figure 15-35 � (a) The result of translating aπanti unit-cell basis function one step alonga3 with
no change of sign or value(k3 = 0). (b) Same as (a) except now sign reverses(k3 = π/a).

fewer atoms. These, then, are the proper zeroth-order functions with which to analyze
the stacking perturbation. (The argument here is equivalent to saying that a calculus
min-max problem will select roots−2,0,0,+2 in preference to−1,−1,+1,+1.)

When we put these unit-cell bases together atK, wherek3 =0, we find that the func-
tions that do not interact within the cell do not interact between cells either (Fig. 15-37a).
These two cases remain unsplit in energy. The cases that interact within the cell inter-
act again and in the same way between cells, so these two cases are split even more
(Fig. 15-37b). AtL, the intercell interactions reverse but the intracell interactions are
unchanged. TheE· cases are unaffected, butE ↑ andE ↓ becomeE ↑↓ andE ↓↑
(Fig. 15-37c), just as atA andH , so the splitting disappears atL.

A sketch of theπ andπ∗ bands for a route around the edges of the RFBZ appears
in Fig. 15-38. In general, no splitting of these bands occurs for points on the top of the
RFBZ. For points on the bottom, splitting is larger atK than at
 or M.

Computing the electronic energy per unit cell for graphite requires knowing the
average energy of the occupied bands, not only over the paths shown but also over the
interior points of the RFBZ. The method of Chadi and Cohen [5] can be used to select
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Figure 15-36 � The four independent unit-cell functions that result from requiring maximum dif-
ference in response to the interlayer interaction.E· indicates no energy change.

an optimized set of weighted points in the RFBZ for purposes of calculating accurate
average energies.

One might wonder whether the splittings depicted in Fig. 15-38 have any detectable
consequences. One change that occurs as a result of this splitting is that the Fermi level,
EF, now refers toπ electrons in COs that are not split alongK–H by the perturbation,
i.e., in COs like the one pictured in Fig. 15-37a. This means that the electrons having the
highest energy are predicted to be in 2pπ AOs at carbons that do not have carbon atoms
directly above or below them in the crystal. This comes about because the electrons that
do have such neighbors are lowered slightly in energy due to weak bonding between
layers. This is relevant because there exists an experimental technique called scanning
tunneling microscopy (STM) that detects the locations of surface electronic charge
having energy near the Fermi level. When STM maps are made of electron distribution
at a clean graphite surface, a trigonal pattern is seen, rather than the expected hexagonal
one. Evidently, not all the atoms are “seen” equally well. The trigonal pattern is
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Figure 15-37 � (a and b) Result of translating two of the functions from Fig. 15-36 alonga3 at
point K (k3 = 0, so no change in function). (c) Same as (b) except now at pointL (k3 = π/a, so
function reverses sign).

consistent with more charge being detected over every-other atom. If the device is
tuned to include electronic charge from deeper energies, the familiar hexagonal pattern
of graphite emerges. This suggests that the former experiment detects charge in the
unsplit, horizontal band shown betweenK andH , corresponding to COs on atoms
without neighbors in the adjacent layer, and that the latter measurement detects charge
in both that band and the one just below it. (Of course, the situation at the surface is not
identical to that in the bulk, but surface carbons having carbons directly below them
will still have their 2pπ energies lowered somewhat by the weak bonding interaction.)

15-17 Summary

Understanding or predicting the nature of the electronic band structure for a periodic
material requires that we identify a unit cell and accompanying basis set in real space
and then move this basis set along translation vectorsa, possibly with accompanying
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Figure 15-38 � Sketch ofπ and π∗ band energies for a circuit around the RFBZ of three-
dimensional graphite. Heavy dots at
,K,H , and M represent energies for the isolated sheet.
Splittings at
 andM should be about half that atK.

rotations. Each time the basis set is moved to a different cell, it is multiplied by a
coefficient that can be taken from a formula of the type cos(knπ), wheren is the
number of steps taken througha andk is the wavenumber for the wave that determines
the coefficient. This process generates Bloch sums. Sometimes Bloch sums are the
same as the COs, sometimes they are not. The reasons they might be different are
that (1) there may be intended correlations that violate the noncrossing rule and (2) the
basis set mixture in a unit cell may change withk in order to take better advantage of
the changing interaction between unit cells, even when there is no problem with band
crossings.

Degeneracies at the Fermi level result in Peierls distortions in one-dimensional sys-
tems, opening a band gap. Degenerate levels, whether at a gap or not, also allow
one to predict which energies at the edges of the band diagram will be unaffected by
certain chemical substitutions. Both of these phenomena are easily analyzed using
the principle of “maximum difference in response” from degenerate-level perturbation
theory.

The values ofk giving independent COs fall into a zone of reciprocal space called
the first Brillouin zone. A subspace within it, called the reduced first Brillouin zone
(RFBZ), contains all thek values that are needed to calculate every energy in the
band system. Certain points at corners of the RFBZ are of special interest because
they are easy to use for constructing Bloch sums. They often give waves having the
same periodicity as the real lattice, which means that the cosine Bloch sum will give
alternating positive and negative coefficients at each unit cell and the sine Bloch sum
will give zero at each unit cell, hence not exist. This results in reduced degeneracy.

Points in the FBZ that are related by symmetry to a point in the RFBZ correspond
to COs that differ by a symmetry operation (e.g., a rotation) from the CO produced by
the point in the RFBZ.

Readers interested in further treatment of either the chemical or physical aspects of
periodic systems should consult references at the end of this chapter [1-11].
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15-17.A Problems

15-1. Work out the relations in Eq. (15-3) (for a particle of massm) so that it can be
written as equalities rather than proportionalities.

15-2. Derive the functional form for Fig. 15-2b.

15-3. a) Obtain MOs and energies for benzene using Eqs. (15-4) and (15-5) with
j = 0− 5.

b) Show that the results forj = 6 are identical to those forj = 0.

15-4. a) Derive the mathematical formula for the curve of Fig. 15-5b.
b) What would this function be if DOS/N were constant over the energy range?

15-5. For benzene,j =1 andj =−1 give different complex degenerate MOs. Produce
these and find linear combinations that are real and orthogonal. Sketch these
real MOs and compare them with those tabulated in Appendix 6 for the same
energy.

15-6. Demonstrate that Eq. (15-10) is correct ifN is an integer.

15-7. Using sketches, show that the Bloch sum for(C2H2)n at |k|=π/3a is different
from that for(CH)2n at |k|= π/6a. Which do you think has the lower energy?
What will happen in a variation calculation on each of these two cases?

15-8. Suppose an infinite straight chain of atoms existed with a band ofs orbitals that
was one-third filled. Indicate what sort of bond-length pattern should result
from a Peierls distortion.

15-9. Figure 15-14 indicates that the 2s and 2pσ Bloch functions avoid crossing. Use
symmetry to argue why this is so.

15-10. In connection with Fig. 15-18b, the text indicates that the avoided crossing
betweenσ levels for alternating bond lengths becomes an allowed crossing
when uniform bond lengths are used. This means that there is a symmetry
disagreement for uniform bond lengths that does not exist for alternating bond
lengths. The new symmetry element that comes into existence with uniform
bond lengths is a two-fold screw axis. (The operation corresponding to this
element is to rotate the polymer by 180◦ about the axis and also to translate
it parallel to the axis.) Show, using sketches, that theseσ bands disagree in
symmetry for such a symmetry operation.

15-11. Crystalline H2(H–H · · ·H–H · · ·H–H·) is an insulator. It is thought that it should
become a metallic conductor at extremely high pressures. Explain why this is so.

15-12. A heteronuclear diatomic molecule A–B crystallizes end to end to form a linear
chain: . . .A–B · · ·A–B · · ·A–B. The internuclear distance between molecules
is significantly longer than that within molecules. The monomer has a bonding
valenceσ MO and a higher energyσ ∗ MO:

Sketch a band structure diagram for the crystal showing qualitatively the
energies of the crystal orbitals as a function of|k| in the first Brillouin zone.
Sketch the appearances of the COs for theσ andσ ∗ bands at|k| = 0 andπ/a.
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15-13. André and Leroy [2] report an ionization energy of 8.19 eV and an electron
affinity of −4.09 eV (i.e., energy is released in forming the anion) from apply-
ing Koopmans’ theorem to theirab initio calculations ontrans-polyacetylene
with regular bond lengths. a) What is the energy of the HOMO? b) Of the
LUMO? c) What is the value of the energy gap? d) What should happen to the
values of these three numbers when the bond lengths are allowed to alternate?

15-14. It is stated in Section 15-11 that it is improper to interpret a H¨uckel band
diagram having zero gap as meaning that the ionization energy (from the
HOMO energy) equals the electron affinity (from the equal LUMO energy).
Yet we do use HOMO and LUMO H¨uckel energies to estimate the IE and EA
in Chapter 8. What is the explanation for this apparent disagreement?

15-15. In a variational EHMO calculation on PPP, the coefficients forπ1 at k = 0
are 0.37 at linking carbons (1 and 4) and 0.28 at the others. This results from
mixing the Bloch functionπ1 at k = 0 (with all coefficients the same) with
another Bloch function atk = 0. Which Bloch function,πx , can mix withπ1
at k = 0 to accomplish this modification? (See Fig. 15-23 for sketches.) What
happens to the energy of theπx band atk = 0 as a result of mixing withπ1?
What happens to the coefficients inπx?

15-16. When PPP-N2 is substituted at position 6, the band energy values of−13.94 eV
and−5.64 eV atk = π/a are not affected. Would you expect the same thing to
happen if substitution occurred at position 5 instead of 6? Why or why not?

15-17. The PPP diagram of Fig. 15-23 is constructed from Bloch sums built from
benzene MOs. We could have used the MOs for the other choice of unit cell
shown in Fig. 15-21a. Obtain the appropriate unit cell simple H¨uckel MOs and
energies from Appendix 6 and construct the appropriate PPP band diagram.
Discuss the differences with Fig. 15-23.

15-18. Predict the first-order H¨uckel-level energy band diagram for

Show the actual band-edge energies in terms ofα and β. Show how the
edge energies atk = 0 and π/a would shift if substitution occurred in all
the nonlinking sites so thatα′ = α + 0.25β, with no change inβ. What if
substitution occurred in only one nonlinking site in each monomer?

15-19. Sketch the CO for pointX′ in Fig. 15-27c fors-type unit-cell basis functions.
Comparing with Fig. 15-28, how would you expect the energy of this CO to
compare to the energies of COs at
,X, andM?
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15-20. Figure out the(k1, k2) coordinates and sketch the COs fors-type basis functions
for the following points in the RFBZ of Fig. 15-27c. a) Halfway betweenX

andM. b) Halfway betweenX′ andM. () Halfway between
 andX. d)
Halfway between
 andM. Rank these in order of energy.

15-21. Sketch COs based on a 2px AO at each lattice point for the RFBZ of Fig. 15-27c,
at points
,X, andX′. Rank according to predicted energy.

15-22. What degeneracy would you anticipate for energies associated with points

,X,M, andX′ of Fig. 15-27c?.

15-23. The rectangular lattice of Fig. 15-27a leads to a rectangular RFBZ. What shape
RFBZ would result for a square lattice?

15-24. It is stated in the text that mixingπ(M) andπ∗(M) of Fig. 15-31b will decrease
the difference in their energies. Sketch the functionsπ(M) ± π∗(M) and
comment on their energies.

15-25. For the FBZ of Fig. 15-30f, locate the points(0,π/a) and (π/a,−π/a).
Sketch theπ CO corresponding to the first of these and compare it with theπ

CO for (π/a,0), sketched in Fig. 15-31b. How are these COs related?

15-26. What physical situation allows us to use the half-range of 0≤ k3 ≤ π/a3 for
the RFBZ pictured in Fig. 15-33a?

15-27. Give a general argument for there being no interlayer-induced splitting of
π bands for any point at the top of the RFBZ of Fig. 15-33a. What does your
argument predict forσ bands?

15-28. For two-dimensional graphite, sketch the Bloch sums at
 and M resulting
from a bonding pair of 2px AOs in each unit cell. Letx be the bisector ofa1
anda2. Which of these COs would you expect to have higher energy?
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Appendix 1

Useful Integrals

∫
xneax dx = (xneax/a) − (n/a)

∫
xn−1eax dx

∫ ∞

0
xne−ax dx = (n!/an.+1) = �n+1(a), n > −1, a > 0

∫ ∞

0
e−ax2

dx = 1

2

√
π/a

∫ ∞

0
xe−ax2

dx = 1/2a

∫ ∞

0
x2e−ax2

dx = 1

4

√
π/a3

∫ ∞

0
x3e−ax2

dx = 1/2a2

∫ ∞

0
x2ne−ax2

dx = 1 · 3 · · · · · (2n − 1)

2n+1

√
π

a2n+1
∫ ∞

0
x2n+1e−ax2

dx = n!
2an+1

∫ ∞

1
e−axdx = e−a

a
∫ 1

0
e−axdx = (1/a)(1− e−a)

∫ ∞

1
xe−axdx = (e−a/a2)(1+ a)

∫ 1

0
xe−axdx = (1/a2)[1− e−a(1+ a)]

∫ ∞

1
x2e−axdx = (2e−a/a3)(1+ a + a2/2)

∫ 1

0
x2e−axdx = (2/a3)[1− e−a(1+ a + a2/2)]

∫ ∞

1
xne−axdx = (n!e−a/an+1)

n∑

k=0

ak/k! ≡ An(a)
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∫ ∞

y

xne−axdx = (n!e−ay/an+1)

n∑

k=0

(ay)k/k!
∫ +1

−1
e−axdx = (1/a)(ea − e−a)

∫ +1

−1
xe−axdx = (1/a2)[ea − e−a − a(ea + e−a)]

∫ +1

−1
xne−axdx = (−1)n+1An(−a) − An(a)

∫ +1

−1
xndx =

{
0, n = 1,3,5, . . .

2/(n + 1), n = 0,2,4, . . .
∫

sinx dx = −cosx
∫

cosx dx = sinx

∫
sin2 x dx = x

2
− sin 2x

4∫
cos2 x dx = x

2
+ sin 2x

4∫
x sinx dx = sinx − x cosx

∫
x cosx dx = cosx + x sinx

∫
x sin2 x dx = x2

4
− x sin 2x

4
− cos 2x

8
∫

x cos2 x dx = x2

4
+ x sin 2x

4
+ cos 2x

8
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Determinants

A determinant is a scalar calculated from an ordered set of elements according to a
specific evaluation recipe. The elements are ordered in a square array of rows and
columns, bounded at left and right by straight vertical lines. For instance, (A2-1) is a
2× 2 determinant: ∣∣∣∣∣

x −i

2 y2

∣∣∣∣∣ (A2-1)

The recipe for evaluating a 2× 2 determinant is: From the product of the elements
on the principal diagonal (upper left to lower right) subtract the product of the other
two elements. Thus, (A2-1) has the valuexy2 + 2i.

Larger determinants are evaluated by a process that reduces them step by step to a
linear combination of smaller determinants until, finally, they are all 2× 2’s, which are
then evaluated as above. The process of reduction involves the concept of acofactor.
As our example, we use the 4×4 determinant (A2-2), symbolized|M|, whereM is the
array of elements within the vertical bars:

(A2-2)

The elements are numbered so that the first index tells which row, and the second
index which column, the element is in. The cofactor of elementa11 is defined as the
determinant obtained by removing the row and column containinga11. We see in (A2-2)
that striking out row 1 and column 1 gives us a 3× 3 determinant (dashed outline) as
cofactor ofa11. Symbolize this cofactor as|A11|.

To evaluate the determinant|M|, we expand in terms of cofactors. We begin by
choosing any row or column ofM. (We will choose row 1.) Then we write a linear
combination containing every element in this row or column times its cofactor:

|M| = a11|A11| − a12|A12| + a13|A13| − a14|A14| (A2-3)

The sign of each term in the linear combination is determined as follows. lf the sum of
row and column indices is even, the sign is plus. If the sum is odd, the sign is minus.
Since the indices ofa12 anda14 sum to odd numbers, they are minus in (A2-3).

584
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The method of expanding in cofactors is successively applied until a large determi-
nant is reduced to 3× 3’s or 2× 2’s that can be evaluated directly (see Problem A2-1).
Thus, a 5× 5 is first expanded to five 4× 4’s and each 4× 4 is expanded to four
3× 3’s giving a total of 20 3× 3’s. This method becomes extremely clumsy for large
determinants.

Some useful properties of determinants, symbolized|M|, are stated below without
proof. The reader should verify that these are true using 2× 2 or 3× 3 examples, or by
examining Eq. (A2-3).

1. Multiplying every element inonerow oronecolumn ofM by the constantc multi-
plies the value of|M| by c.

2. If every element in a row or column ofM is zero, then|M| = 0.

3. lnterchanging two rows or columns ofM to produceM ′ results in
∣∣M ′∣∣ = −|M|;

i.e., it reverses the sign of|M|.
4. Adding to any row (column) ofM the quantityc times any other row (column) of

M does not affect the value of the determinant.

5. If two rows or columns ofM differ only by a constant multiplier, then|M| = 0.

A2-1 Use of Determinants in Linear Homogeneous Equations

Suppose that we seek a nontrivial solution for the following set of linear homogeneous
equations:

a1x + b1y + c1z = 0 (A2-4)

a2x + b2y + c2z = 0 (A2-5)

a3x + b3y + c3z = 0 (A2-6)

Here,x, y, andz are unknown and the coefficientsai, bi, ci are given. Let us collect
the coefficients into a determinant|M|,

|M| =

∣∣∣∣∣∣∣

a1 b1 c1

a2 b2 c2

a3 b3 c3

∣∣∣∣∣∣∣
(A2-7)

As before, let|A1| be the cofacter ofa1, etc. Now, multiply Eq. (A2-4) by|A1|
(since|A1| is a determinant, it is just a number, and so this is a scalar multiplication),
Eq. (A2-5) by−|A2|, and Eq. (A2-6) by|A3| and add the results to get

x(a1|A1| − a2|A2| + a3|A3|)+y(b1|A1| − b2|A2| + b3|A3|)
+z(c1|A1| − c2|A2| + c3|A3|) = 0 (A2-8)

The coefficient ofx is just|M|. The coefficients ofy andz correspond to determinants
having two identical rows and hence are zero. Therefore,

|M|x = 0 (A2-9)
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In order forx to be nonzero (i.e., nontrivial) it is necessary that|M|=0. This is a result
that is very useful.The condition that must be met by the coefficients of a set of linear
homogeneous equations in order that nontrivial solutions exist is that their determinant
vanish.

A2-2 Problems

A2-1. Expand the 3×3 determinant (Fig. PA2-1), by cofactors and show that this result
is equivalent to the direct evaluation of the 3× 3 by summing the three products
parallel to the main diagonal (solid arrows) and subtracting the three products
parallel to the other diagonal (dashed arrows).

Figure PA2-1 �

A2-2. Evaluate (a)

∣∣∣∣∣
0 1
2 1

∣∣∣∣∣ (b)

∣∣∣∣∣∣∣

1 1 0
0 1 1
1 1 1

∣∣∣∣∣∣∣
(c)

∣∣∣∣∣∣∣∣∣

1 2 0 1
3 0 1 4
1 1 0 1
0 2 1 1

∣∣∣∣∣∣∣∣∣

(d)

∣∣∣∣∣
x 2
1 x

∣∣∣∣∣=0 for x

A2-3. Verify that the coefficient ofy in Eq. (A2-8) is zero.

A2-4. Consider the following set of linear homogeneous equations:

4x + 2y − z = 0, 3x − y − 2z = 0, 2y + z = 0

Do nontrivial roots exist?

A2-5. Find a value forc that allows nontrivial solutions for the equations

cx − 2y + z = 0, 4x + cy − 2z = 0, −8x + 5y − cz = 0

A2-6. Five properties of determinants have been listed in this appendix. (a) Prove
statement (5) is true assuming statements (1)–(4) are true. (b) Demonstrate
statements (1)–(4) using simple examples.
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Evaluation of the Coulomb Repulsion
Integral Over 1s AOs

Evaluation of ∫∫
1s(1)1s(2)(1/r12)1s(1)1s(2) dv(1) dv(2) (A3-1)

where

1s(1) =
√

ζ 3/π exp(−ζ r) (A3-2)

may be carried out in two closely related ways.1 Each method is instructive and sheds
light on the other, and so we will give both of them here.

The first method works from a physical model and requires knowledge of two features
of situations governed by the 1/r2 force law (e.g., electrostatics, gravitation). Suppose
that there exists a spherical shell in which charge or mass is distributed uniformly, like
the soap solution in a soap bubble. The first feature is that a point charge or mass
outsidethe sphere has a potential due to attraction (or repulsion) by the sphere that
is identical to the potential produced if the sphere collapsed to a point at its center
(conserving mass or charge in the process). Thus, the electrostatic interaction between
two separatedspherical charge distributions may be calculated as though all the charge
were concentrated at their centers. The second feature is that the potential is identical
for all pointsinsidethe spherical shell; that is, if the core of the earth were hollow, a
person would be weightless there. There would be no tendency for that person to drift
toward a wall or toward the center.

Armed with these facts, we can evaluate the integral. First, we remark that all the
functions in the integrand commute. This enables us to write Eq. (A3-1) as

∫∫
1s2(1)(1/r12)1s2(2)dv(1)dv(2) (A3-3)

The functions 1s2(1) and 1s2(2) are just charge clouds for electrons 1 and 2, and
the integral is evidently just the energy of repulsion between the clouds. Suppose
(see Fig. 3-1) that, at some instant, electron 1 is at a distancer1 from the nucleus. What
is its energy of repulsion with the charge cloud of electron 2? The charge cloud of
electron 2 can be divided into two parts: the charge inside a sphere of radiusr1 and the
charge outside that sphere. From what we just said, electron 1 experiences a repulsion
due to the cloudinsidethe sphere that is the same as the repulsion it would feel if that

1Other methods, not discussed here, also exist. See, for example, Margenau and Murphy [1, pp. 382–383].
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Charge cloud 1s2 (2)

r1

1

Figure A3-1 � Sketch of spherical charge cloud 1s2(2) with electron 1 at a distancer1 from the
nucleus.

part of the cloud were collapsed to the center. We can calculate the energy due to this
repulsion (call it the “inner repulsion energy”) by dividing the product of charges by
the distance between them:

inner repulsion energy= (fraction of charge cloud 2 insider1) × 1/r1

= 4π

∫ r1

0
1s2(2)r2

2dr2 × 1/r1 (A3-4)

where the factor 4π comes from integrating overθ2, φ2. Electron 1 also experiences
repulsion from charge cloud 2outsidethe sphere of radiusr1. But, from what we said
above, electron 1 would experience this same “outer repulsion” no matter where it was
inside the inner sphere. Therefore we will calculate the energy due to this repulsion
as though electron 1 were at the center, since this preserves spherical symmetry and
simplifies the calculation. It follows that all the charge in a thin shell of radiusr2 repels
electron 1 through an effective distance ofr2. Integrating over all such shells gives

outer repulsion energy= 4π

∫ ∞

r1

(1/r2)1s2(2)r2
2dr2 (A3-5)

The total energy of repulsion between charge cloud 2 and electron 1 atr1 is the sum
of inner and outer repulsive energies. But electron 1 is not always atr1. Therefore,
we must finally integrate over all positions of electron 1, weighted by the frequency of
their occurrence:

repulsive energy= 16π2
∫ ∞

0
1s2(1)

{
(1/r1)

∫ r1

0
1s2(2)r2

2dr2

+
∫ ∞

r1

1s2(2)r2dr2

}
r2
1dr1 (A3-6)
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Figure A3-2 �

The inner integrals contain but one variable,r2, and can be evaluated with the help of
Appendix 1. After they are performed, the integrand depends only onr1 and this is also
easily integrated yielding 5ζ/8 as the result. A positive value is necessary since a net
repulsion exists between two clouds of like charge.

The second method of evaluation is more mathematical and more general. The func-
tion 1/r12 is expressible2 as a series of terms involving associated Legendre functions:

1

r12
=

∞∑

l=0

+l∑

m=−l

(l − |m|)!
(l + |m|)!

rl
<

rl+1
>

P
|m|
l (cosθ1)P

|m|
l (cosθ2)exp[im(φ1 − φ2)] (A3-7)

This infinite series will give the distance between particles 1 and 2 located at positions
r1, θ1, φ1 andr2, θ2, φ2 (Fig. A3-2). All we need to do is pick the larger ofr1 andr2 and
call thatr>, the other beingr<, and substitute those numbers into the formula. We also
need all the Legendre functions for cosθ1 and cosθ2, and values of exp[im(φ1 − φ2)]
for all integral values ofm. Putting all this together as indicated by Eq. (A3-7) would
give a series of numbers whose sum would converge to the value of 1/r12. While this is
an exceedingly cumbersome way to calculate the distance between two points, it turns
out that use of the formal expression (A3-7) enables us to integrate Eq. (A3-1). This
comes about because the Legendre functions satisfy the relation

∫ π

0
P

|m|
l (cosθ)P

|m|
l′ (cosθ)sinθ dθ = 2

2l + 1

(l + |m|)!
(l − |m|)!δll′ . (A3-8)

The first Legendre polynomialP0 is equal to unity. Therefore, 1s(i), which has no
θ dependence, can be written

1s(i) = (ζ 3/π)1/2 exp(−ζ ri)P0(cosθi) (A3-9)

Thus, in the integral (A3-1) there will be an integration overθ1 of the form
∫ π

0
P0(cosθ1)P

|m|
l (cosθ1)P0(cosθ1)sinθ1 dθ1 (A3-10)

for each term in the sum (A3-7) (and a similar integral overθ2). However since
12 = 1, [P0(cosθ1)]2 = P0(cosθ1), and integral (A3-10) becomes [by Eq. (A3-8)]

∫ π

0
P0(cosθ1)P

|m|
l (cosθ1)sinθ1 dθ1 = 2δ0l (A3-11)

2See Eyring et al. [2, Appendix 5].
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[m must equal zero here, otherwise the integral overφ will vanish.] In other words, all
terms of the sum overl andm vanish except the first term, for whichl = m = 0. This
gives that the 1/r12 operator is equal to 1/r>. Hence, the repulsion integral is

16π2
∫ ∞

0

∫ ∞

0

(
1s2(1)1s2(2)r2

1r2
2

r>

)
dr2dr1 (A3-12)

wherer> is the greater ofr1, r2. Suppose that we integrate overr2 first. Asr2 changes
value, it is sometimes smaller, sometimes larger than a particular value ofr1. When it
is larger,r> is r2. When it is smaller,r> is r1. Putting this argument into mathematical
form gives

16π2
∫ ∞

0

{∫ r1

0

1s2(1)1s2(2)r2
1r2

2dr2

r1
+

∫ ∞

r1

1s2(1)1s2(2)r2
1r2

2dr2

r2

}
dr1 (A3-13)

Since the variable of integration in the two inner integrals isr2, the quantities 1s2(1), r2
1,

andr1 may be brought outside these inner integrals, giving us the same equation (A3-6)
that we obtained by the first method. This second method is more generally useful
because it can be used when repulsions involving p, d, etc. charge clouds are calculated.
In these cases, terms involvingl = 1,2, etc., become nonvanishing, but the series
generally truncates after a few terms.
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Appendix 4

Angular Momentum Rules

A4-1 Introduction

In Chapters 4, 5, and 7, we deal with the angular momentum of electrons due to
their orbital motions and spins and also with angular momentum due to molecular
rotation. The conclusions we arrive at are based partly on physical arguments related
to experience with macroscopic bodies. While this is the most natural way to introduce
such concepts, it is not the most rigorous. In this appendix we shall demonstrate how
use of the postulates discussed in Chapter 6 leads to all of the relationships we have
introduced earlier. The approach is based entirely on the mathematical properties of
the relevant operators, making no appeal to physical models.

A4-2 The Classical Expressions for Angular Momentum

According to postulate II (Section 6-3), we must first find the classical physical express-
ions for the quantity of interest in terms ofx, y, z,px,py,pz , andt . We know that the
angular momentum for an object of massm moving with velocityv in a circular orbit
of radiusr is

L = mr × v = r × p (A4-1)

where the× symbol means we are taking a cross-product of vectors. To examine this
in detail, we must resolver andp into x, y, andz components:

r = ix + jy + kz (A4-2)

p = mv = mi
dx

dt
+ mj

dy

dt
+ mk

dz

dt
= ipx + jpy + kpz (A4-3)

Here i, j ,k are unit vectors pointing, respectively, along thex, y, z Cartesian axes.
A cross product is taken by expanding the following determinant:

L = r × p =

∣∣∣∣∣∣∣

i j k
x y z

px py pz

∣∣∣∣∣∣∣
(A4-4)

to give

L = i(ypz − zpy) + j(zpx − xpz) + k(xpy − ypx) (A4-5)

591
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The coefficient fori is the magnitude of thex-component of angular momentum, etc.
That is,

L = Lx i + Ly j + Lzk (A4-6)

where we now see that

Lx = ypz − zpy (A4-7)

Ly = zpx − xpz (A4-8)

Lz = xpy − ypx (A4-9)

(The simple cyclicx, y, z relationships among these formulas can be used as a memory
aid.) We will also be interested in the square of the angular momentum,L2:

L2 = L · L = (Lx i + Ly j + Lzk)(Lx i + Ly j + Lzk) = L2
x + L2

y + L2
z (A4-10)

where we have used the orthonormality of the unit vectors (i · i = 1, i · j = 0, etc). Note
thatL2 is amagnitude, nota vector.

This gives the classical expressions we need for thex, y, andz components of angular
momentum and for the square of its magnitude.

A4-3 The Quantum-Mechanical Operators

Postulate II tells us what to do next: Replacepx with (h̄/i)∂/∂x, and similarly for
py,pz . The resulting operators are:

L̂x = −ih̄

(
y

∂

∂z
− z

∂

∂y

)
(A4-11)

L̂y = −ih̄

(
z

∂

∂x
− x

∂

∂z

)
(A4-12)

L̂z = −ih̄

(
x

∂

∂y
− y

∂

∂x

)
(A4-13)

and

L̂2 = L̂2
x + L̂2

y + L̂2
z (A4-14)

All of these operators are hermitian.
Now that we have the quantum-mechanical operators, we are free to transform them

to other coordinate systems. In spherical coordinates, they are1

L̂x = ih̄

(
sinφ

∂

∂θ
+ cotθ cosφ

∂

∂φ

)
(A4-15)

L̂y = −ih̄

(
cosφ

∂

∂θ
− cotθ sinφ

∂

∂φ

)
(A4-16)

1See Eyting et al. [1, p. 40.]
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L̂z = −ih̄
∂

∂φ
(A4-17)

L̂2 = −h̄2
(

∂2

∂θ2 + cotθ
∂

∂θ
+ 1

sin2 θ

∂2

∂φ2

)

= −h̄2
(

1

sinθ

∂

∂θ
sinθ

∂

∂θ
+ 1

sin2 θ

∂2

∂φ2

)
(A4-18)

In atomic units, the quantitȳh becomes unity and does not appear. We will use
atomic units henceforth in this appendix.

A4-4 Commutation of Angular Momentum Operators with
Hamiltonian Operators and with Each Other

We have indicated (Chapter 4) that a rotating classical system experiencing torque
maintainsE,Lz , and|L | (or, equivalently,L2) as constants of motion, but notLx orLy .
We might anticipate a similar situation in quantum mechanics. This would mean that
a state functionψ would be an eigenfunction for̂H, L̂2, andL̂z but not forL̂x or L̂y .
This in turn requires that̂H, L̂2, andL̂z commute with each other, but thatL̂x andL̂y

do not commute with all of them.
We first considerĤ and L̂2. Note thatL̂2 appears in∇2 [compare Eq. (A4-18)

with (4-7)]:

∇2 = 1

r2

∂

∂r
r2 ∂

∂r
− 1

r2 L̂2 (A4-19)

Also, sinceL2 does not contain the variabler, L̂2 commutes with any function depend-
ing only on r. SinceL̂2 must also commute with itself, it follows that̂L2 and∇2

commute, i.e., that
[
L̂2,∇2

]
= 0 (A4-20)

If V in a hamiltonian operator is a function ofr only, then
[
L̂2, Ĥ

]
= 0 (A4-21)

This proves thatĤ for a hydrogenlike ion commutes witĥL2.
From the expressions for̂L2 andL̂z in spherical polar coordinates, it is obvious that

[
L̂z, L̂2

]
= 0 (A4-22)

L̂z does not operate on functions ofr, and soL̂z commutes with∇2. For a spherically
symmetric system,V = V (r) and we have that

[
L̂z, Ĥ

]
= 0 (A4-23)

Thus, we have shown that̂H, L̂2, L̂z all commute in a system having a spherically
symmetric potential.
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Now let us test̂Lx andL̂y with each other and also witĥL2.

[
L̂x, L̂y

]
= L̂xL̂y − L̂yL̂x (A4-24)

We will examine this using the Cartesian system. We write out each operator product
and subtract:

L̂xL̂y = −
(

y
∂

∂z
− z

∂

∂y

) (
z

∂

∂x
− x

∂

∂z

)

= −
(

y
∂

∂x
+ yz

∂2

∂z∂x
− z2 ∂2

∂y∂x
− yx

∂2

∂z2 + zx
∂2

∂y∂z

)
(A4-25)

L̂yL̂x = −
(

zy
∂2

∂x∂z
− xy

∂2

∂z2 − z2 ∂2

∂x∂y
+ x

∂

∂y
+ xz

∂2

∂z∂y

)
(A4-26)

Subtracting (A4-26) from (A4-25):

[
L̂x, L̂y

]
= −

(
y

∂

∂x
− x

∂

∂y

)
=

(
x

∂

∂y
− y

∂

∂x

)
= iL̂z (A4-27)

A similar approach to other operator combinations gives
[
L̂y, L̂z

]
= iL̂x (A4-28)

[
L̂z, L̂x

]
= iL̂y (A4-29)

(Notice thex, y, z cyclic relation.) These commutation relations do not depend on
choice of coordinate system. Use of ther, θ,φ coordinate system would give the
same results. Evidently, these operators do not commute with each other since their
commutators are unequal to zero.

From this point we will dispense with the carat symbol, since the context of the
discussion makes it obvious that we are referring to operators.

We still have not checkedL2 with Lx andLy . We will now show that

[
Lx,L2] =

[
Lx, (L2

x + L2
y + L2

z )
]
= 0 (A4-30)

We proceed by finding the commutator ofLx with L2
x,L2

y , andL2
z individually. It is

obvious that the first of these,Lx,L2
x equals zero. The second can be evaluated as

follows.

LxLy − LyLx = iLz (from A4-27) (A4-31)

We multiply (A4-31) from the left byLy :

LyLxLy − L2
yLx = iLyLz (A4-32)

We multiply (A4-31) from the right byLy :

LxL2
y − LyLxLy = iLzLy (A4-33)
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We sum (A4-32) and (A4-33):

LxL2
y − L2

yLx =
[
Lx,L2

y

]
= i(LyLz + LzLy) (A4-34)

A similar strategy, starting with (A4-29), multiplying from left and right byLz , and
summing, yields

L2
z Lx − LxL2

z = −[
Lx,L2

z

] = i(LzLy + LyLz) (A4-35)

Equation A4-34 minus A4-35 plus zero (fromLx,L2
x) is equal to (A4-30) and is easily

seen to equal zero.
A similar proof gives

[
Ly,L2] = 0 (A4-36)

It follows at once that, sinceLx andLy operate only onθ andφ and since∇2 contains
all θ andφ terms in the form ofL2:

[
Lx,∇2] = [

Ly,∇2] = 0 (A4-37)

If the potentialV for a system is independent ofθ andφ, then
[
Lx,H

] = [
Ly,H

] = 0 (A4-38)

We have shown thatH for an atom andL2 commute with each other and also with
Lx,Ly , andLz , but that the latter three operators do not commute with each other.
Therefore, we can say that there exists a set of simultaneous eigenfunctions forH,L2,
and one ofLx,Ly,Lz , but not the other two. We chooseLz to be the privileged operator.
This means that an atom can exist in states having “sharp” values of energy,magnitude
of angular momentum (hence square ofL), andz component of angular momentum,
but notx or y components.

H andL2 will commute ifV in H is independent ofθ andφ (central field potential).
H andLz will commute if V is independent ofφ, even if it is dependent onθ . This
is the case for anylinear system. Therefore,ML continues to be a sharp quantity for
linear molecules like H2 or C2H2, but total angular momentum value does not, because
L2 does not commute withH , soL is not a good quantum number. This is why the
main term symbol for a linear molecule is based onML, whereas the main term symbol
for an atom is based onL.

A4-5 Determining Eigenvalues for L2 and Lz

We will now make use of our operator commutation relations to determine the nature
of the eigenvalues forL2 andLz . We begin by defining two new operators:

L+ = Lx + iLy (A4-39)

L− = Lx − iLy (A4-40)

These are called “step-up” and “step-down” operators, respectively, or “raising” and
“lowering” operators. They correspond to no observable property and are not hermitian.
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They have been devised solely because they are useful in formal analysis of the sort we
are doing here. The reason for their names will become apparent soon.

We now prove the following theorem for the step-up operatorL+:

LzL+ = L+(Lz + 1) (A4-41)

ExpandingL+ gives

LzL+ = Lz(Lx + iLy) = LzLx + iLzLy (A4-42)

We now add zero in the form [see Eq. A4-29]

−(LzLx − LxLz − iLy) = 0 (A4-43)

to obtain

LzL+ = LxLz + iLy + iLzLy (A4-44)

We again add zero, this time in the form [see Eq. A4-28]

iLyLz − iLzLy + Lx = 0 (A4-45)

This results in

LzL+ = LxLz + iLy + iLyLz + Lx (A4-46)

Rearranging,

LzL+ = (Lx + iLy)Lz + Lx + iLy = (Lx + iLy)(Lz + 1) = L+(Lz + 1) (A4-47)

This proves Eq. A4-41. An analogous procedure proves the analogous relation for the
step-down operatorL−:

LzL− = L−(Lz − 1) (A4-48)

Our ultimate goal is to discover the nature of the eigenvalues ofL2 andLz . Since
these two operators commute, there must exist a common set of eigenfunctions for them.
Let us symbolize these simultaneous eigenfunctions ofL2 andLz with the symbolY .
A given eigenfunctionY will be associated with an eigenvalue forL2 and a (possibly)
different eigenvalue forLz . To keep track of these, we use subscript labelsl andm,
defined in the following manner:

L2Yl,m = klYl,m (A4-49)

LzYl,m = kmYl,m (A4-50)

Now we make use of our “ladder” operators. It is not difficult to show (ProblemA4-1)
that

LzL+Yl,m = (km + 1)L+Yl,m (A4-51)

This shows that operating onYl,m with the step-up operatorL+ produces a new func-
tion and that this new function is also an eigenfunction ofLz . Furthermore, the new
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eigenfunction has an eigenvalue that is greater by one than the eigenvalue(km) of
the original eigenfunction. This is the reasonL+ is called a step-up operator. The
analogous relation forL− is

LzL−Yl,m = (km − 1)L−Yl,m (A4-52)

The import of Eqs. (A4-51) and (52) is that a set of eigenfunctions forLz exists with
eigenvalues separated by unity.

We now use the ladder operators in another pair of useful operator relations
(Problem A4-2):

L2 = L+L− + L2
z − Lz (A4-53)

L2 = L−L+ + L2
z + Lz (A4-54)

It is also possible to show (Problem A4-3) that

L+Yl,m = C+Yl,m+1 (A4-55)

L−Yl,m = C−Yl,m−1 (A4-56)

whereC+ andC− are constants. Equations A4-55 and A4-56 tell us that the ladder
operators change the functionsY in a manner such that their eigenvalues forL2 donot
change.

We will now show that

kl ≥ k2
m (A4-57)

We begin with the obvious relation

(L2 − L2
z )Yl,m = (kl − k2

m)Yl,m (A4-58)

But, from Eq. A4-14,

L2 − L2
z = L2

x + L2
y (A4-59)

and so

(L2
x + L2

y)Yl,m = (kl − k2
m)Yl,m (A4-60)

Equation A4-60 is remarkable because it indicates that the functionsYl,m (which are
noteigenfunctions ofLx or Ly , since these do not commute withLz) are nevertheless
eigenfunctions for thecombinationL2

x + L2
y .

We will now show that the eigenvalues of Eq. A4-60 must be positive definite, which
suffices to prove thatkl ≥ k2

m. We proceed by recognizing that the operatorsLx andLy

do possess eigenfunctions, though they are different from the functionsYl,m. Let us
symbolize themf andg, respectively. Then

Lxfi = xifi (A4-61)

Lygi = yigi (A4-62)

BecauseLx andLy are hermitian operators,x andy are real numbers and the function
sets{f } and{g} are complete and can be assumed to be orthonormal. We can therefore
expand the functionsY in terms of either set:

Yl,m =
∑

i

c
l,m
i fi =

∑

j

d
l,m
j gj (A4-63)
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Substituting Eqs. A4-63 into A4-60 and operating:

(kl − k2
m)Yl,m = (L2

x + L2
y)Yl,m = L2

xYl,m + L2
yYl,m

= L2
x

∑

i

c
l,m
i fi + Ly2

∑

j

d
l,m
j gj

=
∑

i

c
l,m
i x2

i fi +
∑

j

d
l,m
j y2

j gj (A4-64)

We can isolatekl − k2
m by multiplying from the left by(Yl,m)∗ and integrating. On the

left:
∫

(Yl,m)∗(kl − k2
m)Yl,mdv = (kl − k2

m)

∫
(Yl,m)∗Yl,mdv = (kl − k2

m) (A4-65)

On the right:
∫ ∑

p

(cl,m
p fp)∗

∑

i

c
l,m
i x2

i fi dv +
∫ ∑

q

(dl,m
q gq)∗

∑

j

d
l,m
j y2

j gj dv

=
∑

p

∑

i

(cl,m
p )∗c

l,m
i x2

i

∫
(fp)∗fi dv +

∑

q

∑

j

(dl,m
q )∗d

l,m
j y2

j

∫
(gq)∗gj dv

(A4-66)

But {f } and{g} are orthonormal sets, and so Eq. (A4-65-66) becomes

(kl − k2
m) =

∑

i

|cl,m
i |2x2

i +
∑

j

|dl,m
j |2y2

i (A4-67)

Sincex andy are real, neither sum has negative terms, so(kl − k2
m) ≥ 0. (If we resort

to a physical argument, we see the reasonableness of this sinceL2
x + L2

y is the square
of the angular momentum projection in thex, y plane.)

Knowing thatkl ≥ k2
m, we now consider the implications of applying the step-up

operator many times toYl,m and then operating withLz :

LzL+L+L+ · · ·L+Yl,m = (km + 1+ 1+ 1· · · + 1)Yl,m+1+1+1···+1

= km′Yl,m′ (A4-68)

Eventually we will get akm′ that is too large to satisfyk2
m′ ≤ kl . At that point the series

must terminate, which means thatL+Yl,m′ = 0. Let us call the maximum-valuekm

reached in this waykmax. Use ofL− likewise gives us a lowest possible value ofkm

which we callkmin. The corresponding eigenfunctions are labeledYl,max andYl,min.
Since

L+Yl,max= 0 (A4-69)

it follows that

L−L+Yl,max= 0 (A4-70)

But, substituting forL+L− from Eq. A4-54, this can be written

(L2 − L2
z − Lz)Yl,max= 0 (A4-71)
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so

k2
l − k2

max− kmax= 0 (A4-72)

or

k2
l = k2

max+ kmax (A4-73)

A similar treatment onL−L+Yl,min yields

k2
l = k2

min − kmin (A4-74)

From these two expressions forkl , we have

k2
min − k2

max= kmin + kmax (A4-75)

This relation can be satisfied only if

kmax= −kmin (A4-76)

What has been shown is that, for functionsYl,?, the eigenvalue ofL2, kl , determines
the maximum value ofkm throughkl = k2

max+ kmax, that the minimum value ofkm is
−kmax, and that intermediate values ofkm are given bykmax− 1, kmax− 2, etc. If we
let the value ofkmax be symbolized byl, then we have thatkl = l2 + l = l(l +1), so that

L2Yl,m = l(l + 1)Yl,m (A4-77)

If we let the value ofkm be symbolized bym, then

LzYl,m = mYl,m (A4-78)

For a given value ofl,m can take on the values

m = l, l − 1, l − 2, . . . ,−l + 1,−l (A4-79)

There are only two possible scenarios for such a set of numbersm. One set is the
integers; e.g., ifl = 3,m = 3,2,1,0,−1,−2,−3. The other set is the half-integers;
e.g., ifl =3/2,m=3/2,1/2,−1/2,−3/2. Either way, there are 2l +1 allowed values
of m.

All of the above relations have been derived from the commutation relations for the
angular momentum operators. They hold for:

Electron orbital angular momentum L2, Lz

Electron spin angular momentum S2, Sz

Resultant of orbital and spin momenta J 2, Jz

Molecular rotational angular momentumJ 2, Jz

Nuclear spin angular momentum I2, Iz

If we seek analytical expressions for the functionsYl,m, we can start with the assump-
tion that they are separable into products of two kinds of functions, one type depending
only onθ , the other only onφ:

Yl,m = �(θ)�(φ) (A4-80)
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SinceLz =−i∂/∂ϕ, sinceLzYl,m = mYl,m, and furthermore sinceYl,m must be single
valued, it follows that�(φ)= (1/

√
2π)exp(imφ), with m=0,±1,±2, . . . . Note that

m must be an integer. We have the curious result that, ifYl,m is separable intoθ andφ

parts, the eigenvalues forLz cannot belong to the half-integer set mentioned above.
The separable, analytic functionsYl,m with l an integer are the spherical harmonics

described in Chapter 4 and long known to classical physics. Indeed, the symbolYl,m

has come to stand for those functions. For systems involving half-integerl and m

values, no analytical functions of the usual sort can be written. Instead, matrices and
vectors are used that manifest the correct relationships. Thus, for the spin of a single
electron, Pauli used the following representation:

α =
(

1
0

)
, β =

(
0
1

)
, 〈α|α〉 =

(
1 0

)(
1
0

)
= 1

Sz = 1

2

(
1 0
0−1

)
, Sx = 1

2

(
0 1
1 0

)
, Sy = 1

2

(
0−i

i 0

)

A4-5.1 Problems

A4-1. Prove Equation A4-51.

A4-2. Prove Equation A4-53.

A4-3. Prove Equation A4-55. What does this equation imply aboutL2 andL+?

A4-4. Evaluate〈Yl,m|Lx |Yl,m〉 using only operator relations from this appendix.

A4-5. Demonstrate that the Pauli spin matrices and vectors satisfy the following
relations:

a) 〈α|β〉 = 0
b) S+β = α

c) S+α = 0
d) [Sx, Sy] = iSz

A4-6. Use the Pauli spin matrices to evaluateS2α.

Reference

[1] H. Eyring, J. Walter, and G. E. Kimball,Quantum Chemistry. Wiley, New York,
1944.
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The Pairing Theorem 1

A5-1 Pairing of Roots and Relation Between Coefficients
for Alternant Systems

The HMO assumptions are

Hij =






α if i = j

β if i �= j are bonded together

0 if i �= j are not bonded together

(A5-1)

Sij = δij (A5-2)

φk =
∑

i

cikχi (A5-3)

whereχi is a 2pπ AO on carboni.
An alternant hydrocarbon can be labeled with asterisks to demonstrate the existence

of two sets of carbon centers in the molecule such that no two atoms in the same set
are nearest neighbors (see Section 8-9). The following discussion pertains to alternant
systems.

The simultaneous equations leading to H¨uckel energies and coefficients are of the
form

cix + cj + ck + cl + · · · = 0 (A5-4)

wherex = (α − E)/β. Atomsj, k, l must be bonded to atomi if cj , ck, cl are to be
unequal to zero. Hence, atomsj, k, andl belong to one set of atoms, and atomi belongs
to the other set.

If we have already found a value ofx and a set of coefficients satisfying the simulta-
neous equations (A5-4), it is easy to show that these equations will also be satisfied if
we insert−x and also reverse the signs of the coefficients for one set of centersor the
other. If we reverse the coefficient signs for the setj, k, l, we obtain, on the left-hand
side

ci(−x) − cj − ck − cl − · · · (A5-5)

which is the negative of Eq. A5-4 and hence still equals zero. If we reverse the sign of
ci , we have

−ci(−x) + cj + ck + cl + · · · (A5-6)

which is identical to Eq. A5-4.
1See Coulson and Rushbrooke [1].
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602 The Pairing Theorem

This proves that each root of an alternant hydrocarbon atx(�= 0) has a mate at−x

and that their associated coefficients differ only in sign between one or the other sets of
atoms. Note that, ifx = 0, theci term vanishes, leaving coefficients for only one set of
centers. Reversing all signs in this case corresponds to multiplying theentireMO by
−1, which does not generate a new (linearly independent) function. Thus, it is possible
for an alternant system to have a single, unpaired root atx = 0. It is necessaryfor odd
alternants to have such a root. An even alternant may have a root atx = 0, but, if it has
one such root, it must have another since, in the end, there must be an even number of
roots.

A5-2 Demonstration That Electron Densities Are Unity in
Ground States of Neutral Alternant Hydrocarbons

Fromn AOs resultn MOs. The AOs as well as the MOs can be assumed normalized
and (in the HMO method) orthogonal. If each AO contains one electron, the electron
density at each AO is unity. If these AOs are combined to form MOs, andeach MOhas
one electron, each AO electron density would still be unity, since the set of all singly
occupied MOs is just a unitary transformation of the set of all singly occupied AOs.
(The matrix equivalent of these statements is

C†C = 1 = CC† (A5-7)

The left equality means that the sum of squares (absolute) of coefficients overall atoms
in oneMO is unity, so the MO is normalized. The right equality means that the sum of
squares of coefficients overoneatom in all MOs is unity.)

For an alternant hydrocarbon, however, thesquaresof coefficients in an MO at
E = α + kβ are identical to those in the MO atE = α − kβ. Therefore, no change in
electron density will result if each electron in the upper half of our MO energy spectrum
is shifted to its lower-energy mate. Thus, the resulting state, which is the neutral ground
state, still has unit electron density at each AO.

A5-3 A Simple Method for Generating Nonbonding MOs

An immediate consequence of Eq.A5-4 is that the coefficientsfor any nonbonding MO,
for whichx = 0 by definition, satisfy the following simple rule:The coefficients on all
the atoms attached to any common atom sum to zero. Consider the nonbonding MOs
below:

0

0 0

0

0

–

–

– –

It is clear that, no matter which atom one chooses as reference, the sum of coefficients
of attached atoms is zero.
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It is possible to use this observation to generate nonbonding MOs without the aid
of a computer or tabulation. For odd-alternant systems such an MO is guaranteed to
exist, and the recipe is especially easy, so we start with these. The procedure is:

1. Divide the centers into asterisked and unasterisked sets, as described in Chapter 8.
One set will have fewer centers. Set all of the coefficients in this set equal to zero.

2. Choose one of the nonzero sites and set its coefficient to bex. Then work around
the molecule, setting other coefficients to values needed to satisfy the “sum to zero”
rule.

3. When finished, evaluatex by requiring that the sum of squares of coefficients equal
unity.

For example, consider the naphthyl system:

8
7

5
6

4
3

2
19

10

11

*

**

*

*

*

The asterisked centers are more numerous, so we set the others to zero.

0 0

00
0

Now we set one of the nonzero sites equal tox. Let us use the one marked with an
arrow. Then we move around the molecule, setting the other values.

0
0

0

0

0

0
0 0

00

0
0 0

00

0
0 0

00

x x

–x

–x

–x

–x

–x

–x
x x x x

2x2x –3x

Now we set the sum of squares to unity: 17x2 = 1;x = 0.242. The final nonbonding
MO is

–0.242 –0.727

–0.242
0.242 0.242

0.484

0

0

0

0

0

If an even alternant has a nonbonding MO, then it must have a pair of them. Each
one corresponds to setting a different subset of coefficients equal to zero.

This simple recipe would be little more than a parlor trick were it not for the fact
that the nonbonding MO is often very important in determining a molecule’s chemical
or physical properties. For example, the neutral molecule used above as an example
is alternant, hence hasπ -electron densities of one at every carbon. However thespin
density is controlled by the nonbonding MO, since that is where the unpaired electron
is, so the ESR splitting pattern should correspond to a series of coupling constants
proportional to the squares of these nonbonding MO coefficients (if we ignore negative
spin density).

If the neutral radical is ionized to the cation, the electron is lost from the nonbonding
MO, and so the deficiency of electronic density (i.e., the positive charge) appears on
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carbons with nonzero coefficients, in proportion to the squares of the coefficients. In
the case of our previous example, the cation charge distribution is predicted to be

+0.06 +0.23 +0.53

+0.06
+0.06

+0.06
0

0
0

0

0

If we were to modify the molecule chemically by attaching a methyl group (which
donatesπ electron chargevia hyperconjugation) or by substituting for carbon a more
electronegative nitrogen atom, we could hope to influence the ease of ionization. But
it is apparent that such modifications will have greatest effect if they occur at sites
where the largest changes in electron density occur upon ionization, i.e., at positions
11 and 1. Modifying the molecule at a position where a zero coefficient exists in
the nonbonding MO (i.e., positions 4, 5, or 7) should have little effect on the ease of
carbocation formation.

Reference

[1] C. A. Coulson and G. S. Rushbrooke,Proc. Cambridge Phil. Soc. 36, 193 (1940).



Appendix 6

Hückel Molecular Orbital Energies,
Coefficients, Electron Densities,
and Bond Orders for Some Simple
Molecules

Each molecule is labeled as alternant or nonalternant. For alternants, only the occupied
MO data are tabulated since the remainder may be generated by use of the pairing
theorem (see Appendix 5). Bond orders are tabulated for only one bond from each
symmetry-equivalent set in a molecule.

x HMO root= (α − E)/β

n number of electrons in MO when molecule is in neutral ground state
ci LCAO-MO coefficient of AO at atomi

qi π -electron density on atomi
pij π -bond order between atomsi andj

Eπ totalπ energy of the molecule= sum ofπ -electron energies

Molecules in this tabulation are grouped according to the number of centers in the
conjugated system. (In all cases, it is assumed that the system is planar and undistorted
which, in some cases, is not correct.)
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606 Hückel Molecular Orbitals

Index of System Tabulated

Butadiene-2,3-bimethyl

Benzene

Fulvene

Heptatrienyl

Benzyl

Cycloheptatrienyl

Cyclooctatetraene

Octatetraene

Benz-cyclopentadienyl

Azulene

NaphthaleneHexatriene

Cyclobutadienyl methyl

Cyclopentadienyl

Pentadienyl

Methylene cyclopropene

2-Allylmethyl

Cyclobutadiene

Butadiene

Cyclopropenyl

Allyl

Ethylene
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Two Centers

Ethylene (alternant) C2H2

all q = 1.0,p12= 1.0,
Eπ = 2α + 2β

n x c1 c2

2 −1.000 0.7071 0.7071

Three Centers

Allyl radical (alternant) C3H5

all q = 1.0,p12= 0.707,
Eπ = 3α + 2.8284β

n x c1 c2 c3

2 −1.4142 0.5000 0.7071 0.5000
1 0.0000 0.7071 0.0000 −0.7071

Cyclopropenyl radical (nonalternant) C3H3

all q = 1.0,p12= 0.5,
Eπ = 3α + 3.0000β

n x c1 c2 c3

2 −2.0000 0.5774 0.5774 0.5774
1
2 1.0000 −0.8165 0.4082 0.4082
1
2 1.0000 0.0000 0.7071 −0.7071
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Four Centers

Butadiene (alternant) C4H6

all q = 1.0,p12= 0.8944,p23= 0.4472,
Eπ = 4α + 4.4721β

n x c1 c2 c3 c4

2 −1.6180 0.3718 0.6015 0.6015 0.3718
2 −0.6180 0.6015 0.3718 −0.3718 −0.6015

Cyclobutadiene (alternant) C4H4

all q = 1.0,p12= 0.5,Eπ = 4α + 4.000β

n x c1 c2 c3 c4

2 −2.0000 0.5000 0.5000 0.5000 0.5000
1 0.0000 0.5000 0.5000 −0.5000 −0.5000
1 0.0000 0.5000 −0.5000 −0.5000 0.5000

2-Allylmethyl (alternant) C4H6

all q = 1.0,p12= 0.5774,Eπ = 4α + 3.4641β

n x c1 c2 c3 c4

2 −1.7320 0.7071 0.4082 0.4082 0.4082
1 0.0 0.0000 0.7071 −0.7071 0.0000
1 0.0 0.0000 0.4082 0.4082−0.8165

Methylene cyclopropene C4H4 (nonalternant)

Eπ = 4α + 4.9624β,p12= 0.4527,
p23= 0.8176,p14= 0.7583

n x c1 c2 c3 c4

2 −2.1701 0.6116 0.5227 0.5227 0.2818
2 −0.3111 0.2536 −0.3682 −0.3682 0.8152
0 1.0000 0.0000 0.7071 −0.7071 0.0000
0 1.4812 0.7494 −0.3020 −0.3020 −0.5059

qi = 0.8768 0.8176 0.8176 1.4881
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Five Centers

Pentadienyl radical (alternant) C5H7

all q = 1.0,p12= 0.7887,p23= 0.5774,
Eπ = 5α + 5.4641β

n x c1 c2 c3 c4 c5

2 −1.7320 0.2887 0.5000 0.5774 0.5000 0.2887
2 −1.0000 0.5000 0.5000 0.0000−0.5000 −0.5000
1 0.0000 0.5774 0.0000 −0.5774 0.0000 0.5774

Cyclopentadienyl radical (nonalternant) C5H5

all q = 1.0,p12= 0.5854,Eπ = 5α + 5.8541β

n x c1 c2 c3 c4 c5

2 −2.0000 0.4472 0.4472 0.4472 0.4472 0.4472
3/2 −0.6180 0.6325 0.1954 −0.5117 −0.5117 0.1954
3/2 −0.6180 0.0000 −0.6015 −0.3718 0.3718 0.6015
0 1.6180 0.6325 −0.5117 0.1954 0.1954 −0.5117
0 1.6180 0.0000 0.3718 −0.6015 0.6015 −0.3718

Cyclobutadienylmethyl radical (alternant) C5H5

all q = 1.0,p12= 0.3574,p23= 0.6101
p15= 0.8628,Eπ = 5α + 5.5959β

n x c1 c2 c3 c4 c5

2 −2.1358 0.5573 0.4647 0.4351 0.4647 0.2610
2 −0.6622 −0.4351 0.1845 0.5573 0.1845−0.6572
1 0.0000 0.0000 −0.7071 0.0000 0.7071 0.0000
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Six Centers

Hexatriene (alternant) C6H8

all q = 1.0,p12 = 0.8711,p23= 0.4834,
p34= 0.7848,Eπ = 6α + 6.9879β

n x c1 c2 c3 c4 c5 c6

2 −1.8019 0.2319 0.4179 0.5211 0.5211 0.4179 0.2319
2 −1.2470 0.4179 0.5211 0.2319−0.2319 −0.5211 −0.4179
2 −0.4450 0.5211 0.2319 −0.4179 −0.4179 0.2319 0.5211

Butadiene-2,3-bimethyl (alternant) C6H8

all q = 1.0,p12 = 0.6667,p23= 0.3333,Eπ = 6α + 6β

n x c1 c2 c3 c4 c5 c6

2 −2.0000 0.2887 0.5774 0.5774 0.2887 0.2887 0.2887
2 −1.0000 0.4082 0.4082 −0.4082 −0.4082 0.4082 −0.4082
2 0.0000 −0.5000 0.0000 0.0000 −0.5000 0.5000 0.5000

Benzene (alternant) C6H6

all q = 1.0,p12 = 0.6667,Eπ = 6α + 8β

n x c1 c2 c3 c4 c5 c6

2 −2.0000 0.4082 0.4082 0.4082 0.4082 0.4082 0.4082
2 −1.0000 0.0000 0.5000 0.5000 0.0000−0.5000 −0.5000
2 −1.0000 0.5774 0.2887 −0.2887 −0.5774 −0.2887 0.2887

Fulvene (nonalternant) C6H6

Eπ = 6α + 7.4659β,p12 = 0.7779,p23= 0.5202,p45= 0.4491,
p56= 0.7586

n x c1 c2 c3 c4 c5 c6

2 −2.1149 0.4294 0.3851 0.3851 0.4294 0.5230 0.2473
2 −1.0000 0.0000 0.5000 0.5000 0.0000−0.5000 −0.5000
2 −0.6180 0.6015 0.3718 −0.3718 −0.6015 0.0000 0.0000
0 0.2541 −0.3505 0.2795 0.2795 −0.3505 −0.1904 0.7495
0 1.6180 −0.3718 0.6015 −0.6015 0.3718 0.0000 0.0000
0 1.8608 −0.4390 0.1535 0.1535 −0.4390 0.6635 −0.3566

qi = 1.0923 1.0730 1.0730 1.0923 1.0470 0.6223
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Seven Centers

Heptatrienyl radical (alternant) C7H9

all q = 1.0,Eπ = 7α + 8.0547β
p12 = 0.8155,p23= 0.5449,p34= 0.6533

n x c1 c2 c3 c4 c5 c6 c7

2 −1.8478 0.1913 0.3536 0.4619 0.5000 0.4619 0.3536 0.1913
2 −1.4142 0.3536 0.5000 0.3536 0.0000−0.3536 −0.5000 −0.3536
2 −0.7654 0.4619 0.3536 −0.1913 −0.5000 −0.1913 0.3536 0.4619
1 0.0000 −0.5000 0.0000 0.5000 0.0000−0.5000 0.0000 0.5000

Benzyl radical (alternant) C7H7

all q = 1.0,p12 = 0.5226,p23= 0.7050,
p34= 0.6350,p17= 0.6350,Eπ = 7α + 8.7206β

n x c1 c2 c3 c4 c5 c6 c7

2 −2.1010 0.5000 0.4063 0.3536 0.3366 0.3536 0.4063 0.2380
2 −1.2593 −0.5000 −0.1163 0.3536 0.5615 0.3536 −0.1163 −0.3970
2 −1.0000 0.0000 0.5000 0.5000 0.0000−0.5000 −0.5000 0.0000
1 0.0000 0.0000 −0.3780 0.0000 0.3780 0.0000 −0.3780 0.7560

Cycloheptatrienyl radical (nonalternant) C7H7

all q = 1.0,p12 = 0.6102,Eπ = 7α + 8.5429β

n x c1 c2 c3 c4 c5 c6 c7

2 −2.0000 0.3780 0.3780 0.3780 0.3780 0.3780 0.3780 0.3780
2 −1.2470 −0.5345 −0.3333 0.1189 0.4816 0.4816 0.1189−0.3333
2 −1.2470 0.0000 −0.4179 −0.5211 −0.2319 0.2319 0.5211 0.4179
1
2 0.4450 0.5345 −0.1189 −0.4816 0.3333 0.3333 −0.4816 −0.1189
1
2 0.4450 0.0000 0.5211 −0.2319 −0.4180 0.4180 0.2319 −0.5211
0 1.8019 −0.5345 0.4816 −0.3333 0.1189 0.1189 −0.3333 0.4816
0 1.8019 0.0000 0.2319 −0.4179 0.5211 −0.5211 0.4179 −0.2319



612 Hückel Molecular Orbitals

Eight Centers

Octatetraene (alternant) C8H10

all q = 1.0,p12 = 0.8621,p23 = 0.4948,

p34 = 0.7581,p45 = 0.5288,Eπ = 8α + 9.5175β

n x c1 c2 c3 c4 c5 c6 c7 c8

2 −1.8794 0.1612 0.3030 0.4082 0.4642 0.4642 0.4082 0.3030 0.1612

2 −1.5321 0.3030 0.4642 0.4082 0.1612−0.1612 −0.4082 −0.4642 −0.3030

2 −1.0000 −0.4082 −0.4082 0.0000 0.4082 0.4082 0.0000−0.4082 −0.4082

2 −0.3473 0.4642 0.1612 −0.4082 −0.3030 0.3030 0.4082 −0.1612 −0.4642

Cyclooctatetraene (alternant) C8H8

all q = 1.0,p12 = 0.6035,Eπ = 8α + 9.6568β

n x c1 c2 c3 c4 c5 c6 c7 c8

2 −2.0000 0.3536 0.3536 0.3536 0.3536 0.3536 0.3536 0.3536 0.3536

2 −1.4142 0.3536 0.0000 −0.3536 −0.5000 −0.3536 0.0000 0.3536 0.5000

2 −1.4142 0.3536 0.5000 0.3536 0.0000−0.3536 −0.5000 −0.3536 0.0000

1 0.0000 0.3536 0.3536 −0.3536 −0.3536 0.3536 0.3536 −0.3536 −0.3536

1 0.0000 0.3536 −0.3536 −0.3536 0.3536 0.3536 −0.3536 −0.3536 0.3536

Nine Centers

Benzcyclopentadienyl radical (nonalternant) C9H7

p12= 0.6592,p49= 0.6071,p56= 0.6630,

p18= 0.4790,p45= 0.6363,p89= 0.5118,

Eπ = 9α + 11.8757β

n x c1 c2 c3 c4 c5 c6 c7 c8 c9

2 −2.3226 0.3203 0.2758 0.3203 0.2988 0.2259 0.2259 0.2988 0.4681 0.4681

2 −1.5450 −0.3114 −0.4031 −0.3114 0.2689 0.4934 0.4934 0.2689−0.0780 −0.0780

2 −1.1935 0.2992 0.0000−0.2992 −0.4841 −0.2207 0.2207 0.4841 0.3571−0.3571

2 −0.7293 −0.2054 −0.5634 −0.2054 0.0935 −0.3454 −0.3454 0.0935 0.4136 0.4136

1 −0.2950 0.5428 0.0000−0.5428 0.3355 0.2591−0.2591 −0.3355 0.1601 −0.1601

0 0.9016 0.1548 −0.3434 0.1548 −0.5424 0.2852 0.2852−0.5424 0.2038 0.2038

0 1.2950 −0.2591 0.0000 0.2591−0.1601 0.5428 −0.5428 0.1601 0.3355−0.3355

0 1.6952 0.4840 −0.5711 0.4840 0.1884−0.0699 −0.0699 0.1884 −0.2495 −0.2495

0 2.1935 −0.2207 0.0000 0.2207 0.3571−0.2992 0.2992 −0.3571 0.4841 −0.4841

qi = 0.9571 1.1119 0.9571 0.9218 0.9920 0.9920 0.9218 1.0730 1.0730
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Ten Centers

Azulene (nonalternant) C10H8

p12= 0.6560,p4,10= 0.5858,p56= 0.6389,

p19= 0.5956,p45= 0.6640,p9,10= 0.4009,

Eπ = 10α + 13.3635β

n x c1 c2 c3 c4 c5 c6 c7 c8 c9 c10

2 −2.3103 0.3233 0.2799 0.3233 0.2886 0.1998 0.1730 0.1998 0.2886 0.4670 0.4670

2 −1.6516 −0.2678 −0.3243 −0.2678 0.1909 0.4333 0.5247 0.4333 0.1909−0.1180 −0.1180

2 −1.3557 0.2207 0.0000−0.2207 −0.4841 −0.3571 0.0000 0.3571 0.4841 0.2992−0.2992

2 −0.8870 −0.2585 −0.5829 −0.2585 0.2186−0.1598 −0.3603 −0.1598 0.2186 0.3536 0.3536

2 −0.4773 0.5428 0.0000−0.5428 0.1601 0.3355 0.0000−0.3355 −0.1601 0.2591−0.2591

0 0.4004 −0.0632 0.3158−0.0632 0.4699 0.1023−0.5109 0.1023 0.4699−0.2904 −0.2904

0 0.7376 −0.2992 0.0000 0.2992−0.3571 0.4841 0.0000−0.4841 0.3571 0.2207−0.2207

0 1.5792 0.4364−0.5527 0.4364−0.0844 0.2697−0.3416 0.2697−0.0844 −0.1365 −0.1365

0 1.8692 −0.2500 0.2675−0.2500 −0.3233 0.4045−0.4328 0.4045−0.3233 0.1998 0.1998

0 2.0953 −0.2591 0.0000 0.2591 0.3355−0.1601 0.0000 0.1601−0.3355 0.5428−0.5428

qi = 1.1729 1.0466 1.1729 0.8550 0.9864 0.8700 0.9864 0.8550 1.0274 1.0274

Naphthalene (alternant) C10H8

all q = 1.0, Eπ = 10α + 13.6832β

p12= 0.7246,p23= 0.6032,p19= 0.5547,p9,10= 0.5182

n x c1 c2 c3 c4 c5 c6 c7 c8 c9 c10

2 −2.3028 0.3006 0.2307 0.2307 0.3006 0.3006 0.2307 0.2307 0.3006 0.4614 0.4614

2 −1.6180 0.2629 0.4253 0.4253 0.2629−0.2629 −0.4253 −0.4253 −0.2629 0.0000 0.0000

2 −1.3028 0.3996 0.1735−0.1735 −0.3996 −0.3996 −0.1735 0.1735 0.3996 0.3470−0.3470

2 −1.0000 0.0000−0.4082 −0.4082 0.0000 0.0000−0.4082 −0.4082 0.0000 0.4082 0.4082

2 −0.6180 0.4253 0.2629−0.2629 −0.4253 0.4253 0.2629−0.2629 −0.4253 0.0000 0.0000
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Derivation of the Hartree–Fock
Equation

This appendix is divided into two parts. In the first section we develop the formula for
the expectation valuēE = 〈ψ |H |ψ〉 for the case in whichψ is a single determinantal
wavefunction over MOs. In the second section we derive the Hartree–Fock equation
by requiringĒ to be stationary with respect to variations inψ .

A7-1 The Expansion of Ē in Terms of Integrals over MOs

We limit discussion to the case in whichψ is a single, closed-shell determinant. We
will develop our arguments by referring to a four-electron example:

ψ4 = (4!)−1/2
∣∣φ1(1)φ̄1(2)φ2(3)φ̄2(4)

∣∣ (A7-1)

Recall that this is the shorthand formula for a Slater determinant. Eachφ is a normalized
MO, the MOs are assumed to be orthogonal, and a bar signifies that an electron possesses
β spin. As we develop our arguments within the context ofψ , we will generalize them
to apply to the general 2n electron closed-shell wavefunction

ψ2n = [(2n!)]−1/2|φ1(1)φ̄1(2)φ2(3)φ̄2(4) · · ·φn(2n − 1)φ̄n(2n)| (A7-2)

Whenψ4 is expanded according to the rule for determinants (Appendix 2), we obtain
4! products. We note the following features of the expanded form.

1. There is one product, occurring with coefficient+1, which is identical to the product
appearing in the shorthand form of Eq. (A7-1). We refer to this as the “leading
term.”

2. An equivalent way of expressing a Slater determinant is via the expression (forψ4)

ψ4 = (4!)−1/2
∑

P

(−1)pP
(
φ1(1)φ̄1(2)φ2(3)φ̄2(4)

)
(A7-3)

Here P stands for all the sequences of permutations of electron labels that lead
to different products (i.e.,P is a permutationoperator), andp is the number of
pairwise permutations in a given sequence. Forψ4 there are 4! sequencesP , the
simplest being “no permutations” (hence,p = 0) which produces the leading term.
Then there are single permutations, such asP1,2 (with p = 1), which produces the
term −φ1(2)φ̄1(1)φ2(3)φ̄2(4). There are also double permutations, etc. Accord-
ing to Eq. (A7-3), any term differing from the leading term by an odd number of

614
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permutations will appear with coefficient−1. We will be particularly concerned
with products that differ from the leading term by a single permutation.

3. A single permutation may be made to occur between electrons in MO’s with the
same spins or different spins. In the latter case, two electrons in the singly permuted
product will disagree in spin with their counterparts in the leading term. In the
former case, no such spin disagreement will exist.

4. Terms also appear inψ4 corresponding to more than a single permutation of electron
indices.

It is useful to pick a representative example of each type of product mentioned above.
Forψ4, we have the following:

Leading term: φ1(1)φ̄1(2)φ2(3)φ̄2(4)

Singly permuted term: φ1(1)φ̄1(4)φ2(3)φ̄2(2); Spin agreement:(P2,4)

Singly permuted term: φ1(2)φ̄1(1)φ2(3)φ̄2(4); Spin disagreement: (P1,2)

Doubly permuted term: φ1(2)φ̄1(4)φ2(3)φ̄2(1); (P1,2P1,4)

Upon expanding〈ψ4|Ĥ |ψ4〉, we obtain a set of 4! products on both the left and right-
hand sides ofĤ :

Ē = (4!)−1
∫

{φ∗
1(1)φ̄∗

1(2)φ∗
2(3)φ̄∗

2(4) − φ∗
1(1)φ̄∗

1(4)φ∗
2(3)φ̄∗

2(2) − · · · }
×Ĥ (1,2,3,4){φ1(1)φ̄1(2)φ2(3)φ̄2(4) − φ1(1)φ̄1(4)φ2(3)φ̄2(2) − · · · }dτ (A7-4)

This can be expanded into a set of integrals, one for each term on the left:

Ē = (4!)−1
{∫

φ∗
1(1)φ̄∗

1(2)φ∗
2(3)φ̄∗

2(4)Ĥ (1,2,3,4)
[
φ1(1)φ̄1(2)φ2(3)φ̄2(4)

− φ1(1)φ̄1(4)φ2(3)φ̄2(2) − φ1(2)φ̄1(1)φ2(3)φ̄2(4) − · · · ]dτ

−
∫

φ∗
1(1)φ̄∗

1(4)φ∗
2(3)φ̄∗

2(2)Ĥ (1,2,3,4)
[
φ1(1)φ̄1(2)φ2(3)φ̄2(4)

− φ1(1)φ̄1(4)φ2(3)φ̄2(2) − φ1(2)φ̄1(1)φ2(3)φ̄2(4) − · · · ]dτ

}
(A7-5)

etc. In Eq. (A7-5),Ē is a sum of 4! integrals, each containing one term from the set on
the left ofĤ and all 4! from the set on the right.

At first, it might seem that we must evaluate all of the 4! integrals in Eq. (A7-5). But
it can be shown that these integrals, times their+1 or−1 coefficients, are all equal to
each other, enabling us to writēE as 4! times the first integral:

Ē =
∫

φ∗
1(1)φ̄∗

1(2)φ∗
2(3)φ̄∗

2(4)Ĥ (1,2,3,4)

∑

P

(−1)pP (φ1(1)φ̄1(2)φ2(3)φ̄2(4)) dτ (A7-6)
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The demonstration that the various integrals in Eq. (A7-5), times their coefficients,
are equal to each other is as follows. Consider the second integral in Eq. (A7-5).
Note that, if we permute electrons 2 and 4 in that integral, we restore the term on the
left of Ĥ to its original “leading term” order, thereby making that product identical
to its counterpart in the first integral. Furthermore, if we carry out this permutation
throughout the whole of the integrand of integral number 2 (i.e., inĤ , in all 4! products
to the right ofĤ , and indτ ), we will not affect the value of the integral. (Recall that,
for example,

∫ 1

0
x2dx

∫ 2

1
y3dy ≡

∫ 1

0
y2dy

∫ 2

1
x3dx

The result of this permutationP2,4 on the second integral in Eq. (A7-5) is

∫
φ∗

1(1)φ̄∗
1(2)φ∗

2(3)φ̄∗
2(4)Ĥ (1,4,3,2)

[
φ1(1)φ̄1(4)φ2(3)φ̄2(2)

−φ1(1)φ̄1(2)φ2(3)φ̄2(4) − · · · ]dτ (A7-7)

Now Ĥ is invariant under exchange of electron indices, and the set of products to the
right of Ĥ in Eq. (A7-7) is the same set we had before, but their order is changed, and
the whole product evidently differs by a factor of−1 from the set in the first integral.
Therefore, we can say that the first and second integrals of Eq. (A7-5) have the same
absolute value but different signs. However, the fact that these integrals contribute to
Ē with opposite signs cancels the sign disagreement. In this way, every integral in
Eq. (A7-5) can be compared to the leading integral and Eq. (A7-6) verified. This much
simplified expression for̄E is, for the 2n-electron case

Ē =
∫

φ∗
1(1)φ̄∗

1(2) · · ·φ∗
n(2n − 1)φ̄∗

n(2n)Ĥ (1,2, . . . ,2n)

[
∑

P

(−1)pP (φ1(1)φ̄1(2) · · ·φn(2n − 1)φ̄n(2n))

]
dτ (A7-8)

At this point we write outĤ more explicitly. It is, in atomic units,

Ĥ (1,2, . . . ,2n) =
2n∑

i=1

(
−1

2
∇2

i −
nuclei∑

µ

Zµ/rµi

)
+

2n−1∑

i=1

2n∑

j=i+1

1/rij (A7-9)

=
2n∑

i=1

H core
(i) +

∑′
1/rij (A7-10)

Here,
∑′ is a shorthand symbol for the double sum in Eq. (A7-9). We see thatĤ is

composed of one-electron operators,H core
(i) , which deal with the kinetic and nuclear-

electron attraction energies for electroni, and two-electron operators for interelectronic
repulsion. The internuclear repulsion is omitted since, for a given nuclear configuration,
it is simply a constant that can be added to the electronic energy. Note for future
reference thatĤ has no dependence on electron spin coordinates.
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If we insert the expression (A7-10) for̂H into Eq. (A7-6) forĒ, it is easy to to see
that we can expand the result into separate sets of integrals over one-and two-electron
operators. We consider first the one-electron integrals. Forψ4, these are

∫ (
φ∗

1(1)φ̄∗
1(2)φ∗

2(3)φ̄∗
2(4)

)

×
4∑

i=1

H core
(i)

[
φ1(1)φ̄1(2)φ2(3)φ̄2(4) − φ1(1)φ̄1(4)φ2(3)φ2(2) − · · · ]dτ (A7-11)

Upon expanding this, the first set of integrals we obtain is
∫

φ∗
1(1)φ̄∗

1(2)φ∗
2(3)φ̄∗

2(4)
[
H core

(1) + H core
(2) + H core

(3) + H core
(4)

]
φ1(1)φ̄1(2)φ2(3)φ̄2(4)dτ

(A7-12)

This can be expanded again. The first integral contains the operatorH core
(1) , which does

not act on electrons 2-4. This allows a separation into a product of integrals as follows:
∫

φ∗
1(1)φ̄∗

1(2)φ∗
2(3)φ̄∗

2(4)H core
(1) φ1(1)φ̄1(2)φ2(3)φ̄2(4) dτ (A7-13)

=
∫

φ∗
1(1)H core

(1) φ1(1) dτ1

∫
φ̄∗

1(2)φ̄1(2) dτ2

∫
φ∗

2(3)φ2(3) dτ3

∫
φ̄∗

2(4)φ̄2(4) dτ4

(A7-14)

The last three integrals are overlap integrals and are all unity by virtue of normality of
the MOs. The first integral, a “core integral,” is normally symbolizedH11. Here the
subscripts refer to the MO index, not the electron index:

Hii =
∫

φ∗
i (1)H core

(1) φi(1) dτ1 (A7-15)

Therefore, Eq. (A7-13) equalsH11. By continued expansion, Eq. (A7-12) can be shown
to be equal toH11 + H11 + H22 + H22 = 2(H11 + H22). In this case, we have been
dealing with identical MO products on the two sides of the operator. As we continue
evaluating the expansion of Eq. (A7-12), we next encounter an integral in which the
products differ by a permutation, namely,

−
∫

φ∗
1(1)φ̄∗

1(2)φ∗
2(3)φ̄∗

2(4)
[
H core

(1) + H core
(2) + H core

(3) + H core
(4)

]
φ1(1)φ̄1(4)φ2(3)φ̄2(2) dτ

(A7-16)

Again, forH core(1), this may be written

−
∫

φ∗
1(1)H core

(1) φ1(1) dτ1

∫
φ̄∗

1(2)φ̄2(2) dτ2

∫
φ∗

2(3)φ2(3) dτ3

∫
φ̄∗

2(4)φ̄1(4) dτ4

(A7-17)

Orbital orthogonality will cause the second and fourth integrals to vanish. In general,
if the two products differ by one or more permutations, they will have two or more sites
of disagreement. Upon expansion, at least one disagreement will occur in an overlap
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integral, causing the integral to vanish. Thus, except for the integral involving identical
products [Eq. (A7-12)], all the integrals obtained by expansion of Eq. (A7-11) vanish.
Our result, generalized to the 2n-electron case, is (seeAppendix 11 for bra-ket notation)

〈
ψ2n

∣∣∣∣∣

2n∑

i=1

H core
(1)

∣∣∣∣∣ψ2n

〉
=

n∑

i=1

2Hii (A7-18)

We now turn to integrals containing two-electron operators. Consider, for example,
an integral that has products differing in two places,

− 〈
φ1(1)φ̄1(2)φ2(3)φ̄2(4) |1/r13|φ1(3)φ̄1(2)φ2(1)φ̄2(4)

〉
(A7-19)

This can be partly separated into a product of integrals over different electron
coordinates.

(A7-19) = −〈φ1(1)φ2(3)|1/r13|φ1(3)φ2(1)〉〈φ̄1(2)|φ̄1(2)〉〈φ̄2(4)|φ̄2(4)〉 (A7-20)

Observe that the two disagreements are inside the two-electron integral, and that the
overlap terms both show complete internal agreement and are therefore equal to unity.
It is clear that, if our two products differed inmorethan two places, at least one such
disagreement would appear in an overlap integral, causing the whole integral to vanish.
Therefore, two-electron integrals need be considered only if they involve products
differing by zero or one permutations. Let us consider these two possibilities separately.
If there are no disagreements, we have forψ4,

〈
φ1(1)φ̄1(2)φ2(3)φ̄2(4)

∣∣∣
∑′

1/rtj

∣∣∣φ1(1)φ̄1(2)φ2(3)φ̄2(4)
〉

= 〈φ1(1)φ̄1(2)|1/r12|φ1(1)φ̄1(2)〉 + 〈φ1(1)φ2(3)|1/r13|φ1(1)φ2(3)〉
+〈φ1(1)φ̄2(4)|1/r14|φ1(1)φ̄2(4)〉 + 〈φ̄1(2)φ2(3)|1/r23|φ̄1(2)φ2(3)〉
+〈φ̄1(2)φ̄2(4)|1/r24|φ̄1(2)φ̄2(4)〉 + 〈φ2(3)φ̄2(4)|1/r34|φ2(3)φ̄2(4)〉 (A7-21)

These integrals give the coulombic repulsion between electrons in MOs. They are
symbolizedJij , where

Jij =
〈
φi(1)φj (2) |1/r12|φi(1)φj̇ (2)

〉
≡ 〈ij |ij〉 (A7-22)

Hereφi andφj may be associated with either spin. Because the operator and MOs
commute, the integrand can be rearranged to give

Jij =
∫

φ∗
i (1)φi(1)(1/r12)φ

∗
j (2)φj (2) dτ1dτ2 ≡ (ii|jj) (A7-23)

Some people prefer this form because it places the two mutually repelling charge
clouds on the two sides of the operator. It is important to realize that the parenthetical
expression(ii|jj) and the bra-ket shorthand〈ij |ij〉 correspond todifferent conventions
for electron index order, and are really the same integral. Returning to Eq. (A7-21), we
see that it is equal to

J11+ J12+ J12+ J12+ J12+ J22=
2∑

i=1



Jii +
∑

j �=i

2Jij



 (A7-24)
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We must now consider the case where the products differ by a single permutation,
hence in two places. An example has been provided in Eq. (A7-19). We noted that, when
the operator 1/rij corresponds to electronsi andj in the positions of disagreement,
the overlap integrals are all unity. Otherwise, at least one overlap integral vanishes. An
integral like that in Eq. (A7-20) is called an exchange integral.

Exchange integrals can occur only when the product on the right of the operator
differs from the leading term by a single permutation. Hence, exchange integrals always
enter with a coefficient of−1.

We noted earlier that two classes of singly permuted products exist. One class
involves permutations between electrons of like spin. In such a case,φi andφj appear
throughout the integralKij with spin agreement. For cases where electrons of different
spin have been permuted, spin disagreement forces the exchange integral to vanish.
(Since 1/rij is not a spin operator, the integration over spin coordinates factors out and
produces a vanishing integral if spins disagree.)

The result of all this is that each singly permuted product can give−Kij if the
permutation is between electrons of like spin in MOsφi andφj̇ , and zero otherwise.
Forψ4, the acceptable permutations can be seen to be electron 1 with 3 and electron 2
with 4, both of these occurring betweenφ1 andφ2 space MOs. Hence, the contribution
to E is −2K12. Combining this withJ terms gives

〈
ψ4

∣∣∣
∑′

1/rij

∣∣∣ψ4

〉
= J11+ 4J12− 2K12+ J22 (A7-25)

From the definitions ofJ andK, it is apparent that

Jij = Jji, Kij = Kji, Kii = Jii

This allows us to rewrite Eq. (A7-25) as

2J11− K11+ 2J12− K12+ 2J21− K21+ 2J22− K22

=
2∑

i=1

2∑

j=1

(2Jij − Kij ) (A7-26)

Generalizing to the 2n-electron, closed-shell case and adding in our one-electron
contribution,

Ē = 〈ψ2n|Ĥ |ψ2n〉 = 2
n∑

i=1

Hii +
n∑

i=1

n∑

j=1

(2Jij − Kij ) (A7-27)

This is the desired expression forĒ in terms of integrals over MOsφi for a single-
determinantal, closed-shell wavefunction.

A7-2 Derivation of the Hartree–Fock Equations

To find the “best” MOs, we seek those that minimizeĒ, that is, those MOsφ for which
Ē is stationary to small variationsδφ. But there is a restriction in the variationsδφ.
The MOs can only be varied in ways that do not destroy their orthonormality since this
property was assumed in deriving Eq. (A7-27). This means that, for proper variations
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δφ at the minimumĒ, both Ē and all the MO overlap integralsSij ≡ 〈φi |φj 〉 must
remain constant. (Sij must equal unity wheni = j , zero otherwise.) IfĒ andSij are
constant, any linear combination of them is constant too. Thus, we may write that, at
the minimumĒ,

c0Ē +
∑

i

∑

j

cij Sij = constant (A7-28)

for our restricted type ofδφ. This equation will hold forany set of coefficientsc as
long asδφ is of the properrestrictednature. However, it is possible to show that, for
a particular set of coefficients, Eq. (A7-28) is satisfied at minimumĒ for any small
variationsδφ. The particular coefficients are calledLagrangian multipliers. They are
of undetermined value thus far, but their values will become known in the course of
solving the problem. The technique, known as “Lagrange’s method of undetermined
multipliers” is from the calculus of variations.1 The Lagrangian multipliers will ulti-
mately turn out to be essentially the MO energies. For future convenience we write
Eq. (A7-28) in the form

Ē − 2
∑

i

∑

j

εij Sij = constant forδφ (A7-29)

where we now understandδφ to be unrestricted andεij to be some unknown special
set of constants. The stability of the quantity on the left-hand side of Eq. (A7-29) may
be expressed as follows:

δE − 2δ
∑

i

∑

j

εij Sij = 0 (A7-30)

or, expandingĒ,

2
n∑

i=1

δHii +
n∑

i=1

n∑

j=1

(2δJij − δKij ) − 2
n∑

i=1

n∑

j=1

εij δSij = 0 (A7-31)

The variations occur in the MOsφ, and so

δSij =
∫

δφ∗
i (1)φj (1) dτ1 +

∫
φ∗

i (1) δφj (1) dτ1 (A7-32)

δHii =
∫

δφ∗
i (1)H core

(1) φi(1) dτ1 +
∫

φ∗
i (1)H core

(1) δφi(1) dτ1 (A7-33)

δJij =
∫

δφ∗
i (1)φ∗

j (2)(1/r12)φi(1)φj (2) dτ1dτ2

+
∫

φ∗
i (1)δφ∗

j (2)(1/r12)φi(1)φj (2) dτ1dτ2 + complex conjugates (A7-34)

It is convenient to define a coulomb operatorĴi (1) as

Ĵi (1) =
∫

φ∗
i (2)(1/r12)φi(2) dτ2 (A7-35)

1For an introduction to this topic, see Margenau and Murphy [1].
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Using this definition we can rewrite Eq. (A7-34) as

δJij =
∫

δφ∗
i (1)Ĵj (1)φi(1) dτ1 +

∫
δφ∗

j (1)Ĵi(1)φj (1) dτ1 + complex conjugates

(A7-36)

In the same spirit, we define an exchange operatorK̂i , which, because it involves an
orbital exchange, must be written in the context of an orbital being operated on:

K̂i(1)φj (1) =
∫

φ∗
i (2)(1/r12)φj (2) dτ2φi(1) (A7-37)

This enables us to writeδKij

δKij =
∫

δφ∗
i (1)K̂j (1)φi(1) dτ1 +

∫
δφ∗

j (1)K̂i(1)φj (1) dτ1

+ complex conjugates

Employing the operatorŝJ andK̂, Eq. (A7-31) can be written as follows:

2
∑

i

∫
δφ∗

i (1)

[
H core

(1) φi(1) +
∑

j

(2Ĵj (1) − K̂j (1))φi(1) −
∑

j

εij φj (1)

]
dτ1

+ 2
∑

i

∫
δφi(1)

[
H core∗

(1) φ∗
i (1) +

∑

j

(2Ĵ ∗
j (1) − K̂∗

j (1))φ∗
i (1)

−
∑

j

ε∗
ij φ∗

j (1)

]
dτ1 = 0 (A7-38)

Here we have made use of the hermitian properties ofH core, Ĵ , andK̂, and also the
relationεji

∫
δφj (1)φ∗

i (1) dτ1 = εij

∫
δφi(1)φ∗

j (1) dτ1, which is merely an index inter-
change.

Since the variationsδφ∗
i andδφi are independent, each half of Eq. (A7-38) must

independently equal zero. Hence, we can select either half for further development. We
will select the first half. This equation indicates that the sum of integrals equals zero.
Either the integrals are all individually equal to zero or else they are finite but cancel.
However the latter possibility is ruled out because the variationsδφ∗

i are arbitrary. By
appropriately pickingδφ∗

i , we could always spoil cancellation if the various integrals
for different i were nonzero. But the equation states that the sum vanishes for every
δφ∗

i . Therefore, we are forced to conclude that each integral vanishes.
Continuing in the same spirit, we can conclude that the term in brackets in the

integrand is zero. For the integral to vanish requires the integrand either to be identically
zero or else to have equal positive and negative parts. If the latter were true for some
choice ofδφ∗

i , it would be possible to changeδφ∗
i so as to unbalance the cancellation

and produce a nonzero integral. Since the integral is zero for allδφ∗
i , it must be that

the bracketed term vanishes identically. Thus,
[
H core

(1) +
∑

j

(2Ĵj (1) − K̂j (1))

]
φi(1) =

∑

j

εij φj (1) (A7-39)

for all i = 1 ton and for a certain set of constantsεij .
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The original development of SCF equations was performed by Hartree for simple
product wavefunctions. Fock later extended the approach to apply to antisymmetrized
wavefunctions. For this reason, the collection of operators in brackets in Eq. (A7-39)
is called the Fock operator, symbolizedF̂ , and Eq. (A7-39) becomes

F̂ (1)φi(1) =
∑

j

εij φj (1) (A7-40)

Equation A7-40 is a differential equation for each MOφi . But as it stands it is
not an eigenvalue equation because, instead of regeneratingφi , we obtain a sum of
functionsφj times the various unknown constantsεij . However, there remains a degree
of freedom in the problem that can be used to throw Eq. (A7-40) into eigenvalue form.
It is pointed out in Appendix 2 that the value of a determinant is unchanged if any row
or column, multiplied by a constant, is added to any other row or column. This means
that a Slater determinant of “best” MOs is unaffected by such internal rearrangements.
In other words, if we were to solve Eq. (A7-40) for a set of “best” MOs,φb

i , we could
form various new orthonormal MOs, (e.g.,φb

i + λikφb
k , φb

k − λkiφ
b
i ) by mixing them

together, and our wavefunctionψ , and all values of observables predicted fromψ ,
includingĒ, would be precisely the same.

A transformation that mixes the MOsφ without affecting the property of orthonor-
mality is called a unitary transformation (see Chapter 9). LettingU stand for such a
transformation, we have that a transformed set ofφ’s, calledφ′, is given by

φ′
i =

∑

j

Ujiφj , i = 1, . . . , n (A7-41)

In matrix notation, this is

�̃′ = �̃U (A7-42)

where�̃′ and�̃ are row vectors, viz.

�̃′ = (�′
1�′

2 · · ·�′
n), (A7-43)

andU is ann × n matrix, with

UU† = U†U = 1 (A7-44)

In terms of these matrices, Eq. (A7-40) is

F̂ �̃ = �̃E (A7-45)

whereE is ann × n matrix. If we multiply this from the right byU, we obtain

F̂ �̃U = �̃EU (A7-46)

Inserting1 (in the formUU†) between�̃ andE gives

F̂ �̃U = �̃UU†EU (A7-47)

or

F̂ �̃′ = �̃′U†EU (A7-48)
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We can now require that the matrixU be such thatU†EU is a diagonal matrixE′.
(This requires thatE be a hermitian matrix, which can be shown to be the case.)2 This
requirement definesU, and we have

F̂ �̃′ = �̃′E′ (A7-49)

which corresponds to

F̂ φ′
i = ε′

iφ
′
i , i = 1,2, . . . , n (A7-50)

This equation has the desired eigenvalue form, and is commonly referred to as the
Hartree–Fockequation. It is discussed at length in Chapter 11.

It is important to bear in mind that our transformationU is for mathematical conve-
nience and has no physical effect. We may imagine that our original basis set spans a
certain function space, and that solution of Eq. (A7-50) produces a set of occupied MOs
φ′

i that span a “best” subspace. Transformations by unitary matrices produce new sets
of MOs φ′′ but these still span the same subspace asφ′. However, they are generally
not eigenfunctions ofF̂ , and satisfy the less convenient Eq. (A7-40). Nonetheless,
there are occasions when it is useful to use some set of MOs other thanφ′, and we can
always do this without having to worry about introducing physical changes as long as
our converted MO’s are related toφ′ by a unitary transformation.

The Hartree–Fock equation is ordinarily used in quantum chemistry in connection
with a basis set of AOs, and it is possible to carry through a derivation of the Hartree–
Fock equation for this type of basis. Detailed treatments of this derivation may be
found in the paper by Roothaan [2] and in the book by Pople and Beveridge [3].
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Appendix 8

The Virial Theorem for Atoms
and Diatomic Molecules

A8-1 Atoms

In Chapter 3 it was shown that, for the ground state of the quantum-mechanical harmonic
oscillator, the average value of the kinetic energy is equal to the average value of the
potential energy. We now consider how the average electronic kinetic and potential
energies are related in an atom. We begin by deriving a rather general expression,
and then we discuss how it applies to different levels of calculation. As our first step,
we examine the effects ofcoordinate scalingon average values. In order to follow
this discussion, it is useful to recall that one can manipulate variables and limits in an
integral as follows:

∫ b

a

f (x) dx =
∫ b

a

f (y) dy =
∫ ηx=b

ηx=a

f (ηx)d(ηx) = η

∫ x=b/η

x=a/η

f (ηx)dx (A8-1)

Let ψ(r1, r2, . . . , rn) be a normalized function of the space coordinates ofn electrons.
Let

T̄ = 〈ψ |T̂ |ψ〉 (A8-2)

V̄ = 〈ψ |V̂ |ψ〉 (A8-3)

whereT̂ andV̂ are, respectively, the kinetic and potential energy operators for some
system, and are independent of spin.

We introduce a scale factorη into ψ . This factor affects the lengths of the vectors
r i but not their directions. That is,

ψη ≡ ψ(ηr1, ηr2, . . . , ηrn) (A8-4)

lf η > 1,ψn is more contracted in 3n-dimensional space thanψ . For η < 1,ψn is
more diffuse.

We must check to see if our scaled functionψn is normalized. We know that

1 =
∫

ψ∗(r1, . . . , rn)ψ(r1, . . . , rn) dv

=
∫

ψ∗(ηr1, . . . , ηrn)ψ(ηr1, . . . , ηrn) d(ηv) (A8-5)

because we have simply relabeled all variablesr by ηr , including the volume element,
just as in Eq. A8-1. We now factorη out of the volume element and divide the limits of
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integration byη, just as in Eq. A8-1. However, the limits are zero and infinity, so they
are unaffected. The volume elementd(ηv) is given by

d(ηv) = (ηr1)2 sinθ1d(ηr1) dθ1dφ1(ηr2)2 sinθ2d(ηr2) dθ2dφ2 · · · (A8-6)

and soη3 appears for each electron. Thus, we are led to

1= η3n

∫
ψ∗

η ψη dv (A8-7)

Therefore, our normalization constant forψη is η3n/2, and ournormalized, scaled
function is

ψη = η3n/2ψ(ηr1, ηr2, . . . , ηrn) (A8-8)

[Compare this with the specific example encountered in Eq. (7-7).] We now inquire as
to the values ofV̄η andT̄η, where

T̄η = 〈ψη|T̂ |ψη〉 (A8-9)

V̄η = 〈ψη|V̂ |ψη〉 (A8-10)

For ann-electron atom,

T̂ = −1

2

n∑

i=1

∇2
i (A8-11)

V̂ = −
n∑

i=1

(Z/ri) +
n−1∑

i=1

n∑

j=i+1

1/rij (A8-12)

Therefore

V̄η = η3n

∫
ψ∗(ηr1, . . . )




n∑

i=1

(−Z

ri

)
+

n−1∑

i=1

n∑

j=i+1

1

rij



ψ(ηr1, . . . ) dv (A8-13)

We could make the integral equal toV̄ if we could get the scale factor into all ther terms
in the operator and also intodv. The volume elementdv requiresη3n, which is already
present in Eq. A8-13 from the normalization constants. To getη into the operator, we
need to multiply the operator byη−1. Multiplying Eq. A8-13 byηη−1 gives, then

V̄η = η

∫
ψ∗(ηr1, . . . )




n∑

t=1

(−Z

ηri

)
+

n−1∑

t=1

n∑

j=i+1

1

ηrij



ψ(ηr1, . . . ) d(ηv) (A8-14)

or

V̄η = ηV̄ (A8-15)

The same approach tōTη gives

T̄η = η2T̄ (A8-16)



626 The Virial Theorem for Atoms and Diatomic Molecules

This arises from the fact that

∇2 = 1

r2

∂

∂r

(
r2 ∂

∂r

)
+ 1

r2 sinθ

∂

∂θ

(
sinθ

∂

∂θ

)
+ 1

r2 sin2 θ

∂2

∂φ2 (A8-17)

and scaling ther terms here requires multiplying byη−2. Hence, the integral is multi-
plied byη2η−2 in the final step.

Thegeneralresult is that, for any quantum-mechanical system where

V̂ = f (r−v) (A8-18)

scaling results in

T̄η = η2T̄ , V̄η = ηvV̄ (A8-19)

For atoms,V̂ containsr asr−1. For all systems,̂T involves∇2, which containsr to
the net power of−2. We can now write the expression for the total energy of the atom
as given by the scaled function

Ēη = T̄η + V̄η = η2T̄ + ηV̄ (A8-20)

Now we can seek the best value of the scale factor. We do this by minimizingĒη

with respect to variations inη:

∂Ēη/∂η = 2ηT̄ + V̄ = 0 (A8-21)

(T̄ andV̄ are independent ofη.)
We are now in a position to make some statements about the average values ofT̂

andV̂ for certain wavefunctions. Let us consider first theexactvalues ofT̄ andV̄ . We
know that, ifψ were an exact eigenfunction, no further energy lowering would result
from rescaling. That is,η equals unity in Eq. A8-21. As a result,

2T̄ + V̄ = 0 (A8-22)

or

V̄ = −2T̄ (A8-23)

or, sinceT̄ + V̄ = Ē,

E = −T̄ = 1

2
V̄ (A8-24)

Thus, for an atom, we know that theexactnonrelativistic energy is equal to minus
the exactaverage kinetic energy and is equal to one half the exact potential energy.
Knowing that the exact energy of the ground-state neon atom is−128.925 a.u. enables
us to say that̄T =+128.925 a.u. and̄V =−257.850 a.u. without actually knowingψ .
Moreover, the same relation holds foranystable state of an atom.

This same argument holds, not only for exact solutions, but for any trial function that
has already been energy-optimized with respect to a scale factor, for then a new scaling
parameterη gives no improvement,η = 1, and all is as above. Thus, anynonlinear
variation scheme consistent with uniform scaling should ultimately lead to the relations
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[Eqs. A8-22–A8-24]. Satisfying these relations is frequently referred to as satisfying
the virial relation. Completely optimized single-ζ and double-ζ functions satisfy the
virial relation.

It follows that Hartree–Fock atomic wavefunctions must satisfy the virial relation.
Such solutions are, by definition, thebest(lowest energy) attainable in a single deter-
minantal form. “Best” includes all conceivable variation, linear or nonlinear, so all
improvements achievable by scale factor variation are already present at the Hartree–
Fock level, andη = 1.

In the event that̄E canbe lowered by scaling, it is possible to evaluate the optimumη

from Eq. A8-21, which gives

η = −V̄ /2T̄ (A8-25)

One of the useful applications of the virial theorem is as an indicator of closeness of
approach to the Hartree–Fock solution for an atom. If the calculation involves nonlinear
variation (uniformly applied to allr coordinates), then the resulting wavefunction will
satisfy the virial relations no matter how deficient it is as an approximation to the
true eigenfunction. However, if the calculation involves only linear variation, as for
example, when a linear combination of gaussian functions is used to approximate an
AO, then there is no guarantee that the virial relation will be satisfied. If the basis set
is extensive enough, however, the Hartree–Fock limit will be approached, andV̄ /T̄

will approach−2. Strictly speaking, a linear variation calculation on an atom that
givesV̄ /T̄ =−2 is simply one that cannot be improved by uniform scaling. Therefore,
approach to−2 is not a guarantee of approach to the Hartree-Fock limit. It is a necessary
but not a sufficient condition.

A8-2 Diatomic Molecules

The treatment here is very similar to that for atoms. We make the Born–Oppenheimer
approximation by assuming thatψ depends parametrically on the internuclear separa-
tion R:

ψ = ψ(r1, r2, . . . , rn,R) (A8-26)

When we scaler i , we scaleR as well:

ψη = ψ(ηr1, ηr2, . . . , ηrn, ηR) (A8-27)

Henceforth, we letηR ≡ ρ. Performing the same variable manipulations as in
Section A8-1, we find

T̄η ≡ T̄ (η, ρ) = η2T̄ (1, ρ) (A8-28)

V̄η ≡ V̄ (η, ρ) = ηV̄ (1, ρ) (A8-29)

Here,V̂ may or may not include the internuclear repulsion term. This gives, for the
total energy,

Ēη = η2T̄ (1, ρ) + ηV̄ (1, ρ) (A8-30)
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Upon taking the derivative with respect toη, we obtain

∂Ēn

∂η
= 2ηT̄ (1, ρ) + V̄ (1, ρ) + η2 ∂T̄ (1, ρ)

∂η
+ η

∂V̄ (1, ρ)

∂η
= 0 (A8-31)

This differs from the atomic case in thatV̄ (1, ρ) andT̄ (1, ρ) depend onη throughρ. But

∂

∂η
=

(
∂

∂ρ

)(
∂ρ

∂η

)
=

(
∂

∂ρ

)
R (A8-32)

and so Eq. A8-31 becomes

∂Ēη

∂η
= 0= 2ηT̄ (1, ρ) + ηV̄ (1, ρ) + η2R

∂T̄ (1, ρ)

∂ρ
+ ηR

∂V̄ (1, ρ)

∂ρ
(A8-33)

If we assume thatψ is the exact eigenfunction, thenη = 1, and

2T̄ + V̄ + R

(
∂Ē

∂R

)
= 0 (A8-34)

Indeed, this relation holds for any case in which all improvement in the nature of
a scale factor variation has been made, such as, for example, the Hartree-Fock limit.
Note that, ifV̄ contains internuclear repulsion,Ē is the total energy. If not,̄E is the
electronic energy.

A8-2.1 Problems

A8-1. Use the methods outlined in this appendix to show thatV̄ = T̄ for any stationary
state of the quantum mechanical harmonic oscillator.

A8-2. EvaluateV̄ and T̄ with ψ = 1/
√

π exp(−r) for the Li2+ ion. From these,
establish the optimum scale factorη and write down the expression for the
normalized optimizedψη and the optimized energyEη. Compare these results
with the eigenfunction for Li2+.



Appendix 9

Bra-ket Notation

Bra-ket, or Dirac, notation is frequently used in the literature because of its economical
form. Perhaps the best way to learn how this notation is used is by studying its use in
a few familiar relations and proofs. Accordingly, we have outlined a few of these uses.
The applications and subtleties of this notation go considerably beyond the treatment
summarized here.1

“Usual” notation Dirac notation∫
φ∗

mφndτ ≡ 〈φm︸︷︷︸
bra

| φn〉︸︷︷︸
ket

≡ 〈m|n〉 (A9-1)

∫
φ∗

mAφndτ ≡ 〈φm|A|φn〉 ≡ 〈m|A|n〉 ≡ Amn (A9-2)

[∫
φ∗

mφndτ
]∗ = ∫

φ∗
nφmdτ 〈φm|φn〉∗ = 〈φn|φm〉

or (A9-3)

〈m|n〉∗ = 〈n|m〉
For hermitian operatorA:

∫
φ∗

mAφndτ = ∫
φn(Aφm)∗dτ 〈m|A|n〉 = 〈n|A|m〉∗

= [∫
φ∗

nAφmdT

]∗ (A9-4)

Any functionψ can be written as a sum of a complete set of orthonormal functionsφ:

ψ = ∑
m cmφm |ψ〉 = ∑

m cm|φm〉 ≡ ∑
m cm|m〉

∫
φ∗

nψdτ = ∑
m cm

∫
φ∗

nφmdτ = cn 〈n|ψ〉 = ∑
m cm〈n|m〉 = cn

cn = ∫
φ∗

nψdτ cn = 〈n|ψ〉
ψ = ∑

m cmφm = ∑
m

∫
φ∗

mψdτφm |ψ〉 = ∑
m〈m|ψ〉|m〉

= ∑
m |m〉〈m|ψ〉

1Strictly speaking, for instance,〈φm|φn〉 and〈m|n〉 are not identical in meaning. The former refers to specific
functions,φm andφn, which represent state vectors in a specific representation. The latter refers to the state vectors
in any representation and hence is a more general expression. Distinctions such as this will not be necessary at
the level of this text.
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630 Bra-ket Notation

Example of Use:Proof that eigenvalues ofA (hermitian) are real.

A|m〉 = am|m〉 (A9-5)

〈m|A|m〉 = am〈m|m〉︸ ︷︷ ︸
�=0, �=∞

, (A9-6)

〈m|A|m〉∗ = a∗
m〈m|m〉 (A9-7)

Combining Eqs. A9-4, A9-6, and A9-7, we have

(am − a∗
m) = 0
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Values of Some Useful Constants
and Conversion Factors
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Appendix 11

Group Theoretical Charts and Tables

A11-1 Flow Scheme for Group Symbols

Is the molecule linear?

No

No

Is there a reflection plane
perpendicular to the axis?

T, T h, T d, O, or O h
(Examine character tables
to choose among these)

Is there a
reflection plane?

Is there a point
of conversion?

C 1

C I

C s

I
or
I h

C v D h

Are there one or more
proper rotation axes?

Does the molecule
possess six C5 axes?

Does the molecule
possess four C3 axes?

Yes

No

No

No

No

No

YesYes

Yes

Yes

Yes

Yes

636
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S
el

ec
tio

n 
of

 r
ef

er
en

ce
 a

xi
s

C
n.

 (
D

ef
in

es
 v

er
tic

al
 d

ire
ct

io
n.

)

Is there an axis is having
higher order than any
other proper axis?

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No
No

No

No

Of the several axes having
highest order, is there one
which is geometrically unique?

Choose any of the
equivalent axes as Cn

(Cn and n now defined)

Select this as
reference axis Cn

Is there an S2n axis
collinear with Cn?

S2n

Cn h

Cn v

Cn

Dnh

Dnd

Dn

Are there n twofold axes
perpendicular to Cn?

Are there any symmetry
elements present other
than Cn, S2n, or i ?

Is there a reflection
plane (σ h) perpendicular
to Cn ?

Is there a set of
n reflection planes
(σv) containing Cn ?

Is there a set of
n reflection planes
containing Cn and
bisecting the n
twofold axes?

Is there a reflection
plane (σh) perpendicular
to Cn?

Yes (D branch)

No     (C branch)

A11-2 Meaning of Labels for Representations

Symbol Interpretation
Main Symbol
A One-dimensional representation symmetric for rotation by 2π/n

about principal axis. (Forc1, cs, ci , which have no principal axis,
this symbol merely means a one-dimensional representation.)

B One-dimensional representation but antisymmetric for rotation by
2π/n about principal axis

E Two-dimensional representation
T (or F ) Three-dimensional representation
G Four-dimensional representation

Subscripts
1 Symmetric for perpendicularC2 rotations (or elseσv or σd reflec-

tions)
2 Antisymmetric for perpendicularC2 rotations (or elseσv or σd

reflections)
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g Symmetric for inversion
u Antisymmetric for inversion

Superscripts
′ Symmetric forσh reflection
′′ Antisymmetric forσh reflection

A11-3 Character Tables

A11-3.A Special High-Symmetry Groups: C∞v,D∞h, I, Ih,T,Th,
Td,O,Oh

C∞v E 2C∞� · · · ∞σv

A1 ≡ �+ 1 1 · · · 1 z x2 + y2, z2

A2 ≡ �− 1 1 · · · −1 Rz

E1 ≡ � 2 2 cos� · · · 0 (x, y); (Rx,Ry) (xz, yz)

E2 ≡ � 2 2 cos 2� · · · 0 (x2 − y2, xy)

E3 ≡ � 2 2 cos 3� · · · 0
· · · · · · · · · · · · · · ·

D∞h E 2C∞� · · · ∞σv i 2S∞� · · · ∞C2

�g
+ 1 1 · · · 1 1 1 · · · 1 x2 + y2, z2

�g
− 1 1 · · · −1 1 1 · · · −1 Rz

�g 2 2 cos� · · · 0 2 −2 cos� · · · 0 (Rx,Ry) (xz, yz)

�g 2 2 cos 2� · · · 0 2 2 cos 2� · · · 0 (x2 − y2, xy)

· · · · · · · · · · · · · · · · · · · · · · · · · · ·
�u

+ 1 1 · · · 1 −1 −1 · · · −1 z

�u
− 1 1 · · · −1 −1 −1 · · · 1

�u 2 2 cos� · · · 0 −2 2 cos� · · · 0 (x, y)

�u 2 2 cos 2� · · · 0 −2 −2 cos 2� · · · 0
· · · · · · · · · · · · · · · · · · · · · · · · · · ·

I E 12C5 12C5
2 20C3 15C2

A 1 1 1 1 1 x2 + y2 + z2

T1 3 1
2(1+ √

5) 1
2(1− √

5) 0 −1 (x, y, z); (Rx,Ry,Rz)

T2 3 1
2(1− √

5) 1
2(1+ √

5) 0 −1
G 4 −1 −1 1 0
H 5 0 0 −1 1 (2z2 − x2 − y2,

x2 − y2, xy, yz, zx)



I h
E

12
C

5
12

C
5

2
20

C
3

15
C

2
i

12
S

10
12

S
10

3
20

S
6

15
σ

A
g

1
1

1
1

1
1

1
1

1
1

x
2
+

y
2
+

z2

T
1g

3
1 2
(1

+
√ 5)

1 2
(1

−
√ 5)

0
−1

3
1 2
(1

−
√ 5)

1 2
(1

+
√ 5)

0
−1

(R
x
,
R

y
,
R

z
)

T
2

g
3

1 2
(1

−
√ 5)

1 2
(1

+
√ 5)

0
−1

3
1 2
(1

+
√ 5)

1 2
(1

−
√ 5)

0
−1

G
g

4
−1

−1
1

0
4

−1
−1

1
0

H
g

5
0

0
−1

1
5

0
0

−1
1

(2
z2

−
x

2
−

y
2
,

x
2
−

y
2
,

x
y

,
y

z,
zx

)

A
u

1
1

1
1

1
−1

−1
−1

−1
−1

T
1u

3
1 2
(1

+
√ 5)

1 2
(1

−
√ 5)

0
−1

−3
−1 2

(1
−

√ 5)
−1 2

(1
+

√ 5)
0

1
(x

,
y
,
z)

T
2

u
3

1 2
(1

−
√ 5)

1 2
(1

+
√ 5)

0
−1

−3
−1 2

(1
+

√ 5)
−1 2

(1
−

√ 5)
0

1
G

u
4

−1
−1

1
0

−4
1

1
−1

0
H

u
5

0
0

−1
1

−5
0

0
1

−1
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T E 4C3 4C3
2 3C2 ε = exp(2πi/3)

A 1 1 1 1 x2 + y2 + z2

E

{1 ε ε∗ 1}
(2z2 − x2 − y2, x2 − y2)1 ε∗ ε 1

T 3 0 0 −1 (Rx,Ry,Rz); (x, y, z) (xy, xz, yz)

Th E 4C3 4C3
2 3C2 i 4S6 4S6

5 3σh ε = exp(2πi/3)

Ag 1 1 1 1 1 1 1 1 x2 + y2 + z2

Au 1 1 1 1 −1 −1 −1 −1

Eg

{1 ε ε∗ 1 1 ε ε∗ 1
}

(2z2 − x2 − y2,

{1 ε∗ ε 1 1 ε∗ ε 1 x2 − y2)

Eu
1 ε ε∗ 1 −1 −ε −ε∗ −1}
1 ε∗ ε 1 −1 −ε∗ −ε −1

Tg 3 0 0 −1 1 0 0 −1 (Rx,Ry,Rz) (xz, yz, xy)

Tu 3 0 0 −1 −1 0 0 1 (x, y, z)

Td E 8C3 3C2 6S4 6σd

A1 1 1 1 1 1 x2 + y2 + z2

A2 1 1 1 −1 −1
E 2 −1 2 0 0 (2z2 − x2 − y2, x2 − y2)

T1 3 0 −1 1 −1 (Rx,Ry,Rz)

T2 3 0 −1 −1 1 (x, y, z) (xy, xz, yz)

O E 6C4 3C2(= C4
2) 8C3 6C2

A1 1 1 1 1 1 x2 + y2 + z2

A2 1 −1 1 1 −1
E 2 0 2 −1 0

(2z2 − x2 − y2,

x2 − y2)

T1 3 1 −1 0 −1 (Rx,Ry,Rz);
(x, y, z)

T2 3 −1 −1 0 1 (xy, xz, yz)
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Oh E 8C3 6C2 6C4

3C2

(= C4
2) i 6S4 8S6 3σh 6σd

A1g 1 1 1 1 1 1 1 1 1 1 x2 + y2 + z2

A2g 1 1 −1 −1 1 1 −1 1 1 −1
Eg 2 −1 0 0 2 2 0 −1 2 0 (2z2 − x2 − y2,

x2 − y2)

T1g 3 0 −1 1 −1 3 1 0 −1 −1 (Rx,Ry,Rz)

T2g 3 0 1 −1 −1 3 −1 0 −1 1 (xz, yz, xy)

A1u 1 1 1 1 1 −1 −1 −1 −1 −1
A2u 1 1 −1 −1 1 −1 1 −1 −1 1
Eu 2 −1 0 0 2 −2 0 1 −2 0
T1u 3 0 −1 1 −1 −3 −1 0 1 1 (x, y, z)

T2u 3 0 1 −1 −1 −3 1 0 1 −1

A11-3.B Groups with No Axis of Symmetry: C1,Ci,Cs

C1 E

A 1

Cs E σh

A′ 1 1 x, y,Rz x2, y2,

z2, xy

A′′ 1 −1 z,Rx,Ry yz, xz

Ci E i

Ag 1 1 Rx,Ry,Rz x2, y2, z2,

xy, xz, yz

Au 1 −1 x, y, z

A11-3.C The S2n Groups

S4 E S4 C2 S4
3

A 1 1 1 1 Rz x2 + y2, z2

B 1 −1 1 −1 z x2 − y2, xy

E

{1 i −1 −i
}

1 −i −1 i
(x, y); (Rx,Ry) (xz, yz)

S6 E C3 C3
2 i S6

5 S6 ε = exp(2πi/3)

Ag 1 1 1 1 1 1 Rz x2 + y2, z2

Eg

{1 ε ε∗ 1 ε ε∗}
1 ε∗ ε 1 ε∗ ε

(Rx,Ry) (x2 − y2, xy); (xz, yz)

Au 1 1 1 −1 −1 −1 z

Eu

{1 ε ε∗ −1 −ε −ε∗}
1 ε∗ ε −1 −ε∗ −ε

(x, y)
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S8 E S8 C4 S8
3 C2 S8

5 C4
3 S8

7 ε = exp(2πi/8)

A 1 1 1 1 1 1 1 1 Rz x2 + y2, z2

B 1 −1 1 −1 1 −1 1 −1 z

E1

{1 ε i −ε∗ −1 −ε −i ε∗}
1 ε∗ −i −ε −1 −ε∗ i ε

(x, y);
(Rx,Ry)

E2

{1 i −1 −i 1 i −1 −i
}

(x2 −y2, xy)1 −i −1 i 1 −i −1 i

E3

{1 −ε∗ −i ε −1 ε∗ i −ε
}

(xz, yz)1 −ε i ε∗ −1 ε −i −ε∗

A11-3.D The Cn Groups

C2 E C2

A 1 1 z,Rz x2, y2, z2, xy

B 1 −1 x, y,Rx,Ry yz, xz

C3 E C3 C3
2 ε = exp(2πi/3)

A 1 1 1 z,Rz x2 + y2, z2

E

{1 ε ε∗}
1 ε∗ ε

(x, y); (Rx,Ry) (x2−y2, xy); (yz, xz)

C4 E C1 C2 C4
3

A 1 1 1 1 z,Rz x2 + y2, z2

B 1 −1 1 −1 x2 − y2, xy

E

{1 i −1 −i
}

1 −i −1 i
(x, y); (Rx,Ry) (yz, xz)

C5 E C5 C5
2 C5

3 C5
4 ε = exp(2πi/5)

A 1 1 1 1 1 z,Rz x2 + y2, z2

E1
{1 ε ε2 ε2∗ ε∗ }

1 ε∗ ε2∗ ε2 ε
(x, y); (Rx,Ry) (yz, xz)

E2
{1 ε2 ε∗ ε ε2∗}

1 ε2∗ ε ε∗ ε2 (x2 − y2, xy)
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C6 E C6 C3 C2 C3
2 C6

5 ε = exp(2πi/6)

A 1 1 1 1 1 1 z,Rz x2 + y2, z2

B 1 −1 1 −1 1 −1

E1

{1 ε −ε∗ −1 −ε ε∗}
1 ε∗ −ε −1 −ε∗ ε

(x, y)

(Rx,Ry)
(xz, yz)

E2

{1 −ε∗ −ε 1 −ε∗ −ε
}

1 −ε −ε∗ 1 −ε −ε∗ (x2 − y2, xy)

C7 E C7 C7
2 C7

3 C7
4 C7

5 C7
6 ε = exp(2πi/7)

A 1 1 1 1 1 1 1 z,Rz x2 + y2, z2

E1

{1 ε ε2 ε3 ε3∗ ε2∗ ε∗ }
1 ε∗ ε2∗ ε3∗ ε3 ε2 ε

(x, y)

(Rx,Ry)
(xz, yz)

E2

{1 ε2 ε3∗ ε∗ ε ε3 ε2∗}
1 ε2∗ ε3 ε ε∗ ε3∗ ε2 (x2 − y2, xy)

E3

{1 ε3 ε∗ ε2 ε2∗ ε ε3∗}
1 ε3∗ ε ε2∗ ε2 ε∗ ε3

C8 E C8 C4 C2 C4
3 C8

3 C8
5 C8

7 ε = exp(2πi/8)

A 1 1 1 1 1 1 1 1 z,Rz x2 + y2, z2

B 1 −1 1 1 1 −1 −1 1

E1

{1 ε i −1 −i −ε∗ −ε ε∗}
1 ε∗ −i −1 i −ε −ε∗ ε

(x, y); (Rx,Ry) (xz, yz)

E2

{1 i −1 1 −1 −i i −i
}

1 −i −1 1 −1 i −i i
(x2 − y2, xy)

E3

{1 −ε i −1 −i ε∗ ε −ε∗}
1 −ε∗ −i −1 i ε ε∗ −ε

A11-3.E The Cnv Groups

C2v E C2 σv(xz) σv
′(yz)

A1 1 1 1 1 z x2, y2, z2

A2 1 1 −1 −1 Rz xy

B1 1 −1 1 −1 x,Ry xz

B2 1 −1 −1 1 y,Rx yz

C3v E 3σv 2C3

A1 1 1 1 z x2 + y2, z2

A2 1 −1 1 Rz

E 2 0 −1 (x, y); (Rx,Ry) (x2 − y2, xy); (xz, yz)
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C4v E 2C4 C2 2σv 2σd

A1 1 1 1 1 1 z x2 + y2, z2

A2 1 1 1 −1 −1 Rz

B1 1 −1 1 1 −1 x2 − y2

B2 1 −1 1 −1 1 xy

E 2 0 −2 0 0 (x, y); (Rx,Ry) (xz, yz)

C5v E 2C5 2C5
2 5σv

A1 1 1 1 1 z x2 + y2, z2

A2 1 1 1 −1 Rz

E1 2 2 cos 72◦ 2 cos 144◦ 0 (x, y); (Rx,Ry) (xz, yz)

E2 2 2 cos 144◦ 2 cos 72◦ 0 (x2 − y2, xy)

C6v E 2C6 2C3 C2 3σv 3σd

A1 1 1 1 1 1 1 z x2 + y2, z2

A2 1 1 1 1 −1 −1 Rz

B1 1 −1 1 −1 1 −1
B2 1 −1 1 −1 −1 1
E1 2 1 −1 −2 0 0 (x, y); (Rx,Ry) (xz, yz)

E2 2 −1 −1 2 0 0 (x2 − y2, xy)

A11-3.F The Cnh Groups

C2h E C2 i σh

Ag 1 1 1 1 Rz x2, y2, z2, xy

Bg 1 −1 1 −1 Rx,Ry xz, yz

Au 1 1 −1 −1 z

Bu 1 −1 −1 1 x, y

C3h E C3 C3
2 σh S3 S3

5 ε = exp(2πi/3)

A′ 1 1 1 1 1 1 Rz x2 + y2, z2

E′
{1 ε ε∗ 1 ε ε∗}

1 ε∗ ε 1 ε∗ ε
(x, y) (x2 − y2, xy)

A′′ 1 1 1 −1 −1 −1 z

E′′
{1 ε ε∗ −1 −ε −ε∗}

(Rx,Ry) (xz, yz)
1 ε∗ ε −1 −ε∗ −ε
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C4h E C4 C2 C4
3 i S4

3 σh S4

Ag 1 1 1 1 1 1 1 1 Rz x2 + y2, z2

Bg 1 −1 1 −1 1 −1 1 −1 x2 − y2, xy

Eg

{1 i −1 −i 1 i −1 −i
}

1 −i −1 i 1 −i −1 i
(Rx,Ry) (xz, yz)

Au 1 1 1 1 −1 −1 −1 −1 z

Bu 1 −1 1 −1 −1 1 −1 1

Eu

{1 i −1 −i −1 −i 1 i
}

(x, y)1 −i −1 i −1 i 1 −i

C5h E C5 C5
2 C5

3 C5
4 σh S5 S5

7 S5
3 S5

9 ε = exp(2πi/5)

A′ 1 1 1 1 1 1 1 1 1 1 Rz x2 + y2, z2

E1
′

{
1 ε ε2 ε2∗ ε∗ 1 ε ε2 ε2∗ ε∗ }
1 ε∗ ε2∗ ε2 ε 1 ε∗ ε2∗ ε2 ε

(x, y)

E2
′

{
1 ε2 ε∗ ε ε2∗ 1 ε2 ε∗ ε ε2∗}
1 ε2∗ ε ε∗ ε2 1 ε2∗ ε ε∗ ε2 (x2 − y2, xy)

A′′ 1 1 1 1 1 −1 −1 −1 −1 −1 z

E1
′′

{
1 ε ε2 ε2∗ ε∗ −1 −ε −ε2 −ε2∗ −ε∗ }
1 ε∗ ε2∗ ε2 ε −1 −ε∗ −ε2∗ −ε2 −ε

(Rx,Ry) (xz, yz)

E2
′′

{
1 ε2 ε∗ ε ε2∗ −1 −ε2 −ε∗ −ε −ε2∗}
1 ε2∗ ε ε∗ ε2 −1 −ε2∗ −ε −ε∗ −ε2

C6h E C6 C3 C2 C3
2 C6

5 i S3
5 S6

5 σh S6 S3 ε = exp(2πi/6)

Ag 1 1 1 1 1 1 1 1 1 1 1 1 Rz x2 + y2, z2

Bg 1 −1 1 −1 1 −1 1 −1 1 −1 1 −1
E1g

{
1 ε −ε∗−1 −ε ε∗ 1 ε −ε∗ −1 −ε ε∗}
1 ε∗−ε −1 −ε∗ ε 1 ε∗ −ε −1 −ε∗ ε

(Rx,Ry) (xz, yz)

E2g
{

1 −ε∗−ε 1 −ε∗ −ε 1 −ε∗ −ε 1 −ε∗ −ε }
1 −ε −ε∗ 1 −ε −ε∗ 1 −ε −ε∗ 1 −ε −ε∗ (x2 − y2, xy)

Au 1 1 1 1 1 1 −1 −1 −1 −1 −1 −1 z

Bu 1 −1 1 −1 1 −1 −1 1 −1 1 −1 1
E1u

{
1 ε −ε∗−1 −ε ε∗ −1 −ε ε∗ 1 ε −ε∗}
1 ε∗−ε −1 −ε∗ ε −1 −ε∗ ε 1 ε∗ −ε

(x, y)

E2u
{

1 −ε∗−ε 1 −ε∗ −ε −1 ε∗ ε −1 ε∗ ε
}

1 −ε −ε∗ 1 −ε −ε∗ −1 ε ε∗ −1 ε ε∗
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A11-3.G The Dn Groups

D2 E C2(z) C2(y) C2(x)

A 1 1 1 1 x2, y2, z2

B1 1 1 −1 −1 z,Rz xy

B2 1 −1 1 −1 y,Ry xz

B3 1 −1 −1 1 x,Rx yz

D3 E 2C3 3C2

A1 1 1 1 x2 + y2, z2

A2 1 1 −1 z,Rz

E 2 −1 0 (x, y); (Rx,Ry) (x2 − y2, xy); (xz, yz)

D4 E 2C4 C2(= C4
2) 2C2

′ 2C2
′′

A1 1 1 1 1 1 x2 + y2, z2

A2 1 1 1 −1 −1 z,Rz

B1 1 −1 1 1 −1 x2 − y2

B2 1 −1 1 −1 1 xy

E 2 0 −2 0 0 (x, y); (Rx,Ry) (xz, yz)

D5 E 2C5 2C5
2 5C2

A1 1 1 1 1 x2 + y2, z2

A2 1 1 1 −1 z,Rz

E1 2 2 cos 72◦ 2 cos 144◦ 0 (x, y); (Rx,Ry) (xz, yz)

E2 2 2 cos 144◦ 2 cos 72◦ 0 (x2 − y2, xy)

D6 E 2C6 2C3 C2 3C2
′ 3C2

′′

A1 1 1 1 1 1 1 x2 + y2, z2

A2 1 1 1 1 −1 −1 z,Rz

B1 1 −1 1 −1 1 −1
B2 1 −1 1 −1 −1 1
E1 2 1 −1 −2 0 0 (x, y); (Rx,Ry) (xz, yz)

E2 2 −1 −1 2 0 0 (x2 − y2, xy)
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A11-3.H The Dnd Groups

D2d E 2S4 C2 2C2
′ 2σd

A1 1 1 1 1 1 x2 + y2, z2

A2 1 1 1 −1 −1 Rz

B1 1 −1 1 1 −1 x2 − y2

B2 1 −1 1 −1 1 z xy

E 2 0 −2 0 0 (x, y); (Rx,Ry) (xz, yz)

D3d E 2C3 3C2 i 2S6 3σd

A1g 1 1 1 1 1 1 x2 + y2, z2

A2g 1 1 −1 1 1 −1 Rz

Eg 2 −1 0 2 −1 0 (Rx,Ry) (x2 − y2, xy), (xz, yz)

A1u 1 1 1 −1 −1 −1
A2u 1 1 −1 −1 −1 1 z

Eu 2 −1 0 −2 1 0 (x, y)

D4d E 2S8 2C4 2S8
3 C2 4C2

′ 4σd

A1 1 1 1 1 1 1 1 x2 + y2, z2

A2 1 1 1 1 1 −1 −1 Rz

B1 1 −1 1 −1 1 1 −1
B2 1 −1 1 −1 1 −1 1 z

E1 2
√

2 0 −√
2 −2 0 0 (x, y)

E2 2 0 −2 0 2 0 0 (x2 − y2, xy)

E3 2 −√
2 0

√
2 −2 0 0 (Rx,Ry) (xz, yz)

D5d E 2C5 2C5
2 5C2 i 2S3

10 2S10 5σd

A1g 1 1 1 1 1 1 1 1 x2 + y2, z2

A2g 1 1 1 −1 1 1 1 −1 Rz

E1g 2 2 cos 72◦ 2 cos 144◦ 0 2 2 cos 72◦ 2 cos 144◦ 0 (Rx,Ry) (xz, yz)

E2g 2 2 cos 144◦ 2 cos 72◦ 0 2 2 cos 144◦ 2 cos 72◦ 0 (x2 − y2, xy)

A1u 1 1 1 1 −1 −1 −1 −1
A2u 1 1 1 −1 −1 −1 −1 1 z

E1u 2 2 cos 72◦ 2 cos 144◦ 0 −2 −2 cos 72◦ −2 cos 144◦ 0 (x, y)

E2u 2 2 cos 144◦ 2 cos 72◦ 0 −2 −2 cos 144◦ −2 cos 72◦ 0
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D6d E 2S12 2C6 2S4 2C3 2S5
12 C2 6C2

′ 6σd

A1 1 1 1 1 1 1 1 1 1 x2 + y2, z2

A2 1 1 1 1 1 1 1 −1 −1 Rz

B1 1 −1 1 −1 1 −1 1 1 −1
B2 1 −1 1 −1 1 −1 1 −1 1 z

E1 2
√

3 1 0 −1 −√
3 −2 0 0 (x, y)

E2 2 1 −1 −2 −1 1 2 0 0 (x2 − y2, xy)

E3 2 0 −2 0 2 0 −2 0 0
E4 2 −1 −1 2 −1 −1 2 0 0
E5 2 −√

3 1 0 −1
√

3 −2 0 0 (Rx,Ry) (xz, yz)

A11-3.I The Dnh Groups

D2h E C2(z) C2(y) C2(x) i σ (xy) σ (xz) σ (yz)

Ag 1 1 1 1 1 1 1 1 x2, y2, z2

B1g 1 1 −1 −1 1 1 −1 −1 Rz xy

B2g 1 −1 1 −1 1 −1 1 −1 Ry xz

B3g 1 −1 −1 1 1 −1 −1 1 Rx yz

Au 1 1 1 1 −1 −1 −1 −1
B1u 1 1 −1 −1 −1 −1 1 1 z

B2u 1 −1 1 −1 −1 1 −1 1 y

B3u 1 −1 −1 1 −1 1 1 −1 x

D3h E 2C3 3C2 σh 2S3 3σv

A1
′ 1 1 1 1 1 1 x2 + y2, z2

A2
′ 1 1 −1 1 1 −1 Rz

E′ 2 −1 0 2 −1 0 (x, y) (x2 − y2, xy)

A1
′′ 1 1 1 −1 −1 −1

A2
′′ 1 1 −1 −1 −1 1 z

E′′ 2 −1 0 −2 1 0 (Rx,Ry) (xz, yz)
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D4h E 2C4 C2 2C2
′ 2C2

′′ i 2S4 σh 2σv 2σd

A1g 1 1 1 1 1 1 1 1 1 1 x2 + y2, z2

A2g 1 1 1 −1 −1 1 1 1 −1 −1 Rz

B1g 1 −1 1 1 −1 1 −1 1 1 −1 x2 − y2

B2g 1 −1 1 −1 1 1 −1 1 −1 1 xy

Eg 2 0 −2 0 0 2 0 −2 0 0 (Rx,Ry) (xz, yz)

A1u 1 1 1 1 1 −1 −1 −1 −1 −1
A2u 1 1 1 −1 −1 −1 −1 −1 1 1 z

B1u 1 −1 1 1 −1 −1 1 −1 −1 1
B2u 1 −1 1 −1 1 −1 1 −1 1 −1
Eu 2 0 −2 0 0 −2 0 2 0 0 (x, y)

D5h E 2C5 2C5
2 5C2 σh 2S5 2S5

3 5σv

A1
′ 1 1 1 1 1 1 1 1 x2 + y2, z2

A2
′ 1 1 1 −1 1 1 1 −1 Rz

E1
′ 2 2 cos 72◦ 2 cos 144◦ 0 2 2 cos 72◦ 2 cos 144◦ 0 (x, y)

E2
′ 2 2 cos 144◦ 2 cos 72◦ 0 2 2 cos 144◦ 2 cos 72◦ 0 (x2 − y2, xy)

A1
′′ 1 1 1 1 −1 −1 −1 −1

A2
′′ 1 1 1 −1 −1 −1 −1 1 z

E1
′′ 2 2 cos 72◦ 2 cos 144◦ 0 −2 −2 cos 72◦ −2 cos 144◦ 0 (Rx,Ry) (xz, yz)

E2
′′ 2 2 cos 144◦ 2 cos 72◦ 0 −2 −2 cos 144◦ −2 cos 72◦ 0

D6h E 2C6 2C3 C2 3C2
′ 3C2

′′ i 2S3 2S6 σh 3σd 3σv

A1g 1 1 1 1 1 1 1 1 1 1 1 1 x2 + y2, z2

A2g 1 1 1 1 −1 −1 1 1 1 1 −1 −1 Rz

B1g 1 −1 1 −1 1 −1 1 −1 1 −1 1 −1
B2g 1 −1 1 −1 −1 1 1 −1 1 −1 −1 1
E1g 2 1 −1 −2 0 0 2 1 −1 −2 0 0 (Rx,Ry) (xz, yz)

E2g 2 −1 −1 2 0 0 2 −1 −1 2 0 0 (x2 − y2, xy)

A1u 1 1 1 1 1 1 −1 −1 −1 −1 −1 −1
A2u 1 1 1 1 −1 −1 −1 −1 −1 −1 1 1 z

B1u 1 −1 1 −1 1 −1 −1 1 −1 1 −1 1
B2u 1 −1 1 −1 −1 1 −1 1 −1 1 1 −1
E1u 2 1 −1 −2 0 0 −2 −1 1 2 0 0 (x, y)

E2u 2 −1 −1 2 0 0 −2 1 1 −2 0 0
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Appendix 12

Hints for Solving Selected Problems

Chapter 1

1-1. Use Eq. (1-25).

1-7.

P.E.(t) = −
∫ ψ(x,t)

0
m

[
∂2�(x, t)/∂t2]d�(x, t) = 1

2
mω2�2(x, t).

Next integrateP.E.(t) over one complete cycle(0− t ′).

Chapter 2

2-9. sinx siny = 1
2 [cos(x − y) − cos(x + y)].

2-10. What kind of function hasλII = ∞? When could such a function join smoothly
onto a sine function in region I?

Chapter 3

3-1. Imagine an auto runs fromA to B at 30 mph and fromB to C at 60 mph. Sketch
the distribution function for the auto. Then reason how you arrived at this function
and apply similar reasoning to the harmonic oscillator.

3-6. a) Seek points whereH2(y) equals zero.

b) Seek places wheredψ2/dy =0; then evaluateψ2 at these points and compare.

3-15. ∫ ∞

1
exp(−y2)dy ∼ 0.10

[
exp(−1.052) + exp(−1.152) + exp(−1.252) + · · · ]

to convergence.

3-19. Consider how the solutions for the harmonic oscillator would meet the conditions
imposed by this new potential.

651
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Chapter 4

4-3. The classical turning point occurs when the total energy equals the potential
energy.

4-11. E = V (r) whenr equals classical turning point.

4-12. Ignore all but theθ andφ dependences in Eq. (4-30). Do not forget tosquare
these dependences, and do not forget to include the 31/2 term of 3d2z .

4-17. x = r sinθ cosφ.

4-18. a) Do not forget to includeθ dependence ofdv.

4-26. Refer to Problem 2-11.

4-37. µ should be in units of kg/molecule, and you have masses in a.m.u. These can
be taken directly as g/mole and then converted.

Chapter 5

5-4. Squareψ and integrate, using the fact that 1s, 2s are orthonormal.

Chapter 6
6-9. b) �∗� must be same att = 0 andt = 1/ν.

6-11. Use the Schmidt orthogonalization method.

6-13. a) Means: isψ an eigenfunction of the momentum operator?

6-18. Wavefunction is not normalized.

6-24. Use that exp(ikx) = cos(kx) + i sin(kx).

Chapter 7

7-4. a) Note that, for symmetricψπ ,
∫

ψφdx = 2
∫ L/2

0 ψnφ dx. For antisymmet-
ric ψn, the integral can be evaluated by inspection. A useful integral is∫

x sinx dx = sinx − x cosx.
c) Use the fact thatE = 
nc2

nEn. The series can be estimated with a small
calculator (tedious) or else by summing the first few terms and integrating
over a function that envelopes the higher terms.

7-11. Use the fact thatφ = 
iciψi andE = 
ic
∗
i ciEi .

7-13. b) Take limit asF → 0 rather than simply evaluating atF = 0.1. Note that
(1+ x)m = 1+ mx + [m(m − 1)/2!] x2 + · · · .

7-16. Do not forget that overlap betweenφa andφb must enter normality condition:
c2

a + c2
b + 2cacbS = 1

7-17.
∫

φ2(−1/ra)dv = −1+ (ζ + 1)exp(−2ζ ) using the method of Appendix 3.
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7-19. Note thatψ+ andψ− are degenerate atR = ∞.

7-20. In the limit of R → 0,HAA is indeterminate. Use l’Hospital’s rule (i.e., take
d/dR on the numerator and denominator and evaluate atR = 0). Alternatively,
you can expand exp(−2R) in powers ofR and evaluate atR = 0.

7-27. Note that (f) and (g) have both AOs on centera. WhenĤ is present in the inte-
gral, you are restricted to considering symmetry operations that do not affectĤ .

7-34. Use the Schmidt orthogonalization procedure (Chapter 6) to construct 2s′.

Chapter 8
8-15. b) Simply note where HOMO is bonding, antibonding, nonbonding, and rec-

ognize that some of the effect of this MO will be lost upon ionization.

Chapter 12

12-2. Recall that perturbation should be greatest for states withψ2 largest in region
of perturbation.

12-7. To evaluate the first-order correction to the energy, you can recognize that
〈1s| − 1/r|1s〉 is identical to the potential energy of the H atom. The virial
theorem tells you the value of this quantity at once.

12-16. Use the fact thatEπ = α
MOs
i ni + 2β
MOs

i 

neighbors
k<l pkl .

Chapter 13

13-9. Notice which MOs are degenerate when assigning symmetries. For the final
part of the question, notice that the molecularx axis corresponds to the group
theoreticz axis.

Chapter 14

14-13. Do not forget that the cyclobutadiene molecule differs from two acetylenes in
bothπ andσ systems. There are a total of eight orbitals to be sketched for each
side of this reaction.

Chapter 15

15-2. The curve in Fig. 15-2b is proportional to the reciprocal of the slope of the curve
in Fig. 15-2a.

15-3. It is helpful to use that exp(inπ) = 1 for evenn,−1 for odd n, and that
exp[i(a + b)] = exp(ia)exp(ib).

15-4. Remember thatE is degenerate due to states at negativej .
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Answers to Problems 1

Chapter 1

1-1. [See Hint.](A + D + C)cos(kx) + (B + iC − iD)sin(kx).

1-2. ψ(x) = same as Eq. (1-32) except cos instead of sin whenn is odd.

1-3. α2 = β2 = (2π/λ)2.

1-4. Work functions: Cs= 1.9eV,Zn= 3.7eV.h = 4.13× 10−13 eVs.

1-5. a) 0.055 nm. b) 3.31× 10−25nm.

1-6. Argument of cosine must change by 2π . Cycle time= 2π/ω.

1-7. [See Hint.] Integrating PE(t) = 1
2mω2�2(x, t) over a cycle and dividing byt ′

to give average PE per unit time gives PE= mω2ψ2(x)/4.[m is reallyρdx.] An
identical result comes from integrating KE(t) = 1

2mω2ψ2(x)sin2(ωt) over the
same cycle.

1-8. a) No. Becomes infinite atx = ±∞. b) Same as a). c) Yes. d) No. Becomes
infinite atx = −∞. e) Yes.

1-9. ψ = sinx or cosx are examples.

1-10. We need establish only one of the extreme profiles for the string. Then, as cos(ωt)

oscillates between+1 and−1, the string oscillates between the two extremes. In
other words, sin(x) and−sin(x) are the same solution at different times. (They
differ by a phase factor.)

1-11. Only c), d) and f). [The latter is most easily seen after recognizing that the
function equals exp(4ix).] For c), the eigenvalue is zero.

Multiple Choice (MC) : d c e e b

Chapter 2

2-1. J2s2kg−1m−2 = (kg m2s−2)2 sec2 kg−1m−2 = kg m2s−2 = J.

2-2. A =
[

L
nπ

∫ L

0 sin2(nπx
L

)d(nπx
L

)
]−1/2 = [ L

nπ

∫ nπ

0 sin2 ydy
]−1/2

= [ L
nπ

· nπ
2

]−1/2 =
√

2
L

1Hints for some of these are given in Appendix 12.
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2-3. Recognize that, since sin2 +cos2=1,
∫ L

0 (sin2 +cos2)dx is the area of a rectangle
of height 1 and widthL, i.e., has areaL. Half of this area goes with sin2. For
cases wheren > 1, there are more wiggles, but the value of the integral over sin2

still equalsL/2.

2-4. 0.6090,0.1955,1
3, 1

3.

2-5. a) Use height times width of this narrow rectangle inψ2. Height=[
(
√

2/L)sin(0.5πL/L)
]2= (2/L)sin2(π/2)=2/L. Width=0.01L. Area=

0.02. This is 2% of the probability density in 1% of the box width. That is
twice the classical probability, which is uniform in the box.

b) (2/L)sin2(π/3) times 0.01L = 0.015. 1.5 times classical.

2-6. a) 1/5. (There are five equal hills inψ2
5, and 0≤ x ≤ L/5 contains one of them.

b) Smaller. ψ2
1 (Fig. 2-5) is small in this region (less than 1/L in value) and

integrates to less than 1/5.

2-7. a) S. b)−A. c) SS. d) AA. e)−AS. f) AASASSA. g)−AASASAA.
Rule: Product antisymmetric whenodd number of antisymmetric functions is
present.

2-8. All are zero by symmetry except d), e), h). i) is integral of 2 sin2 x cosx which is
SA. j) is integral of sin2 x cosx which is SS from−π to π , but SA in each half
of the range (i.e., likei). If each half must give zero, so must the whole.

2-9. [See Hint.] (2/L)
∫ L

0 sin(nπx)sin(mπx)dx = (using Hint)(1/π)
∫ π

0 {cos[(n −
m)y] − cos[(n + m)y]}dy = 0, for n andm integers andn �= m.

2-10. [See Hint.] λII = ∞, and soψII is a constant. A constant has a zero derivative,
andψ1 must arrive atx = L with zero derivative if successful junction is to be
made. This requires that an odd number of quarter-waves fit between 0 andL

(so wave arrives with either a peak or a valley atx = L). This requires that
[(2n + 1)/4]λI = L; λI = 4L/(2n + 1) = h/

√
2mU ; U = (2n + 1)2h2/32mL2

is the relation betweenU andL that is required for a state to exist atE = U .
(Strictly speaking, one can only approachλ = ∞ as a limit, and this problem is
physically meaningless. However, it makes a good exercise.)

2-11. Given thatHψ1 = E1ψ1,Hψ2 = E2ψ2,E1 = E2 = E and φ = c1ψ1 + c2ψ2.
ThenHφ = c1Hψ1 + c2Hψ2 = c1E1ψ1 + c2E2ψ2 = E(c1ψ1 + c2ψ2) = Eφ.

Q.E.D.

2-12. a)ψ should oscillate on right with sameλ as on left. b)ψ should be symmetric
or antisymmetric (andλ should be same in each side). c)ψ should be smooth
(i.e., have no cusp) at finite barrier. d)ψ should be a decaying exponential at
right. e) Same as d).ψ should not become infinite.

2-13. a) ψ4 is two sine waves.

b) E4 is the same asE2 in a half-box of widthL :E4 =22h2/8mL2 =h2/8mL2.
Or, one can also calculate it as then = 4 solution with width= 2L.
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2-14. For exponential eigenfunctions,ψ∗ψ = [exp(ijφ)]∗[exp(ijφ)
] = exp(−ijφ)

exp(ijφ)=exp(0)=1. This gives a “rectangle” of height 1 and width 2π , hence
area 2π and normalizing constant 1/

√
2π . For sine or cosine functions, we get

a squared function that oscillates from 0 to 1, gives us half the area, namelyπ ,
and yields normalizing constant 1/

√
π .

2-15. exp(i
√

2φ) does not join onto itself whenφ → φ + 2π .

2-16. a)H =−(h2/8π2I )d2/dφ2. b)Hψ =(9h2/8π2I )ψ . c)[(h/2πi)d/dφ]ψ �=
constant timesψ . Nota constant of motion.

2-17. The barrier forces solutions to vanish atφ = 0. Of our four choices sin(kφ),

cos(kφ),exp(±ikφ) only the sin(kφ) set has this property. Therefore a)E =0 is
lost. b) All degenerate levels become nondegenerate. c) No, only sine solutions
exist. d) No, sine solutions are not eigenfunctions of the angular momentum
operator.

2-18. a) Enx,ny = (h2/8m)(n2
x/L2

x + n2
y/L2

y)] = (n2
x + 4n2

y)h2/8mL2
x .

b) Zero point energy= E1,1 = 5h2/8mL2
x

c) nx 1 2 3 1 4 2 3 5 4
ny 1 1 1 2 1 2 2 1 2
E/(h2/8mL2

x) 5 8 13 17 20 20︸ ︷︷ ︸ 25 29 32

degeneracy 1 1 1 1 2 1 1 1

d)

e) i) All eigenvalues increase by 10J . (ii) No effect on eigenfunctions.

2-19. Both 3h2/4mL2
x . Accidental degeneracy results when nodes that are not equiv-

alent by symmetry nevertheless give the same energy.

2-20. a) Yes. The two eigenfunctions being mixed are degenerate(52 + 12 + 12 =
32 + 32 + 32), so the linear combination remains an eigenfunction. (See Prob-
lem 2-11.) b) Instead of integrating, we can take the value ofψ2
V because

V is small enough to makeψ2 essentially constant in it.ψ2 = (

√
2/L)6

sin2(π/2)sin2(π/2)sin2(π/2) = 8/L3;
V = 0.001L3;ψ2
V = 0.008. The
classical value (uniform distribution) is 0.001, so the quantum-mechanical prob-
ability for finding the particle at the center is 8 times greater than classical. (Not
coincidentally, this is the cube of the answer for the one-dimensional analog in
Problem 2-5.)
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2-21. 
E = [(6+ n)2 − (5+ n)2
]
h2/8mL2

λ = (8mcl2/h)(2n + 10)2/(2n + 11) = 637(2n + 10)2/(2n + 11)Å

n : 0 1 2 3
λ : 5791 7056 8323 9592

2-22. Momentum is a constant of motion if[(h/2πi)d/dx] ψ = constant timesψ .
This applies for b) and d), and the momentum equals 3h/2π and −3h/2π ,
respectively. Kinetic energy is equal tok2h2/8π2m, or 9h2/8π2m for all four
cases.

2-23. The z component of angular momentum is a constant of motion if
[(h/2πi)d/dφ] ψ = constant timesψ . This applies for b) and d), and the
angular momentum equals−3h/2π and 3h/2π , respectively. Kinetic energy
equals 9h2/8π2l in all four cases.

2-24. ψ anddψ/dx are real atx = a. (ψ = ψ∗)x=a;Aexp(ika) + B exp(−ika) =
A∗ exp(−ika) + B∗ exp(ika); soAexp(ika) − A∗ exp(−ika) = B∗ exp(ika) −
B exp(−ika).

[
(dψ/dx) = (dψ/dx)∗

]
x=a

; Aexp(ika) + A∗ exp(−ika) =
B∗ exp(ika) + B exp(−ika); adding these two equations gives
Aexp(ika) = B∗ exp(ika), so A = B∗. Subtracting the two equations gives
A∗ exp(−ika)=B exp(−ika), soA∗ =B. (Or we could take the complex conju-
gate of the previous equation.) Then,|A|2/|B|2 = A∗A/B∗B = A∗A/A∗A = 1,
so|A| = |B|.

2-25. Matching values atx = 0 givesA + B = C. Matching slopes giveskA − kB =
k′C. Using the first of these to eliminateC from the second gives the first part
of (2-73). Using the first to eliminateB from the second gives the second part
of (2-73).

2-26. NowA is zero,B =C +D,−kB =k′C −k′D,C/D = (k −k′)/(k +k′),B/D =
2k′/(k + k′).

2-27. a) |C|2/|A|2 gives the relative spatialdensitiesof transmitted to impinging par-
ticles, but we need relativefluxes, which depend on both particle densities
and velocities. The relative velocities are the same as the relative momenta
(since masses are the same), and these are in turn the same as the relative
k values. Sok′/k gives the relative velocities of impinging and transmitting
particles. For reflecting particles, the analogous ratio isk/k, so it does not
appear.

b)
[
k′|C|2/k|A|2] + [|B|2/|A|2] = 4k′k/(k + k′)2 + (k − k′)2/(k + k′)2 =

(k + k′)2/(k + k′)2 = 1.

2-28. 100% transmission occurs when an integral number of de Broglie half-waves fit in

x = d;nλ/2= d; also,λ = h/p = h/

√
2T = h/

√
2m(E − U). Equating these

expressions forλ : 4d2/n2 = h2/ [2m(E − U)] ; (E/U) − 1= n2h2/(8d2mU).
Substituting forU on the right: (E/U) − 1= n2π2/16. Whenn = 1,E/U =
1.617. Whenn = 2,E/U = 3.467. (Compare with Fig. 2-18b.)

2-29. 
E1 0.805cm−1,
E2 36cm−1.



658 Answers to Problems

MC: c d e a e b d b d a c d d b a

Chapter 3

3-1. [See Hint.] P (x) is proportional to 1/v(x), which is [dx(t)/dt]−1, which is[−√
k/mLsin(

√
k/mt)

]−1. This is proportional to

[
sin2(

√
k/mt)

]−1/2 =
[
1− cos2(

√
k/mt)

]−1/2 = [1− x2/L2]−1/2

Thenormalizedprobability distribution function is(π
√

L2 − x2)−1.

3-2. a) x(t) = 0.100 cos(
√

2t), t in seconds,x in meters. b)−0.0453 m. c) 1.00×
10−2 J. d) 2.00× 10−3 J. (e, f) 5.00× 10−3 J. g) 0.126 ms−1. h) ±0.100 m.
i) 0.225 s−1

3-3. x = ±
[
(n + 1/2)h/π)/

√
km
]1/2

.

3-4. a)
[
(
√

β/π)1/(2nn!)]1/2 is the normalizing factor. It keeps the total probability
density equal to one.Hn(y) is a Hermite polynomial. It provides the nodes
in the wavefunction. Exp(−y2/2) forcesψ to decay at large values ofx. It
gives the correct asymptotic behavior.

b) ψ0(y) = 4
√

β/π exp(−y2/2)

ψ1(y) = 4
√

β/π(1/
√

2)2y exp(−y2/2)

ψ2(y) = 4
√

β/π(1/
√

8)(4y2 − 2)exp(−y2/2)

3-5. Hψ0 = {−[h2/(8π2m)
]
d2/dx2 + kx2/2

}
(β/π)1/4 exp(−βx2/2)

= [h2β/(8π2m) − β2h2x2/(8π2m) + kx2/2
]
ψ0

=
[
(h/4π)

√
k/m − kx2/2+ kx2/2

]
ψ0

= (h/2)(1/2π)
√

k/m)ψ0 = (hv/2)ψ0.

3-6. [See Hint.] a)y = ±√
1/2. b)y = ±√

5/2.

3-7. The first function is asymmetric; the second becomes infinite in both limits ofy.

3-8. a) Approaches zero. Decaying exponential overwhelms polynomial. b) Anti-
symmetric. Polynomial is antisymmetric and exponential is symmetric.
c) Value= 0, slope= 120.

3-9. a) c0 = 7. b)c1 = 0.

3-10. a) Not, because missingy3 term should cause the polynomial to terminate, not
permity5 term.

b) Not, because of mixed symmetry. (Powers 5, 3, 1, 0.)
c) OK.

3-11.

3-12. a) Zero (integrand antisymmetric). b)
√

π/2 (symmetric).
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3-13. Zero (integrand antisymmetric).

3-14. a) xtp = ±
[
3h/(2π

√
mk)

]1/2 = ±√
3/β. b) ψ2 is maximum aty = ±1, or

x = ±1/
√

β = ±h/(2π
√

mk). c) 1/2. d) 0.0144 [from(2/e)
√

β/π times
0.02

√
3h/(2π

√
km)1/2].

3-15. [See Hint.] 2
∫∞

a

√
β/π exp(−βx2)dx = (2/

√
π)
∫∞

1 exp(−y2)dy ∼ 0.156,
wherea = 1/

√
β.

3-16, 17. H2(y) = 4y2 − 2.

3-18. Zero point energy= 3
2hν; 10; 3.

3-19. [See Hint.] The barrier requiresψ = 0 at x ≤ 0 but does not affectĤ at
x > 0. Therefore, antisymmetric solutions of harmonic oscillator are still
good. Results areψx>0 =√

2ψharm,osc, n = 1,3,5, . . . , andE = (n + 1
2)hν,n =

1,3,5, . . .ψx≤0 = 0.

3-20. a) 40. b)−1.

3-21. V 5 = E5/2= (11/4)hν = T 5.

3-22. For each unit of energy going into vibration, half goes into kinetic energy, which
registers as a rise in temperature, and half is “hidden” as potential energy. None
is hidden as potential energy in rotation or translation.

3-23. Using nominal nuclear masses givesk values of 958,512,408,311 Nm−1,
respectively. Decreasing bond stiffness implies decreasing bond strengths.
(ObservedD0 values are, in kJ mol−1, 564, 428, 363, 295, respectively.)

MC: e e d, c c

Chapter 4

4-1. E2 − E1 = 2.46737× 1015Hz usingme. Using µ gives 0.999455 times this
value, a difference of 545 ppm.

4-2. The radial distribution function vanishes atr = 0 because 4πr2 is zero there and
again atr = ∞ because the decaying exponential ofψ2 overwhelms the finite
power term 4πr2.

4-3. [See Hint.]E1s=−1
2 a.u.V (r)=−1/r a.u. Equal whenr =2 a.u.

∫∞
2 ψ2dv =

0.238, and so 23.8%.

4-4. a) 1/Z a.u. b) 3/2Z a.u. c) 0 (by inspection ofψ2). d) −Z2 a.u. Differs
from −Z times the reciprocal of b) because average of 1/r �= 1/(average ofr).
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d) is lower because 1/r blows up at smallr, contributing large (negative) amounts
of potential energy.

4-5. (1/
√

2)
∫∞

0 exp(−r)(2− r)exp(−r/2)r2dr = . . .0. (Do not forgetr2 from dv.)

4-6. π−1/2 is the normalizing factor.

4-7. x̄ = ∫ +∞
−∞ ψ2x dx. ψ2 is symmetric,x is antisymmetric, and̄x = 0.

4-8. a)
∫ L

0 ψn(x − L/2)2ψn dx. b) Expect it to increase asn increases, approach-
ing a limiting value. This becauseψ2 favors the box center for lower states
and approaches classical (uniform) distribution asn increases. c)L2(1/12−
1/2n2π2), n = 1 : 0.03267L2, n = 2 : 0.070668L2. ApproachingL2/12, which
is the classical value achieved ifψ2 in a) is replaced by 1/L.

4-9. For reflection in thexy plane, 2pz is antisymmetric, and 3dxy is symmetric.

4-10. a) 4/Z a.u. b) 5/Z a.u. c) 2/Z a.u. d)−Z2/4 a.u.

4-11. [See Hint.]rtp = 2n2/Z.

4-12. [See Hint.] The sum of squares of angular dependencies equals4
3. Use trigono-

metric identities to remove angle dependence.

4-13. a)−1/2 a.u. b)−2 a.u.,−1/2 a.u. c) 25 d) 2, 1 e)−2 a.u.

4-14. a) l = m = 0. (No angular dependence: must bes.)
b) 2 (quadratic inr).
c) −1/18 a.u. (2 nodes means it is 3s, son = 3.)
d) 18 a.u.

4-15. a) Yes, atr = 6 a.u. b) 3py(r sinθ sinφ = y, so it ispy , and there is one radial
node).

4-16. a) Looks OK. b) No. Blows up at larger. c) No. Lacks exponential decay
function inr.

4-17. [See Hint.]
∫

1s2r sinθ cosφ dv = 0 (because cosφ is antisymmetric in each
subrange 0–π ,π–2π ). The average value ofx shouldbe zero because the electron
is equally likely to be found at equal±x positions due to the spherical symmetry
of ψ2.

4-18. [See Hint.] a) θmp = 35◦15′, 144◦45′. b) Angular nodes come where
(3 cos2 θ − 1) = 0. θ = 54.74◦,125.26◦.

4-19. xy = (r sinθ cosφ)(r sinθ sinφ) = r2 sin2 θ cosφ sinφ = (r2 sin2 θ sin 2φ)/2.

4-20. Equation (4-45) predicts 2/3 and 0 for these integrals. Actual integration over
x2 and over 5x4/2− 3x2/2 gives 2/3 and 0. Integral over all space for 3p03d−1
involves integral from 0 toπ of P 0

1 (cosθ)P −2
2 (cosθ)sinθ dθ , which is same as

integral from 1 to−1 of P 0
1 (x)P −1

2 (x) dx, so the integral vanishes.

4-21.
[
15/(2

√
10π

]
(1− cos2 θ)cosθ exp(−2iφ), f−2.

4-22. L̂zYl,m(θ,φ) = (h̄/i)(d/dφ)
l,m(θ)exp(imφ) = mh̄
l.m(θ)exp(imφ) = mh̄

Yl,m(θ,φ).
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4-23. L̂x2p0 = L̂xR(r)cosθ = −iR(r)sinθ sinφ �= constant× 2p0

L̂y2p0 = iR(r)sinθ cosφ �= constant× 2p0

L̂x1s= 0= L̂y1s= L̂z1s= L̂2ls · · · = 0× ls

Since the vector has zero length, itsx, y, z components must also have zero
length. The question of vector orientation becomes meaningless.

4-24. [−1/(sinθ)(d/dθ)sinθd/dθ ]R(r)cosθ = 2R(r)cosθ , l(l + 1) = 2, l = 1.

4-25.

Same for 6f

4-26. [See Hint.] Will be eigenfunctions in cases b) and e). Only these correspond to
mixing degenerate eigenfunctions.

4-27. a)
√

6h̄ or
√

6 a.u. b)d−2.

4-28. a) 0. b)−3h̄ or −3 a.u.

4-29. a) 0. b) 2̄h2 or 2 a.u. c) 0 (same as if allx’s werez’s). d) 0 (by symmetry). e) 0.

4-30. a) 6ψ3,2,1. b) 2ψ2px . c) (−1/18)ψ3px . d) −ψ2p−1.

4-31. a) Yes,−1/18. e) Yes, 0 (same aŝLzψ3pz). f) Yes, 2. All others, No.

4-32. 1.44× 10−3 a.u.

4-33. 2.80× 1010Hz, 11.4 ppm.

4-34. a)−1/32. b) 16. c) 0,
√

2,
√

6,
√

12. d) 7. e) 4.

4-35. µr2 =?= m1r2
1 + m2r2

2. Chug, chug, Bingo.

4-36. Using Eq. (4-56), we write Eq. (4-68) as(L̂2/h̄2)ψ = (−2IE/h̄2)ψ ; (L̂2/2I )=
Eψ ; since there is no potential term,E is all kinetic, so this completes the
demonstration.

4-37. [See Hint.] First findµ in a.m.u., then divide by 6.0221× 1026 to convert to
kg/molecule.µ = 1.6529× 10−27kg. r = √

I/µ = 1.4144× 10−10m.

4-38. 10.976 cm−1, 21.953 cm−1, 32.929 cm−1.

4-39. 1.129× 10−10m(µ = 1.1385× 10−26kg, I = 1.4504× 10−46kg m2).

4-40. J =3, so mJ =3,2,1,0,−1,−2,−3. The states split into seven equally spaced
levels.

4-41.
√

3/2, or 0.866 a.u.
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MC: e b b e d e b c c

Chapter 5

5-1. −1
2(∇2

1 + ∇2
2 + ∇2

3) − 3/r1 − 3/r2 − 3/r3 + 1/r12+ 1/r23+ 1/r13.

5-2. r̄1s= 3/2Z = (for He+)3
4 a.u.,r̄2s= 6/Z = (for He+) 3 a.u.

5-3. E = 2.343× 105 eV compared with an IE of 13.6 eV. It shows thatλ small
enough to locate the electron with useful precision involves photons with energy
sufficient to excite the electron completely out of the system.

5-4. [See Hint.]
∫

ψ2dv = 1
2

∫∫ [1s(1)22s(2)2 + 2(1s(1)2s(1)2s(2)1s(2)) +
2s(1)21s(2)2]dv(1)dv(2) = 1

2(1 · 1+ 2 · 0 · 0+ 1 · 1) = 1.

5-5. ψa(2↔ 1) = (1/
√

2)[1s(2)2s(1) − 2s(2)1s(1)] = −ψa.

5-6. Upon substitution and expansion, complete cancellation occurs.

5-7. (1/
√

6)[1s2p1s(αββ − ββα) + 1s1s2p(βαβ − αββ) + 2p1s1s(ββα − βαβ)].
5-8.

∫
1s∗2sdv

∫
1s∗1sdv

∫
2s∗1sdv

∫
α∗αdω

∫
β∗αdω

∫
α∗βdω = 0 · 1 · 0 · 1 · 0 ·

0= 0.

5-9. For r1 = 1, r2 = 2, r3 = 0 get

ψ(1,2,0) = (1/
√

6)[1s̄(r = 1)2pz(r = 2)1s(r = 0) + 2pz(r = 1)1s(r = 2)1s̄(r = 0)

−2pz(r = 1)1s̄(r = 2)1s(r = 0) − 1s(r = 1)2pz(r = 2)1s̄(r = 0)]
The other cases are the same except for factor of−1. Thus,ψ2 is identical for
all three cases, and no physical distinction exists.

5-10. Replace eachα in the lowest row withβ.

5-11. a) αα, ββ, γ γ , αβ + βα, αγ + γ α, βγ + γβ

b) αβ − βα, αγ − γ α, βγ − γβ

5-12. a) Yes. Antisymmetric for exchange of any two electrons.
b) −1/2(∇2

1 + ∇2
2 + ∇2

3) − 3/r1 − 3/r2 − 3/r3 + 1/r1,2 + 1/r2,3 + 1/r1,3.
c) No. It is a product of one-electron orbitals, hence an independent-electron

solution, butH is not separable.
d) (−9/2)(1+ 1/4+ 1/9) = −6.125 a.u. e)−3/2 a.u.

5-13. Equation (5-41) withU1 = 1s,U2 = 1s̄,U3 = 2s,U4 = 2s̄.

5-14. F , 1s22s22p5, Z = 9, ξ1s= 8.7, ξ2s= ξ2p= 2.6.

5-15. LetÂφ =aφ and
∫

φ∗φdτ =1. (Â)av= ∫ φ∗Âφdτ = ∫ φ∗aφ dτ = a
∫

φ∗φ dτ = a.

5-16. Li2+ is a hydrogenlike ion, and hence should have all states of samen degenerate.
Li differs in that potential seen by electron is not of form−Z/r, due to screening
of nucleus by other electrons. Hence, degeneracy is lost. The 2s AO of Li is
lower than the 2p due to the fact that the 2s electron spends a larger fraction of
time near nucleus where it experiences full nuclear charge.

5-17.

√
1

2

(
1

2
+ 1

)
=
√

3

4
a.u.
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5-18. n electrons ofα spin give one state. Each time oneα is changed to aβ we get a
different state. There arenα spins available to change.

5-19. Symmetric combination givese2 + 8e either way. Antisymmetric givese2 − 8e

one way and−(e2 − 8e) the other.

5-20. a) 2s1/2( 2 states). b)2p3/2,2p3/2,2s1/2( 8 states).

5-21. a) Not satisfactory since electron 1 is identified with the 1s AO, etc.
[1s(1)3d2(2) − 3d2(1)1s(2)]α(1)α(2).

b) 3D3.

5-22. 120.

5-23. a) 2P3/2, 2p1/2. b) 2. c) 4, 2.

5-24. a) α(1)β(2) − β(1)α(2). b) −22.5 a.u. c)−22.5 a.u. + J1s,2P1
+ K1s,2P1

.

d) Eigenvalue for S2 is 0.

5-25. All in a.u.: a) 6. b) 2. c) 12. d) 2, 1,0,−1,−2. e) 1,0,−1. f) 3,2,1,0,−1,

−2,−3.

5-26. a) In both cases, maximum netz components are: spin= 1, orbital= 1.
b) 3P0 below3P1 below3P2 for p2 case, reverse for p4.
c) Each pairing reduces multiplicity tom + 1, wherem is number of unpaired

electrons, which equals the number of holes. Each pair’s contribution toML

due to their orbital’sml value is either totally canceled by a pair at−ml or
else half-canceled by an unpaired electron at−ml . Therefore, the uncanceled
portions reflect the presence of unpaired electrons, hence holes. Therefore,
the amount of uncanceledml is equal to minus that which we could assign to
the holes.

5-27. a) 2S1/2. b) 4S3/2. c) 1S0. d) 3F2.

5-28. a) 12. b)3P2, 3P1, 3P0, 1P1.

5-29. a) 2P1/2 below2P3/2. b) 4S3/2 below2D3/2, 2D5/2 below2P1/2, 2P3/2. (Rules
do not allow us to sort byJ in this case since shell is exactly half filled.)

5-30. Striving for maximum multiplicity means avoiding pairing electrons.

5-31. a) 15. b) 35.

5-32. No. Impossible for doublet and singlet combinations to arise from same number
of electrons. Each pairing reduces number of unpaired electrons by two, so
allowed multiplicities are all even or all odd.

5-33. a) 20. b) 12. c) 6. d) 60. e) 100.

5-34. a) 28. b)4F9/2, 4F7/2, 4F5/2, 4F3/2.

5-35. 3D3. Also 3D2, 3D1.

5-36. 2g2 − g, 15, 45.

5-37. Splittings equal 9.274× 10−24J timesg, with g equal to 4/3, 7/6, 1/2, 1, respec-
tively.
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MC: d e e d

Chapter 6

6-1.
∫∞
−∞ ψ∗(d2/dx2)φdv

?= ∫∞
−∞ φ(d2/dx2)ψ∗dv. Use

∫∞
−∞ vdu = uv|∞−∞ −∫∞

−∞ udv. On the left, letv =ψ∗, u= dφ/dx, du= d2φ/dx2, dv = dψ∗/dx. On
the right, letv = φ, u = dψ∗/dx, etc. Theuv term vanishes sinceψ∗ andφ each
vanish at limits. The remaining integrals are identical.

6-2. Each equals−4
√

8/27.

6-3.
∫

ψ∗ψdv = 1,
∫

χ∗
i χj dv = δi,j , ψ = �iciχi . Then

∫
ψ∗ψdv = 1=

∫
�ic

∗
i χ∗

i �j cj χj dv = �i�j c∗
i cj δij = �ic

∗
i ci .

Q.E.D.

6-4. ψ = �iciµi ,
∫

µ∗
i µj dv = δi.j , wantck:

∫
µ∗

kψdv =
∫

µ∗
k�iciµidv = �ici

∫
µ∗

kµidv = �iciδk,i = ck

6-5. a) (1/π)

∫ 2π

0
cos 2φ(h̄/i)(d/dφ)cos 2φdφ = −(2/h̄πi)

∫ 2π

0
cos 2φ sin 2φdφ

∝
∫ 2π

0
sym· antisym= 0

b) ψ = (1/
√

2)
[
(1/

√
2π)exp(2iφ)

]
+ (1/

√
2)
[
(1/

√
2π)exp(−2iφ)

]

Terms in [] are normalized eigenfunctions of Lz with eigenvalues of+2h̄ and
−2h̄. So(Lz)av= (1/

√
2)2(2h̄) + (1/

√
2)2(−2h̄) = 0.

6-6. [x,px] = [x(h̄/i)(d/dx) − (h̄/i)(d/dx)x]f (x) = (h̄/i)
(
xf ′ − f − xf ′)= −(h̄/i)f


x · 
px ≥ 1

2

∣∣∣∣
∫

ψ∗(−h̄/i)ψdτ

∣∣∣∣= |−h̄/2i| = h̄/2

6-7. φ must be identical to the eigenfunctionψ0.

6-8. No. The existence ofsomereal eigenvalues does not guarantee that the operator
satisfies the definition of hermiticity:

(d/dr)exp(−ar) = −a exp(−ar)

but
∫ ∞

0
exp(−ar)(d/dr)exp(−br)r2dr �=

∫ ∞

0
exp(−br)(d/dr)exp(−ar)r2dr

if a �= b

6-9. a) Each side equals−(1/2
√

2)ψ1sexp(it/2) − (1/8
√

2)ψ2p0 exp(it/8).
b) [See Hint.] (�∗�)t=0 = (1/2)(1s2 + 21s2p0 + 2p2

0); (�∗�)t=1/ν =
(1/2)(1s2 + 2 cos(3/8ν)1s2p0 + 2p2

0). Equal when 3/8ν = 2π;ν = 3/16π.


E = (1/2)(1 − 1/4) = 3/8 a.u.; 
E = hν = 2πhν/2π = 2πνh̄ = 2πν in
a.u.ν = 
E/2π = (3/8)/2π = 3/16π .
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6-10. (1− S2)−1/2.

6-11. [See Hint.]S = √
3/2, and soφ = (2/

√
3π)(r − 3

2)exp(−r).

6-12. a) 8
√

8/27= 0.838. b) 0 (by symmetry).

6-13. [See Hint.] a)p̂xψ0 = −(βh̄x/i)ψ0 �= constant timesψ0. Momentum is hence
nota constant of motion.
b)
∫

ψ∗
0 p̂xψ0dx =−(βh̄/i)

∫
ψ∗

0xψ0dx =∫ (sym)(anti)(sym)=0 (Must be zero
since otherwise motion in one direction would involve greater momentum than
motion in the other.)

6-14. First pair: No. x2(d2/dx2) + x3(d3/dx3) �= 2x(d/dx) + 4x2(d2/dx2) +
x3(d3/dx3). Second pair: Yes. Both arrangements give 2x2(d2/dx2) +
x3(d3/dx3).

6-15. a) 6 a.u. (sincel = 2). b) 0 (since real form ofψ involves equal mix of±ml).

6-16. a) Because these operators commute, yes, there must be a set of simultaneous
eigenfunctions.

b) Mixing degenerate-energy cases gives functions that remain eigenfunctions
for the energy operator but not for the momentum operator. (These are the
sine and cosine versions.)

c) Exactly knowable because knowledge of momentum gives knowledge of an
eigenfunction which in turn gives knowledge of energy.

6-17. E = (1/3)(−1/2− 1/8− 1/18) = −0.2268 a.u.

6-18. [See Hint]. Normalizedψ = 0.26726[1s + 2(2p1) + 3(3d2)]. 〈L̂z〉 =
0.267262[0+ 4(1) + 9(2)] = 1.571 a.u.

6-19. Proofs are in Sections a) 6-8, b) 6-9, c) 6-11.

6-20. |�|2 = (1/2)
{|ψ1|2 + |ψ2|2 + 2|ψ1ψ2|cos[(E2 − E1)t/h̄]}.

6-21. Cycle time= mL2/h = mL2/2π a.u.

6-22. cn = (2
√

2/L)
∫ L/2

0 sin(2πx/L)sin(nπx/L)dx.

a)
√

2ψ2 and� are same function in range 0≤ x ≤ L/2, guaranteeingc2 =√
2.

No otherc can be larger or the resulting function will give a total probability
density greater than 1.

b) ψ4 and� have opposite symmetry for 0≤ x ≤ L/2.
c) As ψi becomes more oscillatory, the positive and negative portions of its

product with� will cancel more effectively.

6-23. a) c1 = 0.838, c2 = 0.2048.
b) Whereas only s-type AOs appear in Eq. (6-41), explicit account of changing

potential would yield a nonspherically symmetric potential so that p-typeAOs
would enter too.

6-24. [See Hint.] ck is small if there is effective cancellation between positive and
negative portions of the product of exp(−ax2) and cos(kx). Largerk makes
cos(kx) more oscillatory and makes cancellation more effective. The broader
exp(−ax2) is, the more effective is this cancellation for a given value ofk.
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6-25. a) RealV means real̂H . Ĥ�(x, y, z, t)=−(h̄/i)(∂/∂t)�(x, y, z, t). Complex
conjugate of equation giveŝH�∗(x, y, z, t) = (h̄/i)(∂/∂t)�∗(x, y, z, t).
Transform t → −t throughout (does not affect equality), then recognize
∂/∂(−t) = −∂/∂t , so Ĥ�∗(x, y, z,−t) = −(h̄/i)(∂/∂t)�∗(x, y, z,−t).
Q.E.D.

b) �(x,y, z, t) becomesψ(x, y, z)exp(−iEt/h̄). �∗(x, y, z,−t) becomes
ψ∗(x, y, z)exp[iE(−t)/h̄] = ψ∗(x, y, z)exp(−iEt/h̄). Carrying these
through Eqs. (6-3,4,5) shows thatĤψ∗ = Eψ∗.

c) If ψ andψ∗ are independent, we have two solutions with the same energy,
i.e., degeneracy. IfE isnotdegenerate,ψ andψ∗ are not different, soψ =ψ∗
and is real.

d) 2p−1 becomes−2p+1. No change for 2p0.
e) No. While all complex eigenfunctions must be degenerate, real eigenfunctions

can be degenerate too. Cases we have seen are (1) accidental degeneracies
such asψ3,3,3 andψ5,1,1 in the 3-dimensional cubic box and (2) real eigen-
functions constructed as linear combinations of complex ones, as 2px and 2py
from 2p+1 and 2p−1.

MC: c a d

Chapter 7

7-1. a) Yes. c1 = √
2/L

∫ L

0 f (x)sin(πx/L)dx, c2 = √
2/L

∫ L

0 f (x)sin(2πx/L)

dx. c1 = 0 by symmetry.c2 is positive.
b) No. Both a) and b) are continuous, smooth, single-valued functions, but b)

does not go to zero atx = 0,L as do all the box eigenfunctions.

7-2. a)

b) 1.3h2/8mL2.

7-3. c1 = √
0.4= 0.632,c3 = 0 by symmetry.

7-4. a) [See Hint.] Forn = odd,

cn = 2
∫ L/2

0
φψdx = ± 4

√
6

n2π2

{
+for n = 1,5,9,13, . . .

−for n = 3,7,11,15, . . .

Forn=even,cn =0 (by symmetry) (i.e.,φ is symmetric and so contains only
symmetricψn).

b) φapprox(x = L/2) =
m∑

n=1

cnψn(x = L/2)

= (4
√

6/π2)
√

2/L

m∑

n=1(odd)

(1/n2)
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m: 1 3 5 7 9 . . . 135√
Lφapprox(x = L/2): 1.40395 1.55994 1.61609 1.64475 1.66208 1.72689√
Lφ(x = L/2) = √

3= 1.73205.

c) [See Hint.]

Ē =
∑

odd n

(4
√

6/n2π2)2(n2h2/8mL2) = (12h2/π4mL2)
∑

odd n

(1/n2)

≤ (12h2/π4mL2)

[
m∑

odd n=1

(1/n2) + 1

2

∫ ∞

m+1
(1/x2)dx

]

= [(h2/8mL2)(96/π4)(1.23386)]m=9

= [1.21602(h2/8mL2)]m=9; [1.21432(h2/8mL2)]m=135

7-5. Normalizing factor = (2α/π)3/4; Ē = (3α/2) − 2
√

2α/
√

π ; α = 8/9π ;
Ē(min) =−4/3π =−0.4244 a.u.;̄r = 1.5 a.u.;rmp=√

9π/4= 1.329 a.u. (For
ψexact, E = −0.5 a.u.,r̄ = 1.5 a.u.,rmp= 1.0 a.u.)

7-6. a) and b) See text and Eqs. (7-16)–(7-20). c)α = 5
3, Ē = −0.370 a.u.

7-7. a) 1/
√

8. b)−0.292 a.u.

7-8. a) Zero, because the function is symmetric forxy reflection whereas 2pz is
antisymmetric. b)−0.4215 a.u., (by assumingc3s is

√
0.05 and all higher terms

vanish).

7-9. a) ζ = 5/3, Ē = −0.2777 a.u.
b) c1 = 0.897.
c) χ = 2.26(φ − 0.897ψ1s).
d) No. χ cannot haveĒ lower than then = 2 value, which is the lowest-energy

case orthogonal ton = 1 and which hasE = −0.125 a.u.

7-10. −0.75 a.u.

7-11. [See Hint.] The energȳE = −0.375 a.u. = (0.9775)2(−1
2 a.u.)+higher-energy

contributions. But this leading term equals−0.478 a.u., and so the net value of
the higher energy terms must be positive. Therefore, at least one of them must
correspond to a state with positive energy—a continuum state.

7-12. Slater’s rules giveζ = 1.7, whereas the variation method givesζ = 27/16=
1.6875.

7-13. a) S11 = 1, S12 = 0, S22 = 1, H11 = −1
2, H12 = −F , H22 = 0. Ē = −1

4 −
1
4

√
1+ 16F 2; for F = 0.1, Ē = −0.51926 a.u. This trial form is superior

becausez · ψ1s is more contracted thanψ2pz, closer in size toψ1s, hence
interferes constructively and destructively withψ1s more effectively.

b) [See Hint.] lim(F → 0) of
√

1+ 16F 2 = 1+ 8F 2, in lim, Ē = −1
2 − 2F 2,

−1
2αF 2 = −2F 2; α = 4. E(e2/a0) ↔ αF 2 (α units) ·(e/a2

0)2, α units= a3
0.

(See Appendix 10.)

7-14. Since 2s is isoenergetic with 2p states, these should mix freely in response to
field. Hence, 2s is more polarizable.
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7-15. Ē(min) = −12/5= −2.4 a.u.ψ = √
2/5(φa + φb).

7-16. [See Hint.]Ē(lowest) = −2.030 a.u.ψ = 1.045φa − 0.179φb.

7-17. [See Hint.] Ēelec= (ζ 2/2) − 2 + 2(ζ + 1)exp(−2ζ ); ζbest= 0.9118, Ēelec=
−0.9668 a.u.;Ēelec+ 1/R = Ētot = −0.4668 a.u. Since this energy exceeds
that of H+ H+ (−0.5 a.u. atR = ∞), this function does not demonstrate the
existence of a bound state.

7-18. 1σu becomes a 2p AO of He+, soE = −0.5 a.u.

7-19. [See Hint.] Since they are degenerate,ψ+ andψ− may be mixed. The sum gives
1sa, describing the case in which the electron is ata. The difference gives 1sb.

7-20. [See Hint.] Both equal−3
2 a.u. This is higher than the lowest He+ eigenvalue

because these are hydrogen atom 1s functions instead of He+ functions.

7-21. k must be greater thanS.

7-22. a) Ĥ = −1
2∇2 − (1/rH) − 2/rHe.

b) Separated atoms: lowest energy for H+ + He+(1s) = −2 a.u. For the united
atom; Li2+(1s) = −4.5 a.u.

7-23. a)πu bonding. b)σu antibonding. c)σg bonding. d)δg bonding. e)πu bonding.

7-24. 1sσg 2pzσu 3pyπu 3dxyδg

2sσg 2pxπu 3dz2σg 3dxzπg

7-25. a) Antibonding. b) Bonding. c) Bonding.

7-26. 2px , 2py , 3px , 3py , 3dxy , 3dyz .

7-27. [See Hint.] The integrals that vanish by symmetry are b), c), e), and f); g) does
not vanish. The AOs are orthogonal due to different symmetry for reflection in
the xy plane ata. But Ĥ is not invariant to this reflection. In f), the relevant
reflection is through theyz plane;Ĥ is invariant to this one.

7-28. Sketches show that several planes qualify, but symmetries are opposite no matter
which is chosen. For instance, if thexz plane is selected,δx2−y2 is symmetric,
δxy is antisymmetric,πxz is symmetric,πyz antisymmetric.

7-29. 0. (It is aσ MO.)

7-30. a)σu antibonding. b)πu bonding. c)πg antibonding. d)δg bonding.

7-31. a) 4. b) 3 (a triplet). c) (1) increase, (2) decrease. d) 2 (a doublet).

7-32. a) 1σ 2
g 1σ 2

u 2σ 2
g 2σ 2

u 3σ 2
g 1π4

u1π1
g. b) 5. c) O+

2 has larger D0. d) 2�g.
e) All σ MOs.

7-33. For He2, the second MO(σu1s) correlates with third united atom AO(2pσ ). For
LiH, the second MO(σ ) correlates with second united atom AO(2s). Thus, this
MO is less antibonding in heteronuclear case.

7-34. [See Hint.] 2s′ = 1.0295 2s− 0.2447 1s; 2σg = 0.0136 1sA − 0.6523 2s′A −
0.0854 2pσ,A and similarly forB.

7-35. Eelec = Esepatoms − Vnn − De; De = −Eelec − Vnn + Esepatoms = (1.1026−
0.500− 0.500)a.u. = 0.1026 a.u.
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MC: a a d b d

Chapter 8

8-1. Forψprod, E =E1 +E2 +E3. Forψdet, E = 1
6(E1 +E2 +E3)six times. Energies

of products inψ areE1 + E2 + E3 andE1 + E2 + E4. These can be factored out
to giveĤψ = Eψ only if E3 = E4.

8-2. a)

b)

c)

∣∣∣∣∣
x 1
1 x

∣∣∣∣∣ (only 2 unsaturated carbons, so the same as ethylene).

d) Same as c). Same astwoethylenes since the twoπ systems are noninteracting
due to spatial separation.

e) Same as c). Same astwo ethylenes since the twoπ systems are orthogonal
and noninteracting.

8-3.

∣∣∣∣∣∣∣∣∣

x 1 1 1
1 x 0 0
1 0 x 0
1 0 0 x

∣∣∣∣∣∣∣∣∣

= 0, x4 − 3x2 = 0 See Appendix 6 for results.

8-4. 1
3, since onlyχ3 is common to both MOs.

8-5. S = 1/
√

2, 1/
√

1− S2 = √
2, φ′

2(normalized) = √
2(φ2 − φ1/

√
2). This results

in all |c| = 1/2, with negative values on same side. That is, the node forφ′
2 is

vertical, while that forφ1 is horizontal.

8-6. a)α − 2β (using octagon in circle).
b)

(since totally antibonding).

8-7. a) E = α + 2β(
√

2/3
√

3) + 0+ 0+ 0) = α + 0.544β.
b) p12= 0.272. All others zero.
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c) E = α + β. (It is an ethylene pi bond, distributed over three locations, or
three-thirds of a double bond. Or one can usea = 1/

√
6 and equations forp

andE.)

8-8. Highest two levels have same magnitudes as lowest two, with coefficients
multiplied by −1 on alternating atoms (here taken to be second and fourth).

8-9. a) No. This is an odd alternant, so expect paired energy levels with an MO at
E = α. The unpaired electron is therefore not in a degenerate level. b) Yes.
Pentagon in circle forces degeneracies. Second level has three electrons. c)Yes.
Square in circle shows that second level is degenerate. It contains one electron.
d) Yes. The degenerate level of benzene now has an odd number of electrons.

8-12. Bond orders: CH2–CH, 0.8944→ 0.6708; CH–CH, 0.4472→ 0.5854. Bond
lengths in A (Eq. 8-61): CH2–CH, 1.354→ 1.392; CH–CH, 1.436→ 1.408;

CH2–CH= +0.038A,
CH–CH= −0.028 Å.

8-13. For benzene,cµi should be taken as 1/
√

6 since all carbons are equivalent.

8-14. Only fluoranthene deviates markedly because it is nonalternant. Hence, its
LUMO and HOMO energies are not symmetrically disposed aboutE = α.

8-15. a) Oxidation potential∼ 0.97V, reduction potential∼ 1.41V. b) [See Hint].
To shorten: 4–10, 9–10, 8–9; to lengthen: 3–10, 1–9, 4–5, 7–8; otherwise no
change.

8-16. E = 18α + 21.877β. Error= 0.0015β perπ electron.

8-17. a) Naphthalene;Eπ (from Table 8-2)= 10α + 13.128β, from HMO= 10α +
13.6832β. The difference= 0.055β per π electron, aromatic. Perylene;
Eπ (Table 8-2)= 20α + 27.2796β, Eπ (HMO) = 20α + 28.2453β; 
Eπ =
0.048β perπ electron, aromatic.

b) RE for perylene is slightly less than double that for naphthalene. The central
ring does not appear to be contributing.

c) These two bonds are single in all formal (nonpolar) structures.
d) The calculated length= 1.433 Å. The HMO length is too short. The actual

length is more consistent with these being “truly” single bonds.

8-18. The fourth molecule in Fig. 8-24 should strive for six electrons in each ring. This
would make the left side (i.e., the seven-membered ring) net positive. The other
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two molecules become net negative on the left. Electron densities corroborate
this. For the fourth molecule, charge densities exceed unity in the five-membered
ring and are less elsewhere. The fifth molecule has only oneπ electron density
less than unity, and this is for the methylene carbon.

8-19. a) 9. b) 10. c) 4. d) 6. e) 10.

8-20. Since the formal structure always shows C–O single bonds, C1=C2, and C3=C4
double bonds, and C2–C3 as single, we can use the single-, double-bond distinc-
tions of Table 8-3. These give

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

x 1.1 0 0 0.8 0 0 0
1.1 x 0.9 0 0 0.3 0 0
0 0.9 x − 0.1 1.1 0 0 0.8 0
0 0 1.1 x 0.8 0 0 0

0.8 0 0 0.8 x + 2.0 0 0 0
0 0.3 0 0 0 x + 1.5 0 0
0 0 0.8 0 0 0 x − 0.1 3.0
0 0 0 0 0 0 3.0 x − 0.5

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

Otherwise, the positions with 1.1 and 0.9 become 1.0.

8-21. a) Left. b) Left. c) Right.

8-22. qr = 1 at all centers, and so it does not predict some centers best for nucle-
ophilic, and hence worst for electrophilic substitution, so it doesn’t apply to
this question. Since the HOMO and LUMO have identical absolute coefficients
(by the pairing theorem), the same site is most favored for both nucleophilic
and electrophilic substitution.Lr must be identical for nucleophilic, radical,
or electrophilic substitution because an interrupted even alternant produces an
odd alternant, for which cationic, neutral, and anionicπ energies (β part) are
the same. Thus, HOMO and LUMO indices are consistent with coincidence of
active sites for nucleophilic and electrophilic substitutions, andLr is consistent
with the coincidence of these with active sites for radical addition.

8-23. No. Both types should prefer the most polarizable site, since that is the site to
which charge is most easily attracted or from which it is most easily repelled.

8-24. a)F1 = 0.0684,F2 = 0.4618,F4 = 0.9737.
b) Index Values Preferred site

qr q2 = 0.818 q4 = 1.488 4
HOMO c2

2 = 0.1356 c2
4 = 0.6646 4

L+
r L+

2 = 2.134β L+
4 := 0.962β 4

πrr π22= −0.4340 π44= −0.4019 2

c) Only protons on C2 and C3 will produce ESR splitting in simplest theory,
since the singly occupied MO of the radical anion is zero elsewhere. d) Net
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bonding, because energy is belowE =α and this happens only when bonding
interactions dominate.

8-25. The correlation is fairly good except for styrene, which is way off. But styrene
is the only member of the set where addition is not occurring at a ring posi-
tion. Because the geometric constraints are so different, the relation between
free valence and transition-state energy is presumably rather different for
styrene.

8-26. The five-membered ring because, as it strives for six electrons in order to satisfy
the 4n + 2 rule, it becomes negatively charged. (The seven-membered ring also
strives for six electrons, becoming positive.)

8-27. Fulvene a) should experience greater change. It is not an alternant hydrocarbon,
whereas benzyl b) is. The MO into which the electron goes in benzyl is necessar-
ily nonbonding, with zero coefficients at positions 1, 3, and 5. (See Appendix 5
for discussion, Appendix 6 for coefficient values.)

8-28. a) 11. b) 2 and 4. c) 3, 6, and 8 (1, 9, and 10 have no attached hydrogen).

8-29. a) is easier to ionize because the HOMO is zero at the nitrogen position (in the
all-carbon analog). This means ionization does not remove electronic charge
from the more electronegative atom in case a) but does in case b).

MC: c b

Chapter 9

9-1. a) 212 b)

(
6a 6b 6c

7a 7b 7c

)
c)

(
25 13

i − 7 18

)
d)

(
1 0
0 1

)
e)




3i + 16 2i + 28

31 51
−12 −21





f) product not defined g) 1

9-2. H is defined to be hermitian ifHij = H∗
ji . Hji = ∫ χ∗

j Ĥχidτ , and soH∗
ji =

∫
χj Ĥ ∗χ∗

i dτ . But if Ĥ is hermitian, this must equal
∫

χ∗
i Ĥχj dτ ≡Hij . There-

fore,H∗
ji = Hij andH is hermitian.

9-4. AC = C̃A. But C̃A = ÃC̃, so AC = ÃC̃. This must be true in this example
becauseA andC are symmetric. That is,A = Ã, C = C̃.

9-5. a) |B − λi1| = |T−1AT − λi1| = |T−1AT − λiT−11T| = |T−1(A − λi1)T| =
|T−1||A − λi1||T| = |TT−1(A − λi1)| = |A − λi1|

b) For diagonalB, value of|B − λ11| is product of diagonal elements. For this
to vanish, at least one such element must vanish. This will occur wheneverλi

equals a diagonal element ofB. Therefore, the latent roots are the diagonal
values.

9-6. If a latent root is zero, then the product of latent roots is zero. But this product
is the value of the determinant of the matrix. If the determinant of the matrix is
zero, there is no inverse.
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9-7. a)
tr(ABC) =

n∑

i=1

(ABC)ii =
∑

i

∑

j

∑

k

aij bjkcki

=
∑

i

∑

j

∑

k

ckiaij bjk which is
∑

k

(CAB)kk = tr(CAB)

=
∑

i

∑

j

∑

k

bjkckiaij which is
∑

j

(BCA)jj = tr(BCA)

=
∑

i

∑

j

∑

k

(ckibjkaij ) which isnot
∑

i

(CBA)ii ,hence�= tr(CBA).

b) tr(T−1AT) = tr(TT−1A) = tr(A).

9-8. (norm T̃AT)2 =
∑

i,j

(
˜̃TAT)ij (T̃AT)ji =

∑

i,j

(T̃ÃT)ij (T̃AT)ji

=
∑

i,j,k,l

(T̃)ik(Ã)kl(T)lj (T̃)jl(A)lk(T)ki

=
∑

k,l




(Ã)kl(A)lk

∑

i

(T̃)ik(T)ki

︸ ︷︷ ︸
1

∑

j

(T)lj (T̃)jl

︸ ︷︷ ︸
1





=
∑

k,l

(Ã)kl(A)lk = (normA)2

9-9. a) tr=0, det=2, norm=√
6; therefore,a +b+c=0,abc=2,a2 +b2 +c2=6;

solutions: 2,−1,−1.
b) Solutions 1,1,−1. c) 0, 1+ √

3,1− √
3.

9-10. Both vectors transform to

(
3 cosθ
−3 sinθ

)
. Hence, reversal is not possible and trans-

formation is singular. This is verified by fact that the determinant vanishes.

9-11. The matrix is already diagonalized. This means the eigenvector matrix is the
3× 3 unit matrix.

9-12. Let T−1AT =DA (diagonal) andT−1BT =DB (diagonal). ThenDADB =DBDA

(diagonal matrices commute);T−1ATT−1BT = T−1BTT−1AT; T−1ABT =
T−1BAT;TT−1ABTT−1 = TT−1BATT−1;AB = BA.

9-13. In the second case,C is not unitary, sinceC†SC = 1. The ordinary procedures
for diagonalizingH havebuilt in the requirement thatC†C = 1. The problem
would be to find a matrixC that simultaneously diagonalizesH and satisfies
C†SC = 1.

∫
α†β dω → (1 0)

(
0
1

)
= 0;

∫
α†αdω → (1 0)

(
1
0

)
= 1

Ŝzα = 1

2

(
1 0
0 −1

)(
1
0

)
= 1

2

(
1
0

)
= 1

2
α
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Chapter 10

10-1.

10-2. AO no. Atom AO type AO no. Atom AO type

1 H1 1s 6 C3 2py

2 H2 1s 7 O4 2s
3 C3 2s 8 O4 2px

4 C3 2px 9 O4 2px

5 C3 2px 10 O4 2py

10-3. E = −0.756 a.u.; MO 9
φ9 = −0.27 1s1 − 0.27 1s2 − 0.49 2sC + 0.22 2pxC + 0.31 2s0 + 0.33 2px0

A σ MO, mainly C–H2 bonding and lone pair (nonbonding) on oxygen. Shows
some C–O antibonding character [seeI ).

E = −0.611 a.u.; MO 8
φ8 = −0.21 1s1 + 0.21 1s2 − 0.32 2pyC − 0.76 2pyO

A σ MO, CH2 and C–O bonding [see (II )].

E = −0.597 a.u.; MO no. 7
φ7 = 0.24 2pzC + 0.92 2pzO
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A π MO, mostly on oxygen, but somewhat delocalized to give some C–O
bonding [see (III )].

10-4. Theπ MOs are 4 and 7. All others areσ .

10-5. C and O 2pπ AOs are 4 and 8. The 4, 8 overlap population is seen from the data
to be 0.1936. Since MO 7 is C–O bonding, loss of an electron should cause the
C–O bond to lengthen.

10-6. E7 = (0.2456)2(−10.67 eV) + (0.9181)2(−15.85 eV)

+2(0.2456)(0.9181)(1.75)(0.2146)(−10.67 eV− 15.85 eV)/2

= −16.25 eV= −0.5972 a.u.

10-7. The sum of the elements in the upper triangle=12. (Use ofall elements would
count overlap populations twice.)

10-8. If column 7 is the gross populations of MO no. 7, then it should turn out
that 0.2175= 2

[
c2

47+ (0.5)(2)c47c87S48
]
: 2

[
(0.2456)2 + (0.2456)(0.9181)

(0.2146)] = 0.2175.

10-9. These must be AOs because MO charges must be 0, 1, or 2. AO 4, for example,
gets its charge from MO 7. We have just seen (previous problem) that this is
0.2175. (AO 4 also appears in MO 4, and the “charge matrix” gives a value of
1.7825 for this. But this does not appear in the gross population because MO
no. 4 is unoccupied in the ground state configuration.)

10-10. The net charges are the AO charges plus the nuclear charges (after cancellation
of some nuclear charge by inner-shell electrons). These results indicate high
polarity, with oxygen being the negative end of the dipole. The predicted
polarity is unrealistically high because EHMO neglects interelectronic repulsion
which would tend to counteract such extreme charge imbalance.

10-11. Number MOs= number AOs= 1 on each H and 4 (valence) on each C= 22.

Chapter 11

11-1. Koopmans 
SCF Experiment

2s−→ 2p 1.0800 1.0830 0.989
1s−→ 2p 31.9220 31.1921 31.19

11-2. Koopmans–SCF (eV) SCF – observed (eV)
(electron relaxation) (electron correlation)

2B1 2.71 −1.54
2A1 2.52 −1.40
2B2 1.86 −0.90

11-3. For electron affinities, these errors should reinforce, rather than cancel, because
adding an electron shouldincreaseelectron correlation.

11-4. ad − cb + λ(af − be) = ad + λaf − bc − λbe.
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11-5. Neitherψ1 nor ψ2 is already the best function in our function space. Hence,
we cannot argue that mixing will bring no improvement.

11-6. This must be true to enablea1 to be factored from the expanded form ofÂψ .

11-7. For a given choice of basis functions, there are two integrals:

〈χa(1)χb(2)|χc(1)χd(2)〉 and 〈χa(1)χb(2)|χd(1)χc(2)〉
There are five ways to choose a function for each position. Thus, the number
of integrals is 2× 54 = 1,250.

11-8. a) and c) would be prevented from contributing.

11-9. Ĥ = −1

2

10∑

i=1

∇2
i −

10∑

i=1

(
1

ri,H1

+ 1

ri,H2

+ 8

ri,0
) +

9∑

i=1

10∑

j=i+1

1

rij

11-10. a) (1/
√

2)|σg(1)σ g(2)|. b) Eelec = −1.804 a.u. c)Etot = −1.090 a.u.
d) De = 0.090 a.u. e) IE(Koopmans) = 0.619 a.u. f) KE+ Vne= −1.185 a.u.

Chapter 12

12-1. E0 + W
(1)
0 = 〈ψ |H0|ψ〉 + 〈ψ |H ′|ψ〉 = 〈ψ |H |ψ〉 ≥ W0.

12-2. [See Hint.]E(1)
1 > E

(1)
3 > E

(1)
2 .

12-3. a) δ. b) δ. c) −δ/2. d)δ/2. e)−δ/2. f) 0.

12-4. a)W
(1)
2 = 3δ/4.

(b-1) Expectc(1)
21 to causeψ1 to shift to right. Sinceψ2 is positive on left of

box, negative on right,c(1)
21 should be negative. Sinceψ2 is aboveψ1, it should

cause energy to be depressed, andc
(1)
21 leads to a negative contribution toW

(2)
1 .

(b-2) Becausec(1)
ij =−c

(1)
j i , c

(1)
12 must be positive, giving aφ(1)

2 that causes charge

to shift left and a contribution toW (2)
2 that is positive.

12-5. c
(1)
41 = 〈ψ1|H ′|ψ4〉

E1 − E4
= (2/L)

∫ L

0 sin(πx/L)(Ux/L)sin(4πx/L)dx

−15π2/2L2 = 64UL2

153π4

c
(1)
21 = 32UL2

27π4 ,
c

(1)
41

c
(1)
21

= 2

125
= 1.6%

12-6. The effect is zero, to first order, becauseψ2 is symmetric for every state and
the perturbation is antisymmetric.

12-7. [See Hint.]E =E0+E1=−1
2 a.u.+〈1s|−1/r|1s〉=−3

2 a.u. Correction seeks

to makeψ less diffuse, yet still spherical.c(1)
2s,1s should be positive (augments

hydrogen 1s at smallr and cancels at larger) andc2P0
,1s(1) should be zero

(wrong symmetry).

12-8. W (0) + W (1) = −2 a.u. + 2 a.u. = 0. Reasonable, since must be above−0.5
a.u. (See Problem 12-1.)
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12-9. a) Zero, because the perturbation is antisymmetric forx, y reflection, while
the 1s function is symmetric. b)c(1)

2s,1s vanishes. The relevant integral suffers
the same symmetry disagreement as in part a). Or, in another view, the 2s AO
will affect only the diffuseness ofψ , whereas the perturbation affects polarity.
c

(1)
2pz,1s should be positive. The perturbation lowers the potential for positivez,

the wavefunction should skew that way, so 2pz should enter with its positive
lobe reinforcing 1s at positivez. c) It is negative, reflecting the lower energy of
the electron distribution as a result of first-order polarization.

12-10. Eπ = 4α + 4.9624β + (0.1)(q4); q4 = 1.4881;Eπ = 4α + 5.1112β.

12-11. The effect is least at C6 sinceq6 is smallest. First-order result:E =6α +7.777β.
Computed result:E = 6α + 7.8546β.

12-12. �kk = 4
∑m

j=1
∑n

i=m+1 c2
kj c2

ki/(Ej − Ei). This must be negative.∂qk must
be negative if∂αk is positive. This means that making atomk less attractive
causes electron density to decrease there. This makes sense.

12-13. Since the total charge must be conserved, the sum of all atom-atom polarizabil-
ities, includingπ1,1 must be zero. Since the sum over the polarizabilities in
Example 12-5 is 0.44277,π1,1 = −0.44277.

12-14. a) W (1) = hβ (because allq = 1).
b) The lowest-energy one, which is the MO where the central atoms find the

largest|c|.
12-15. a) Eπ = 9α + 12.1118β.

b) Atom 1 seems likely to have the greater self-atom polarizability because, in
the cation, the product of squares of HOMO, LUMO coefficients vanishes
at atom 2.

12-16. [See Hint.] For butadiene:
Eπ = 4β[(0.3718)2 − (0.6015)2] = −0.894β.
For hexatriene:
Eπ =4β[(0.2319)2 − (0.4179)2 + (0.5211)2]=0.603β. The
energy of hexatriene is lowered, that of butadiene is raised, and so hexatriene
benefits.
For cyclobutadiene:E0 + E(1) = 4α + 3.5778β, E (Hückel)= 4α + 4.000β.
For benzene:E0 + E(1) = 6α + 7.591β, E (Hückel)= 6α + 8.000β.

12-17. a)

b) φ
(1)
1 = 〈ψ2|H ′|ψ1〉

E1 − E2
ψ2 + 〈ψ3|H ′|ψ1〉

E1 − E3
ψ3

SinceH ′ depends only on density at C2, it comes out of the integral. [See
(IV ).]

φ
(1)
1 = 0+ (−1

2cβ/2
√

2β)ψ3 = −0.1768cψ3, φ
(1)
2 = 0

φ
(1)
3 = +0.1768cψ1
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Thus,ψ1 + φ
(1)
1 has more density at C2 than didψ1, ψ2 + φ

(1)
2 is identical

to ψ2, andψ3 + φ
(1)
3 has lost density at C2.

12-18. π1,2 = −0.1768β−1; π1,3 = −0.265β−1. Both atoms 2 and 3 lose charge, but
atom 3 loses more than atom 2.

12-19. a) Nondegenerate MO,φ1 = (1/
√

3)(χ1 + χ2 + χ3) is already correct. The
correct zeroth-order degenerate MOs must give zero interaction element with
H ′. For thisH ′, this means that the overlap between these MOs must be zero

at C2. Thus, one MO must have a node at C2

[
φ2 = (1/

√
2)(χ1 − χ3)

]
and the

other must be orthogonal to it
[
φ3 = (1/

√
6)(2χ2 − χ1 − χ3)

]
.

If one uses data from Appendix 6, one obtains, for degenerate MOs,ψ1 =
−0.8165χ1 + 0.4082χ2 + 0.4082χ3, andψ2 = 0.7071χ2 − 0.7071χ3. These
give H ′

11 = 0.1666cβ, H ′
22 = 0.5cβ, H ′

12 = 0.2886cβ. SinceH ′
12 �= 0, one

knows ψ1 and ψ2 are not correct zeroth-order wavefunctions. Solving the
determinantal equation givesE1 = 0, E2 = 0.6666cβ. These are the first-
order corrections to the energies of the two upper levels. Solving for coeffi-
cients gives, forE = 0, c1 = −0.866, c2 = 0.500, and so the proper zeroth-
order wavefunction having a zero first-order correction isφ

(0)
1 = −0.866ψ1 +

0.500ψ2 = 0.7071χ1 − 0.7071χ3. ForE = 0.6666cβ, c1 = 0.500,c2 = 0.866,
and soφ(0)

2 =−0.4082χ1+0.8165χ2−0.4082χ3. These are the same functions
arrived at intuitively above. b) For the above zeroth-order MOs, the densities
at C2 are respectively13,0, 2

3. Therefore, the energy of the lowest level drops
by cβ/3, that for one of the originally degenerate levels drops by 2cβ/3, and
the other level is unaffected (to first order).

12-20. α + 2.1β, α + 0.818β, α + 0.618β, α − 1.418β, α − 1.618β.

12-21. Answers to part a) and b) follow answers for parts c) and d).
c)E =α ±2β(0.5)2(2)=α ±β. These agree exactly with benzene orbital ener-
gies, which is reasonable since the unperturbed fragment nonbonding orbitals
combine to give exactly the benzene MOs.
d) α + √

2β + 2β(0.353)2(2) = α + 1.913β compared toα + 2β for
benzene.
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The allyl coefficients are renormalized by dividing by
√

2.

12-22. a) Onlyπ3 ← π2 is dipole allowed.
b) It is polarized along the outer C–C bonds. If we pretend the molecule is

linear, this is the line connecting the carbons. If we adopt a more realistic
structure, it depends on whether we choose acisor transstructure:
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12-23. 〈φ(0)
± |− z|φ(0)

± 〉=±〈2s|r cosθ |2pZ〉=±3 a.u. Forφ = cos(α)2s+ sin(α)2pZ,
maximum dipole occurs when cosα = 1/

√
2, sinα = ±1/

√
2, that is, when

φ = φ
(0)
± . This is reasonable since the mixing of degenerate states like these

requires no energy “expense” in terms of the unperturbed hamiltonian. As soon
as the slightest external field appears, the mixing will occur to the above extent
to produce maximum dipoles.

12-24. Since, for MO 4,c3 = c7, this MO is symmetric for reflection through theyz

plane. The operatorx is antisymmetric for this reflection. Therefore, if integral
〈φ4|x|φ?〉 is to be nonzero,φ? must be antisymmetric for this reflection. Of
the empty MOs shown, onlyφ5 satisfies this requirement. There is no other
symmetry operation present that will independently cause the integral to vanish,
andφ4 → φ5 is likely to be the observed transition.

12-25. a) The HOMO is antisymmetric for reflection through theyz plane. (Assume
that the coordinate origin is in the center of the 5–10 bond.) Thex operator
is also antisymmetric. Therefore, the allowed transition should be to an MO
that is symmetric for this reflection. There are three such MOs, at energies of
+1.000,+1.303,+2.303 in units of−β. But the middle of these disagrees
in symmetry with the HOMO for reflection through thexz plane. Therefore,
only the other two transitions are allowed.

b) Here, the integrals containingy will vanish by symmetry except for transi-
tions to+0.618 and+1.303, but the latter state disagrees in symmetry with
the HOMO for theyz plane reflection. Hence, only−0.618→+0.618 isy

allowed.
c) Noπ–π transition isz allowed.
d) Transitions to 1.303 and 1.618 are not allowed for any polarization.

12-26. The field polarizes the atom, which means that the 2s state acquires 2p character.
But the 2p→ ls transition is allowed, and so the atom now relaxes to the 1s
state.

12-27. 4← 7 allowed, polarized along C–O axis. 3← 7 forbidden. 2← 7 and 1← 7
allowed, polarized perpendicular to molecular plane.

12-28. a) α, α → α, α + 0.5β.
b) α, α →α + 0.25β, α + 0.25β. If we view this as a sequence of substitutions,

then case a) is clearly a case of cooperative perturbations since the proper
zeroth-orderorbital that isstrongly loweredby thefirstsubstitution is lowered
again by the second. For case b), the second substitution affects theother
one of the proper zeroth-order orbital energies. To this order, a) should be
more stable since the lowering of energy due to the two electrons in this level
is β, whereas the most that can come from b) isβ/2. [Analysis of character
tables (Chapter 13) enables us to see that the degeneracy for case b) must
become split at higher levels of perturbation because aC2v molecule has only
one-dimensional representations, hence cannot have degenerate orbitals.]

12-29. Lowest energy rises by 0.0667β. One of the next pair rises by 0.1β and the
other drops by 0.0333β.

12-30. x,y components= 0. z component= 0.293
Z

a.u. = 0.745
Z

D = 2.485×10−30

Z
Cm.
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MC: c a c b

Chapter 13

13-1. No. “Come about 180◦” is needed for closure.

13-2. It means that for each operation there is a right inverse as well as a left inverse.
If AB = E, thenA is the left inverse ofB andB is the right inverse ofA.

13-3. a)C4. b) 4. c) Probably only three, since one tends to think of left face and right
face as being in same class. However, in theC4 group they are not, because
there is no operation in the group to interchange them (such as reflection through
a plane containing thez axis).

13-4. There are many possible arrangements counted in 4! that are not physically
achievable through operations in the group. For example,

1 — 2
| |
4 — 3

��→
1 — 4
| |
3 — 2

ForC3v, all possible arrangements are accessible.

13-5. a)C2v. b) D2h. c) D4h. d) Td.

13-6. a) U†U = UU† = 1 (upon explicit multiplication).

b) Upon explicit multiplication,U†AU =
(

1 0
0 −1

)
.

13-7. a)D6h (yes). b)C2v (no). c)D2h (no). d)D3d (yes). e)C3v (yes).

13-8. a)D3h. b) (1)a′′
2; (2)e′′; (3)a′

2; (4)a′
1.

13-9. [See Hint.]D2d,

MO number: 1 2 3 4 5 6︸︷︷︸ 7 8︸︷︷︸ 9 10︸ ︷︷ ︸ 11 12 13︸ ︷︷ ︸ 14 15 16

MO symmetry: b2 a1 a1 b2 e e e b2 e a1 b2 a1

The highest occupied MO is 9,10; the lowest empty MO is 8,7, and so the
transition ise → e.

〈φ9|x or y|φ8〉 =
∫

e ⊗ e ⊗ e =
∫

e ⊕ e ⊕ e ⊕ e = 0

〈φ9|z|φ8〉 =
∫

e ⊗ b2 ⊗ e =
∫

a1 ⊕ a2 ⊕ b1 ⊕ b2 �= 0

Transition is allowed for (group theory)z polarized light. This meansx polar-
ized for the coordinate system shown.

13-10. a) and b) can be checked againstC2v character table.
c) Hydrogens generate characters 2 0 2 0,which isa1 ⊕ b1.
d) The unnormalized symmetry combinations are:a1,1sA + 1sB;b1,1sA −

1sB .
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13-11. a) and b) can be checked against theC4v character table.
c) Hydrogens generate characters 4 0 0 2 0 or 4 0 0 0 2,depending on howσv and
σd are selected. Assuming thatσv contains corner ammonia molecules gives the
former set. This resolves toa1 ⊕ b1 ⊕ e. (The other choice givesb2 instead of
b1, but reversal of choice ofσv andσd has the effect of interchanging the symbols
b1 andb2, and there is no real difference involved in this choice.) For a situation
where the nitrogens are numbered as shown in the figure, the unnormalized
symmetry orbitals are:a1,2s1 + 2s2 + 2s3 + 2s4; b1,2s1 − 2s2 + 2s3 − 2s4;
e,2s1 − 2s3 and 2s2 − 2s4; or 2s1 + 2s2 − 2s3 − 2s4 and 2s1 − 2s2 − 2s3 +
2s4. (Other combinations are also possible, but these two sets are the most
convenient.)

13-12. a) Four operations means order 4. Four classes means four representations.
Hence, each representation must be one dimensional, therefore having char-
acter+1 or −1 for every operation. One of these must be+1 everywhere
(A1). The others must all have+1 in the first column and−1 in two of the
other three columns. The result is as given in Appendix 13 forC2v.

b) Twelve operations gives order 12. Six classes means six representations.
This must mean two 2× 2 and four 1× 1. There is but one unique set of
orthonormal character vectors that fit this framework. Check against the
D3h character table.

13-13. Two two-dimensional representations and two one-dimensional representa-
tions.

13-14. Check againstC2v.

13-15. Order= 12. There are six classes.

13-16.

1

2





1 1 −1 1
1 −1 1 1
1 −1 −1 −1
1 1 1 −1









s
px

py

pz



= sp3 set





1/
√

3 0
√

2/
√

3 0
1/

√
3 1/

√
2 −1/

√
6 0

1/
√

3 −1/
√

2 −1/
√

6 0
0 0 0 1









s
px

py

pz



= sp2 set

For each matrixT,T†T = 1.

13-17.Yes. Since various hybridized sets are equivalent, the final result of the calcu-
lation is independent of one’s choice.

13-18. a) A2 ⊕ 2B1 ⊕ E. Yes.
b) Ag ⊕ 2B3u. No.
c) A1g⊕ A2g⊕ Eg ⊕ A1u⊕ A2u⊕ Eu. No.

13-19. a) e ⊗ b2 ⊗ e = a1 ⊕ a2 ⊕ b1 ⊕ b2. Need not vanish.
b) e ⊗ e ⊗ e = e ⊕ e ⊕ e ⊕ e. Must vanish.
c) a1 ⊗ b2 ⊗ b2 = a1. Need not vanish.
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d) a1 ⊗ b2 ⊗ a1 = b2. Must vanish.
e) a1 ⊗ e ⊗ b2 = e. Must vanish.

13-20. eg → a2u, eu arex, y allowed.eg → eu is z allowed.

13-21. The symmetry of the molecule isC2v. All π MOs are antisymmetric for C2 so
must be bases forb1 or b2 representations. The functiony (for the molecule)
is z (in the table), and so it is a basis for thea1 representation. For the product
φ4yφn to containa1 symmetry, it is necessary, then, thatφn have the same
symmetry asφ4. φ6 andφ7 do have the same symmetry; therefore,φ4 →φ6, φ7
arey allowed (wherey is coincident with the symmetry axis).

13-22. a) A nonspecial point above the top face has seven equivalent positions above
that face (into which it can be sent by various symmetry operations, so there are
eight equivalent positions above that face. Because the two sides of the square
are identical, there are another eight equivalent positions below. Therefore, we
expect a group of order 16. (See D4h.) b) Like the square, each face of the cube
has eight equivalent points. The inside of a face is not equivalent to the outside,
so each face is limited to eight equivalent points, not 16. Six faces times eight
points per face yields a predicted group order of 48.(Oh)

MC: d c a e d a d a b

Chapter 14

14-1. 〈1sA|Ĥhyd − 1/rB |1sA〉 = −1
2 − (1/R) + [(1/R) + 1] exp(−2R) whereR is

distance between nuclei. ForR = 2 a.u.,Eelec=−0.9725 a.u.,Etot =−0.4725
a.u. ForR = 1 a.u.,Eelec= −1.2293 a.u.,Etot = −0.2293 a.u. ForR = 3 a.u.,
Eelec= −0.8300 a.u.,Etot = −0.4967 a.u.

14-2. Expected QMOT behavior is reversed for very lowHAA. The “antibonding”
MO is lower than the “bonding” forHAA = −20. This happens because the
loss of energy involved in removing charge from the atoms is not compensated
by that gained by putting the charge into the bond region.

14-3. The molecular electron affinities tend to be greater than for the atoms when the
extra molecular electron goes into a bonding MO, smaller if into an antibonding
MO. QMOT leads us to expect the MO energy to be lowered (raised) from
separated atom levels if the interaction is bonding (antibonding). Koopmans’
theorem then leads to predictions in qualitative agreement with these data.

14-4. The observed ground-state angles are more consistent with the triplet-state con-
figuration. The first excited state should then be a singlet and have a smaller
angle. (Accurate calculations give 103◦.)

14-5. It should become more bent. (Also, the O–H bonds should lengthen, although
this is not the kind of geometric change that the figure explicitly treats.)

14-6. The computed results will largely agree with QMOT ideas. However, it is
possible that the 1σg − 1a1 level will rise where Walsh’s rules predict it will
fall. [Whether this occurs depends upon details of EHMO parameter choices.]
Upon analysis, this turns out to result from a situation similar to that examined
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in Problem 14-2. That is, the increase in H–H overlap population comes at the
expense of population elsewhere. If the energy associated with this “population
elsewhere” is low (i.e., if the original MO energy is low enough) the energy
cost is greater than the gain due to increased H–H overlap population. This
inversion of behavior for low levels is ignored in the Walsh approach. However,
it does not occur for a given MO until it is fairly deeply buried under higher
filled MOs. Also, since the higher MOs dominate the behavior of the molecule
anyway, the inversion does not affect our prediction.

14-7. Since the exact answer depends on details of your EHMO program, allow us to
take this opportunity to toast your good health.

14-8. If S = S0 cosθ, dS/dθ = −S0 sinθ . 
S for θ = 0 to θ = 30◦ equals−(1 −
0.866)S0 = −0.134S0; for 90→ 60◦,
S = −S0(0− 0.5) = 0.5S0.

14-9. For a diagram and discussion, see Gimarc [1]. Those with six valence electrons
(the first three in the list) are planar. Those with eight electrons (the last four)
are pyramidal.

14-10. Sketches and discussions of AB2 molecules may be found in the literature [2,3].
Molecules with 16 or fewer valence electrons(BeCl2,C3,CO2,N−

3 ) should be
linear. Those with more than 16 should be bent(NO2,O3,F2O).

14-11. Bending should increase end-to-end antibonding. These MOs favor the linear
form [see (V)].

Bending should increase end-to-end bonding. These MOs favor the bent form
[see (VI )].

Therefore,πg → πu should make molecule more bent.

14-12. For allyl, draw the threeπ MOs. For the cyclic molecule, draw a C–C bond
(lowest in energy), a single p-π AO on the negative carbon (intermediate energy)
and the C–C antibond (high energy). Conrotary motion preserves aC2 axis,
disrotatory preserves a reflection plane. For theC2 axis, the allyl MO symme-
tries are (in order of increasing energy) A, S, A. For the cyclopropenyl anion,
they are S, A, A. For the reflection plane, the same MOs have symmetries S,
A, S; and S, S, A. The resulting predictions for the four-electron anion are that
thermal closure goes conrotatory, photochemical goes disrotatory.

14-13. [See Hint.] The diagram is given in (VII ). σ andπ refer to symmetry (S or A)
for reflection through the molecular plane. The second symmetry symbol refers
to reflections through a plane between the two acetylenes. The third symbol
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refers to a reflection orthogonal to the first two (i.e., bisecting both acetylenes
at their bond midpoints). The reaction does not appear favorable for a thermal
mode. Photochemically it is less unfavorable, but still corresponds to a rather
highly excited product. A square planar intermediate is unlikely for either mode.

14-14. No states can differ in symmetry in this case, and no crossings should occur.

14-15. See Woodward and Hoffmann [4, pp. 23, 24].

14-16. See Woodward and Hoffmann [4, pp. 70, 117].

Chapter 15

15-1. (h/2π)k = px = √
2mE = √

2mT = h(1/λ).

15-2. [See Hint.] dk/dE = (dE/dk)−1 = 4π2m/kh2 ∝ 1/k ∝ 1/
√

E so plotE vs
1/

√
E.

15-3. [See Hint.]
a) For example,φ2= (1/

√
6)
[
pπ1 + exp(2πi/3)pπ2 − exp(πi/3)pπ3 + pπ4+

exp(2πi/3)pπ5 − exp(πi/3)pπ6
]
.E2 = α − β.

b) j = 0 gives exp(0) = l at every atom,j = 6 gives exp(2(n − 1)πi) = 1 at
every atom.

15-4. [See Hint.]
a) DOS, “normalized” by dividing byN , and in units of|β|−1, is 1/(π sin(hπ)),

whereh= j/N and 0≤h≤1/2. E =α − 2|β|cos(hπ). Therefore, DOS=
1/{π sin(arc cos[(E − α)/2|β|])}.

b) 2N states spread uniformly over an energy range of 4β gives a “normalized”
DOS of 0.5|β|−1.

15-5. For example,j =−1→ (1/
√

6)
[
pπ1 + exp(−πi/3)pπ2 + exp(−2πi/3)pπ3−

pπ4 − exp(−πi/3)pπ5 − exp(−2πi/3)pπ6
]
. Sum ofj =±1 functions divided

by
√

2 gives one real function, and difference divided byi
√

2 gives the other.
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15-6. Requires that exp(−2πiqnN/n) equal 1. This requires that the argument equal
πi times an even number, which is the case ifqN is an integer. Sinceq andN

are integers, so isqN .

15-7. (CH)2n has lower energy. Variation would not affect(CH)2n, but would mixπ

andπ∗ versions of(C2H2)n to produce COs like those for(CH)2n. (Note that,
for convenience, we have arranged phases so that the node is identically placed
in these diagrams.)

15-8. The HOMO and LUMO at|k| = π/3a respond oppositely to distortion that
lengthens every third bond and/or shortens the others.

15-9. Symmetry for reflection through a plane perpendicular to the polymer axis is
not useful for this analysis. Symmetry for reflection through a plane containing
the atoms divides the COs intoσ andπ types. Onlyσ–π crossings are allowed.

15-10. Theσ bands involve 2s and 2p AOs. One band pair includes 2s AOs with 2p
AOs that are oriented parallel to the screw axis. The other band includes no 2s
AOs and only 2p AOs perpendicular to the screw axis. The former functions
form a basis that is symmetric for the symmetry operation, whereas the latter
form a basis that is antisymmetric:

15-11. At high pressures, intermolecular distance becomes the same as intramolecular
distance. This yields a zero “gap” at the Fermi level (same as polyacetylene
with uniform bond lengths).

15-12.
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15-13. a) εHOMO = −8.19 eV. b)εLUMO = −4.09 eV. c)Egap= 4.10 eV. d) Gap
should open (both up and down) soεHOMO becomes lower and IE is higher.
εLUMO is higher and EA is less negative. Computed values: IE=8.39 eV,EA=
−2.26 eV,Egap= 6.13 eV.

15-14. In Chapter 8 we show correlations betweenεHOMO and IE and betweenεLUMO
and EA, withdifferentvalues forβ in each case. The difference in interelectronic
repulsion and exchange for neutral and anionic species is handled implicitly in
this manner by simple H¨uckel theory.

15-15. Only π4 has the proper symmetry to combine withπ1 to makec1 = c4 �= c2 = c3
= c5 = c6. Mixing causes the bands to split apart.π1 is pushed down byπ4,
andπ4 is pushed up byπ1. The coefficients decrease on carbons 1 and 4 inπ4,
consistent with a rise in energy due to less bonding.

15-16. No. Atoms 2 and 6 have zero coefficients in the appropriate COs (seeπ
(0)
a of

Fig. 15-26), but atom 5 has a nonzero coefficient.

15-17. The band diagram is identical to the one in Fig. 15-23 except that theα + β

level atk =0 has an intended correlation withα −β atk =π/a, andvice versa.
However, these have the same symmetry (anti forσ2), hence avoid crossing.
The resulting diagram is identical to that in Fig. 15-23 except that bandπ2 has
an intermediate hill andπ5 an intermediate valley—height and depth unknown
until a variational calculation is performed.

15-18. Edge energies without substitution atk = 0 : α + 2.5β,α,α − β,α − 1.5β. At
k =π/a :α +1.5β,α +β,α,α −2.5β. (Proper zeroth-order MOs for theE =α

level of cyclobutadiene are the versions having nodes through atoms rather than
through bonds.) The lines atα,α − β for k = 0 cross. This is allowed by
symmetry disagreement for reflection through the plane containing the polymer
axis and perpendicular to the molecular plane. Edge energies are lowered by
substitution by the following amounts as we move up the diagram on thek = 0
side: β/8, β/4,0, β/8. On thek = π/a side: β/8,0, β/4, β/8. Symmetry
is maintained so the crossing is still allowed. For only one substitution, the
energy lowerings are half as great. Symmetry is lost, and the crossing becomes
avoided.

15-19. Like Fig. 15-28a with the middle horizontal row shaded. Higher in energy than
�, but lower thanX or M.

15-20.



688 Answers to Problems

15-21.

The energy level forX is lower than those for� andX′. ForX, all interactions
are bonding. For� andX′, nearest-neighbor interactions are antibonding and
longer-range interactions of both bonding and anti bonding types occur. Judging
the relative energies of� and X′ is complicated since we need to evaluate
relative magnitudes of interactions between p AOs on the same long edge of
the rectangle and also on opposite corners. Since p AO interactions depend on
distanceandangle, this is not trivial, as it is for s-type AOs.

15-22. All are nondegenerate.

15-23. The RFBZ is triangular. Referring to Fig. 15-27c, the RFBZ shown there
becomes square, but symmetry now makes points on opposite sides of the� −M

line equivalent (e.g.,X andX′ become equivalent), so only the�-X-M-� line
is needed.

15-24.

Both are nonbonding and would have the same energy.

15-25.

COs at(0,π/a) and (π/a,0) are the same except that the nodal planes are
rotated by 60o.
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15-26. The crystal is symmetrical for reflection through a hexagonal sheet. Plane waves
experiencing the same potential and having the same|k| are degenerate.

15-27. At the top of the RFBZ, unit cell functions are stacked with sign reversal. If the
upper and lower phases of the unit cell functions agree, this means that we must
have a bonding interactionin the cell, but we will also get antibonding between
cells, hence no splitting. On the other hand, if the upper and lower phases are
opposite, we must have antibonding in the cell but we now get bonding between
them, again for no splitting. The same is true for sigma bonds.

15-28.

Appendix 2

A2-2. a)−2. b) 1. c) 0. d)x = ±√
2.

A2-4. Determinant of coefficients vanishes, and so nontrivial rootsdoexist.

A2-5. c = 2, −1± √
7 are the roots.

A2-6. a) If two rows or columns differ by factorc, then multiplication of the smaller
row or column gives|M ′| = c|M| (by rule 1), andM ′ has two identical rows
or columns. Interchanging these givesM ′′, and|M ′| = −|M ′′|. But M ′′ = M ′
because the interchanged rows or columns are identical. Therefore,|M ′| =
−|M ′|, and|M ′| = 0. Therefore,|M| = c|M ′| = 0.

Appendix 4

A4-1. From Eq. (A4-47),LzL+ =L+(Lz + 1). ThenLzL+Yl,m =L+(Lz + 1)Yl,m =
L+(km + 1)Yl,m = (km + 1)L+Yl,m.

A4-2. L+L− = (Lx + iLy)(Lx − iLy) = L2
x + L2

y + iLyLx − iLxLy . Equation (A3-
31) tells us thatiLyLx − iLxLy = −i2Lz = Lz , soL+L− = L2

x + L2
y + Lz =

L2
x + L2

y + L2
z − L2

z + Lz = L2 − L2
z + Lz . Therefore,L2 = L+L− + L2

z − Lz .

A4-3. Equation (A4-55) indicates that the result ofL+ on Yl,m remains an eigen-
function ofL2 with the same eigenvalue, i.e., thatL2L+Yl,m = L2C+Yl,m+1 =
klC+Yl,m+1. But also,L+L2Yl,m = L+klYl,m = C+klYl,m+1, so Eq. (A4-55)
indicates thatL+ andL2 commute. This is easily verified sinceL+ is a linear
combination ofLx andLy , both of which commute withL2. We can estab-
lish Eq. (A4-55) by evaluating the result of thereverseorder of operations and
using the fact thatL+ andL2 commute:L+L2Yl,m = L+klYl,m = klL+Yl,m =
klC+Yl,m+1. ButL+L2Yl,m =L2L+Yl,m, soL2L+Yl,m = klC+Yl,m+1. Q.E.D.
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A4-4. Lx = (1/2)(L+ + L−), (1/2)〈Yl,m|L+ + L−|Yl,m〉 = (1/2)[C+〈Yl,m|Yl,m+1〉 +
C−〈Yl,m|Yl,m−1〉 = 0+ 0.

A4-5. a) (10)

(
0
1

)
= 0.

b) S+β = (Sx + iSy)β =
(

0+ 0 1
2 − i2

2
1
2 + i2

2 0+ 0

)(
0
1

)
=
(

1
0

)
= α

c) S+α =
(

0 1
0 0

)(
1
0

)
=
(

0
0

)

d)
[
Sx,Sy

]= 1

4

{(
0 1
1 0

)(
0 −i

i 0

)
−
(

0 −i

i 0

)(
0 1
1 0

)}
= 1

4

(
2i 0
0 −2i

)
= iSz .

A4-6. S2 = S2
x + S2

y + S2
z = 1

4

{(
0 1
1 0

)(
0 1
1 0

)
+
(

0 −i

i 0

)(
0 −i

i 0

)
+
(

1 0
0 −1

)(
1 0
0 −1

)}

= 3

4

(
1 0
0 1

)
;S2α = 3

4

(
1 0
0 1

)(
1
0

)
= 3

4

(
1
0

)
= 3

4
α.

Appendix 8

A8-1. T̂ = −1
2d2/dx2, V̂ = 1

2kx2. Equation (A8-19) givesĒη = η2T + η−2V .
∂Ē/∂η = 0= 2ηT − 2η−3V . For an exact solution,η = 1, andT = V .

A8-2. V = −3 a.u., T = 1
2 a.u., η = −V /2T = 3, ψη = √

η3/π exp(−ηr) =√
27/π exp(−3r), Eη = η2T + ηV = 9

2 − 9= −4.5 a.u.
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A
A–A bonding, 502
ab initio calculations

basis sets for, 353–357
description of, 348
examples of, 370–384
for molecules, 374–382

Abelian groups, 430
Absolute squares, 21, 461
Acceptable functions, 22
Acetylene, 244
Acyclic polyenes, 281–282
Additive constant inH ′, 401
All- transpolyacetylene, 551–552
Allyl, 606
Allyl radical, 607
2-Allylmethyl, 606, 608
AM1, 386t
Ammonia, 47, 432f
Amplitude function, 4
Amplitude of wave, 2
Angle-dependent functions, 97
Angular momentum

as pseudovector, 111
description of, 51t
electron, in atoms, 149–159
electron spin, 599
expressions for, 591–592
gyroscope with, 112f
magnetic moment and, 115–117
magnitude of, 595
in molecular rotation, 117–118
nuclear spin, 599
quantum-mechanical operators,

592–593
spherical harmonics and, 110–115
spin-orbital

for equivalent electrons, 156–159
for many-electron atoms, 152–159
for nonequivalent electrons,

153–154
for one-electron ions, 150–152
Zeeman effect, 154–156

total, 149–150
total orbital, 152
vectors, 143

Angular momentum operators, 52,
593–595, 599

Angular momentum–angular position, 18
Angular velocity, 51t
Antibonding molecular orbitals, 217, 226, 258
Antinodes, 4
Approximate density function, 369
Approximations

σ -π separability, 245
Born–Oppenheimer, 207–208
generalized gradient, 370
independent electron, 127–129
local density, 370
orbital, 233–235

Aromatic properties, 281
Aromaticity, 281
Associative law, 430
Asymptotic behavior, 74–75, 78–79
Atom(s)

helium
description of, 134
nonlinear variation for, 194–197
1s2s configuration of, 138–144

hydrogen
nonlinear variation for, 191–194
polarizability of, 197–206,

410–412
s-type states of, 418

virial theorem of, 624–627
Atom self-polarizability, 291
Atom–atom polarizability, 407
Atomic π -electron densities, 257
Atomic ionization energies, 372
Atomic orbitals

in acetylene, 244
basis, for Hückel determinant, 247–248
decay of, 385
definition of, 208
description of, 128, 143, 145
differential overlap between, 385
frozen, 486
gross population, 337
Hartree–Fock equation and, 623
linear combination of, 206–220
in molecular orbitals, 465–467
net population, 335
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Atomic orbitals (Continued)
p-type, 219
1s, 498, 587–590
united-atom, 227f–228f

Atomic spectral line splitting, 133
Atomic units, 109t, 109–110, 632
“Atom-in-molecule” energy, 488
Aufbau process, 149
Austin Model 1, 386t
Average dipole moment, 171
Average values, postulate for, 171
Avogadro’s number, 631
Azimuthal angle, 91
Azulene, 290–291, 294–295, 606, 613

B
Band diagrams, 528
Band width, 541
Band-crossing analyses, 559
Basis atomic orbitals, 247–248
Basis functions, representations generated

from, 446–451
Basis sets

for ab initio calculations, 353–357
description of, 231–233
descriptors for, 356–357
Gaussian, 353
Slater-type-orbital, 353–354

Benz-cyclopentadienyl, 606
Benz-cyclopentadienyl radical, 612
Benzene, 606, 610

description of, 526, 530–533
energies for, 531f
Hückel molecular orbital method, 260,

267–268, 530
molecular orbitals of, 530–531,

535, 556
poly-paraphenylene, 555–561

Benzyl, 606
Benzyl radical, 611
Binding energy, 234
Bloch functions, 534
Bloch sums

description of, 536–537, 540f,
542–543, 545

without variational modification, 549
Bloch’s theorem, 533–537
Bohr magneton, 115, 155, 631
Bohr radius, 93, 631
Boltzmann’s constant, 546
Bond integrals, 249
Bond length, 269–270
Bond order, 269–270, 605
π -bond order, 259
Bond-angle change, 484
Bond–atom polarizability, 408
Bond–bond polarizability, 408
Bonding molecular orbital, 217
Born–Oppenheimer approximation,

207–208, 349

Boson, 136
Boundary conditions, 7
Bra-ket notation, 629–630
Brillouin’s theorem, 364–365
Butadiene, 264–265, 279, 507, 608
Butadiene-2,3-bimethyl, 606, 610

C
Cartesian coordinates, 90, 324, 449
C–C length, 555
C–C separation, 544, 553
CCSD, 379
CCSD(T), 379–380
Character(s)

absolute squares of, 461
conditions for, 460–461
definition of, 458
description of, 458–462
reducible representations resolved

using, 462–463
Character tables, 459, 637–648
Charge density index, 291
Circular motion, 50
cis-1,3-butadiene, 511f
Class, 434–436
Classical wave equation, 4–7
Closed shells, 132, 226, 349–350
Closed subshell, 349
C–N length, 555
CNDO/1, 386t
CNDO/2, 386t
CNDO/BW, 386t
Coefficient waves, 532f
Cofactor, 584
Column vector, 309
Commutators, 178–179
Commuting operators, 175–176
Complete neglect of differential overlap, 386t
Complex conjugate of a matrix, 309, 311–312
Compression waves, 5
Concerted process, 509
Configuration correlation diagram, 519f
Configuration interaction

calculation, 365
description of, 360–365
electron motion and, 378
size consistency of, 366
truncated, 366

Conjugate variables, 18
Conjugative model, 287
Conrotatory closure, 508, 513
Constant of motion

angular momentum as, 111
description of, 30, 43

Constant potential, particle in a ring of, 50–52
Constants, 631–633
Continuous function, 532
Contracted Gaussian function, 356
Coordinate transformation, 312
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Correlation diagrams
configuration, 519f
description of, 46
orbital, 519
state, 519f
symmetry in, 514
symmetry-forbidden, 517

Correlation energy, 357–358
Correspondence principle, 31
Coulomb integral, 249, 413, 587–590
Coulomb operator, 350–351, 620
Coulomb terms, 369
Coupled cluster theory, 366–367
Covalent character, 363
Covalent terms, 363
Crystal orbital bond order, 541
Crystal orbital overlap population, 541
Crystal orbitals, 539, 559f
Cyclic groups, 453–456
Cyclic polyenes, 281–282
Cycloaddition reaction, 517
Cyclobutadiene, 265–267, 283–284, 608
Cyclobutadienyl methyl, 606
Cyclobutadienyl methyl radical, 608
Cyclobutene, 511f, 513
Cycloheptadienyl, 606
Cycloheptadienyl radical, 611
Cyclooctatetraene, 606, 612
Cyclopentadienyl, 606
Cyclopentadienyl radical, 6089
Cyclopropenyl radical, 607
Cyclopropenyl system, 253–256, 606

D
D3d–D3h, 504f
De Broglie, 14–15
Degenerate state, perturbation theory for,

409–410
Degenerate-level perturbation theory,

412–414
Delocalization energy, 279
Delocalized effect, 281
Delocalized molecular orbitals, 472
Density functional theory, 368–370
Density of states, 528
Determinant(s)

cofactors, 584
definition of, 584
4× 4, 584
Hückel molecular orbital method

α quantity, 248–249
β quantity, 249
basis atomic orbitals, 247–248
constructing of, 247–248
generalizations, 259–263
manipulation of, 249–250
overlap integrals, 249
topological, 250

in linear homogeneous equations, 585
secular, 200–201, 211
Slater, 137–139, 349, 369, 622
topological, 250
2× 2, 584

Determinantal equation, 248
Diagonal matrix, 311
Diatomic molecules

description of, 84–85
homonuclear

closed shells of, 226
electronic states of, 229
molecular orbitals of, 220–231
properties of, 225t
qualitative molecular orbital

theory rules applied to,
490–494

symmetry orbitals of, 227f
virial theorem for, 627–628

Diels–Alder reaction, 517, 518f
Differential equation forq(x), 75–76
Diffraction experiment with electrons, 16–19
Dihedral planes, 438–439
Dimethylacetylene, 506, 507f
Dipole moment, 171
Dipole transition, 419
Dirac delta function, 170, 178
Dirac notation, 629–630
Direct lattice, 564
Direction of rotation, 451
Disrotatory closure, 508
Dissociation energy, 234
Distance matrix, 343
Distribution function, 70

E
Eigenfunctions

Bloch’s theorem, 533–534
commuting operators have simultaneous

eigenfunctions, 175–176
description of, 20, 32
gerade, 215
for hydrogenlike ion in atomic units,

110t
lowest-energy, 190
nondegenerate, 131, 218
1s, 192
simultaneous, 175–176
symmetry of, 244
ungerade, 215
unperturbed, 395

Eigenvalues
description of, 20
extended Hückel method, 328–331
formaldehyde, 343
of Hermitian operators

completeness of, 176–177
degenerate, 174
expressed as an orthonormal set,

174–175
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Eigenvalues (Continued)
nondegenerate, 173–174
orthogonal set formed from,

173–174
proof of, 172–173

Kohn–Sham, 370
for L2, 595–600
linear combination of atomic

orbitals–molecular
orbitals–self-consistent field,
351–352

for Lz , 595–600
matrix of, 316
negative, 93
postulate relating measured values to,

169–170
potential function of, 92
Schrödinger equation, 92–93

Eigenvectors
description of, 316
extended Hückel method, 328–331

Electrical conductivity, 546–547
Electrocyclic reaction, 508
Electromagnetic radiation, 9
Electromagnetic wave

description of, 9–10, 12–13
square of, 21

Electron(s)
charge of, 631
diffraction experiment with, 16–19
equivalent, 156–159
independent approximation of, 127–129
nonequivalent, 153–154
orbital motions of, 143
potential energy of, 397
resonance energy per, 281, 292f
rest mass of, 631
spin states for, 136
uniform electrostatic perturbation of,

396–403
π -electron assumption, 246–247
Electron densities, 602
π -electron densities, 271–275, 290
π -electron energy, 279–284
Electron exchange symmetry, 129–132,

159–160
Electron flux, 546
Electron index order, 618
Electron motion, 378
Electron orbital angular momentum, 599
Electron probability density function, 93
π -electron repulsion energy, 277
Electron spin, 132–136
Electron spin angular momentum, 599
Electron spin resonance hyperfine splitting

constants, 271–275
Electrophilic aromatic substitution, 289
Elliptical coordinates, 217

Energies
for benzene, 531f
description of, 30–32
extended Hückel

experimental energies and,
340–342

Mulliken populations and,
338–340

ground state
description of, 368, 371t
to first-order of heliumlike

systems, 403–405
Energy level splitting, 47
Energy to first order, 392, 397–399
Energy to zeroth order, 392
Equation of motion, 69–70
Equivalent electrons, 156–159
Equivalent orbitals, 472
Equivalent representations, 445, 458
Ethane, 440
Ethylene, 263–264, 606–607
Ethylene molecular orbitals, 268
Exchange integrals, 142, 619
Exchange operator, 351
Exclusion principle, 136, 146
Experimental energies, 340–342
Explicit integration, 397–398
Exponentials, 39
Extended Hückel energies

experimental energies and, 340–342
Mulliken populations and, 338–340

Extended Hückel method
band calculations, 560
basis set, 324–325
description of, 324, 541
eigenvalues, 328–331
eigenvectors, 328–331
hamiltonian matrix, 326–328
K parameter, 333–335
Mulliken populations, 335–340
nuclear coordinates, 324
overlap matrix, 325–326, 344
for polyacetylene, 552–554
total energy, 331–332

External potential, 368

F
Fermi contact interaction, 193
Fermi energy, 540, 550, 577
Fermion, 136
Filled molecular orbitals, 472
Finite central barrier, particle in an infinite

“box” with, 44–47
First Brillouin zone

description of, 536, 564
reduced, 540, 564, 566, 577

First-order corrections
to ψ1, 399–401
description of, 392–394
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First-order Stark effect, 411
First-order structure, 485
Fock operator, 350–351
Force constant, 69
Formaldehyde eigenvalues, 343
Formaldehyde orbital numbering, 343
Free particle in one dimension

description of, 47–50, 526–529
particle in a ring problem and,

similarities between, 52
Free radical reactions, 292
Free valence, 292
Frequency factor, 4
Frontier orbitals, 291, 505–508
Frozen atomic orbitals, 486
Fulvene, 606, 610
Functions

acceptable, 22
angle-dependent, 97
Bloch, 534
continuous, 532
Dirac delta, 170
distribution, 70
electron probability density, 93
Gaussian, 355–356
Kronecker delta, 38
Legendre, 108, 589
linear combination of, 7
linearly independent, 77
orthogonal, 385
orthonormal, 38
polarization, 355
single-valued, 21
square-integrable, 22

G
Gauss error function, 80
Gaussian basis set, 353
Gaussian functions, 183, 355–356
Gaussian wave packets, 184
Generalized gradient approximation, 370
Gerade, 213, 215, 548
Gimarc’s diagram, 502
Givens–Householder–Wilkinson method, 320
Graphite, 565–576
Gross atomic orbital population, 337
Ground state energy

description of, 368, 371t
to first-order of heliumlike systems,

403–405
Group

abelian, 430
definition of, 430
point, 441–443
representations for

from basis functions, 446–451
cyclic groups, 453–456
description of, 443–446
irreducible inequivalent, 456–458

labels, 636–637
labels for, 451–452
molecular orbitals and, 452–453
one-dimensional, 444, 454, 473
two-dimensional, 444, 454

symbols for, 635–636
symmetry point, 431–434

Group theory
elementary example of, 429–430
overview of, 429

H
H2, 488–490
H ′, 401
H2

+ molecule–ion
antibonding states of, 487
bonding states of, 487
description of, 206–220, 485–488
H2 vs., 488–490

H3AAH3 system, 501
HAB, 499, 500f
HAH, 497, 499
Hamiltonian, 20, 349, 404
Hamiltonian matrix

description of, 319, 326–328
integrals of, 473
partitioned, 469f

Hamiltonian operators, 20, 53, 131–132,
180, 593–595

Harmonic electric-field wave, 9f
Harmonic motion, 70
Harmonic oscillation, 2
Harmonic oscillator

one-dimensional, 69–72
quantum-mechanical, 72–74
Schrödinger equation for

asymptotic behavior, 74–75,
78–79

description of, 72–73
differential equation forq(x),

75–76
energy spectrum, 79–80
f

as a power series, 76–77
recursion relation for, 77–78

simplifying of, 74
wavefunctions, 80–81

wavefunctions
description of, 73–74, 80–81
normalization of, 81–82
orthogonality of, 81–82

zero-point energy of, 74
Harmonic wave, 2, 3f
Hartree–Fock energy

correlation energy, 357–358
density functional theory and, 381–382
estimating of, 371
restricted, 357, 360
unrestricted, 357
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Hartree–Fock energy curve, 381
Hartree–Fock equation

atomic orbitals used with, 623
definition of, 623
derivation of, 614–623
description of, 350

Hartree–Fock limit, 357, 627
Hartree–Fock wavefunctions, 375t, 627
Heat of hydrogenation, 279
Heisenberg uncertainty principle, 18–19, 31
Helium atom

description of, 134
nonlinear variation for, 194–197
1s2s configuration of, 138–144

Heptatrienyl, 606
Heptatrienyl radical, 611
Hermite polynomials, 82
Hermitian adjoint of a matrix, 310
Hermitian matrix, 317
Hermitian operators

description of, 171–172
eigenvalues of

completeness of, 176–177
degenerate, 174
expressed as an orthonormal set,

174–175
nondegenerate, 173–174
orthogonal set formed from,

173–174
proof of, 172–173

Hermiticity, 174, 213
Heteroatomic molecules, 284–287, 285t
Hexatriene, 510–511, 606, 610
Highest occupied molecular orbitals, 275,

291, 493, 505, 507f, 519, 540
Homogeneous magnetic field, 133
Homonuclear diatomic molecules

closed shells of, 226
electronic states of, 229
molecular orbitals of, 220–231
properties of, 225t
qualitative molecular orbital theory

rules applied to, 490–494
symmetry orbitals of, 227f

Hooke’s law, 69
Hückel molecular orbital method

assumptions, 601
benzene, 260, 267–268
bond length, 269–270
bond order, 269–270
butadiene, 264–265, 279
charge distributions from, 256–259
cyclobutadiene, 265–267
determinant

α quantity, 248–249
β quantity, 249
basis atomic orbitals, 247–248
constructing of, 247–248
generalizations, 259–263

manipulation of, 249–250
overlap integrals, 249
topological, 250

determinantal equation
for cyclopropenyl system,

253–256
description of, 250
solving for molecular orbitals,

251–253
solving for orbital energies,

250–251
ethylene, 263–264
heteroatomic molecules, 284–287, 285t
for hydrocarbons, 268–269
independentπ -electron assumption,

246–247
overview of, 244
perturbation at an atom in, 406–409
reaction indices, 289–295
self-consistent variations ofα andβ,

287–289
σ -π separability, 244–246
summary of, 295–296

Hund’s rule, 148, 159–160
Hybrid orbitals, 470–471
Hydrocarbons

Hückel molecular orbital method for,
268–269

Mobius conjugated, 283
neutral alternant, 602

Hydrogen atom
nonlinear variation for, 191–194
polarizability of, 197–206, 410–412
s-type states of, 418

Hydrogenlike orbitals, 146, 208
Hyperfine splitting constant, 272

I
Identity operation, 459
Improper axis, 436
Improper rotation, 436
Independent electron approximation,

127–129
Independentπ -electron assumption, 246–247
INDO, 386t
Induced dipole, 411–412
Inductive model, 286
Inhomogeneous magnetic field, 133
Inner repulsion energy, 588
Instantaneous dipole moment, 171
Integrals

bond, 249
Coulomb, 249, 413, 587–590
exchange, 142
list of, 582–583
overlap, 249
resonance, 249

Integrand, 472
Intended correlations, 545
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Interaction element, 204
Intermediate neglect of differential overlap,

386t
Internal rotation, 485
Internuclear repulsion energy, 209
Inverse matrix, 311–312
Inverse operation, 430
Ionization energy

description of, 278–279
of neon, 372t
valence state, 327

Irreducible inequivalent representations, 445,
456–458

J
Jacobi method, 319
Jahn–Teller theorem, 258

K
K parameter, 333–335
Kinetic energy

description of, 43
equation for, 11
of photoelectrons, 11, 12f, 278

Kinetic energy operators, 140
Kohn–Sham orbitals, 369–370
Koopmans’ theorem, 358–360, 372, 472
Kronecker delta, 82, 170
Kronecker delta function, 38

L
L2, 595–600
Lagrangian multipliers, 620
LCAO–MO–SCF equation.SeeLinear

combination of atomic
orbitals–molecular
orbitals–self-consistent field
equation

Legendre functions, 108, 589
Legendre polynomials, 107
Light

as electromagnetic wave, 9–10
electromagnetic field theory of, 12

Light intensity, 17f
Linear combination, 7
Linear combination of atomic

orbitals–molecular orbital
calculation, 208

Linear combination of atomic
orbitals–molecular
orbitals–self-consistent field
equation

density functional theory methods,
368–370

eigenvalues, 351–352
ground state wavefunction, 361
multideterminant methods, 367
overview of, 350–351

Linear harmonics, 110

Linear homogeneous equations, 585
Linear momentum, 18
Linear polyenes, 262
Linear position, 18
Linear variation method

matrix
formulation, 315–317
hamiltonian, 319

overview of, 308
Linearly dependent functions, 7, 76
Linearly independent functions, 77
Lithium, 135
Local density approximation, 370
Localization energy, 294
Localized orbitals, 472
Lowest unfilled molecular orbitals, 275, 291,

505, 509
Lowest-energy eigenfunction, 190
Lowest-energy molecular orbitals, 222, 252,

262, 327, 520
Lowest-energy wavefunction, 93–97
L–Scoupling, 152
Lz , 595–600

M
Magnetic moment

angular momentum and, 115–117
definition of, 115

Magnitude, 592
Mass density, 95
Matrix

addition of, 310–311
complex conjugate of, 309, 311–312
definition of, 308
diagonal, 311
of eigenvalues, 316
of eigenvectors, 316
expression of, 308–309
geometric model, 312–314
hamiltonian, 319, 326–328
hermitian, 317
hermitian adjoint of, 310
inverse, 311–312
multiplication of, 310–311
nonsingular, 314
orthogonal, 314
product of, 311–312
rotation, 313
similarity transformation, 314
singular, 314
square, 311
symmetric, 310
transformation, 314
transpose of, 309–312
unit, 311

Matrix equation, 317–320
Matter, wave nature of, 14–16
Maxwell’s differential equations, 10
McConnell relation, 272
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Metastable states, 501
Methane, 339
2-Methoxyethanol, 277
Methylene cyclopropene, 606, 608
Microscopic systems, 18
MINDO/3, 386t
Mirror A universe, 434–435
Møller–Plesset perturbation theory, 366
MNDO, 386t
Mobile bond order, 259
Mobius conjugated hydrocarbons, 283
Modified intermediate neglect of differential

overlap, 386t
Modified neglect of diatomic overlap, 386t
Molecular orbitals

π , 416, 418
antibonding, 217, 226, 258
atomic orbitals in, 465–467
benzene, 530–531, 535, 556
bonding, 217
for cyclopropenyl system, 255
definition of, 208
delocalized, 472
ethylene, 268
filled, 472
frontier, 505–508
hierarchy in, 484–485
higher-energy, 490, 498
highest occupied, 275, 291, 493, 505,

507f, 519, 540
of homonuclear diatomic molecules,

220–231
Hückel molecular orbital determinantal

equation solved for, 251–253
for linear polyenes, 262
lowest unfilled, 275, 291, 505, 509
lowest-energy, 222, 252, 262, 327, 520
nonbonding, 252, 602–604
nondegenerate, 329, 467
occupied, 362
representation table and, 452–453
self-consistent field–molecular orbitals,

384–386
subjacent, 506
superjacent, 506
symmetry of, 296, 463–465
virtual, 362

Molecular rotation, angular momentum in,
117–118

Molecules
ab initio calculations for, 374–382
homonuclear diatomic.See

Homonuclear diatomic
molecules

point group of, 441–443
Mulliken populations

description of, 335
extended Hückel energies and, 338–340

net atomic orbital, 335
overlap, 335–336, 345, 541

Multiconfigurational self-consistent field
calculation, 367

N
Naphthalene, 606, 613
NDDO, 386t
Nearest-neighbor interaction, 484–485, 496
Negative eigenvalues, 93
Neglect of diatomic differential overlap, 386t
Neutral alternant hydrocarbons, 602
Newton’s laws of motion, 4–5
Nodes, 3
Nonbonding molecular orbitals, 252,

602–604
Nonconcerted process, 509
Noncrossing rule, 230
Nondegenerate eigenfunctions, 131, 218
Nondegenerate state, 6, 31
Nondegenerate wavefunctions, 448
Nonequivalent electrons, 153–154
Nonsingular matrix, 314
Norbornadiene, 416–417
Nuclear motion, potential energy for, 207
Nuclear spin angular momentum, 599
Nucleophilic aromatic substitution, 289

O
Occupied molecular orbitals, 362
Occupied orbitals, 353
Octatetraene, 606, 612
Off-diagonal determinantal element, 204
One-dimensional harmonic oscillator, 69–72
One-dimensional representations, 444,

454, 473
One-electron density function, 256
One-electron energy, 128, 352
Open-shell systems, 373
Operators

angular momentum, 52, 593–595, 599
commuting, 175–176
constructing of, 167–168
coulomb, 350–351, 620
definition of, 20
exchange, 351
Fock, 350–351
hamiltonian, 20, 53, 180, 593–595
permutation, 614
postulate for constructing, 167–168
quantum-mechanical, 592–593

Orbital(s)
atomic.SeeAtomic orbitals
crystal, 539, 559f
description of, 101–102
equivalent, 472
frontier, 291, 505–508
hybrid, 470–471
hydrogenlike, 146, 208
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interaction between, 414–417
Kohn–Sham, 369–370
localized, 472
molecular.SeeMolecular orbitals
occupied, 353
separated-atom, 228f
Slater-type

basis sets, 353–354
contracted Gaussian functions for,

356
description of, 146–147, 324
minimal valence, 471
p-type, 354

symmetry, 220–222, 227f
Orbital approximation, 233–235
Orbital energies

definition of, 352
description of, 128
internuclear separation for He2, 489f
ionization energies and, 278–279
oxidation-reduction potentials and,

275–277
solving of Hückel molecular orbital

determinantal equation for,
250–251

Orbital orthogonality, 617
Orbital symmetries, 515
Oriented dipole, 133
Orthogonal functions, 385
Orthogonal matrix, 314
Orthogonal transformation, 314
Orthogonality

in irreducible inequivalent
representations, 456–458

of vectors, 457
of wavefunctions, 37–38, 81–82

Orthonormal functions, 38
Orthonormal set, 174–175
Oscillating electric charge, 10f
Oscillating particle distributions, 527
Oscillation, harmonic, 2
Outer repulsion energy, 588
Overlap integrals, 249
Overlap matrix, 325–326, 344
Overlap population, 335–336, 345, 541
Oxidation-reduction potentials, 275–277

P
p orbitals, 149
Pairing of roots, 601–602
Pairing theorem, 262
Particle(s)

in an infinite “box” with a finite central
barrier, 44–47

in a one-dimensional box
definition of, 27
energies, 30–32
with one finite wall, 38–43
overview of, 27–30
wavefunctions, 32–38

in a ring
of constant potential, 50–52
description of, 529–530

scattering of, in one dimension, 56–59
in a square well, 27
in a three-dimensional box, 53–56

Partitioned hamiltonian matrix, 469f
Pauli principle, 137–138, 148, 156, 178, 268
Peierls distortion, 550, 570, 577
Pentadienyl, 606
Pentadienyl radical, 609
Periodic potential, 526
Periodic structures, 528
Periodicity

in three dimensions, 565–576
two-dimensional, 562–565

Permanent dipole, 411
Permutation operator, 614
Perturbation

definition of, 391–392
uniform electrostatic, 396–403

Perturbation theory
degenerate-level, 412–414
Møller–Plesset, 366
overview of, 391–392
Rayleigh–Schrödinger

ψ2 effects on, 402–403
additive constant in H′, 401
at an atom in the simple Hückel

molecular orbital
method, 406–409

for degenerate state, 409–410
first-order corrections, 392–394,

399–401
formal development of, 391–396
ground-state energy to first-order

of heliumlike systems,
403–405

overview of, 391
W1

(2), 401–402
spectroscopic selection rules and,

417–420
Phase factor, 3
� equation, 106
Photoelectric effect, 10–14
Photoelectrons, 11, 12f, 278
Photons

characteristics of, 14
definition of, 12
Einstein’s relation for, 14
rest mass of, 14

π bands, 554–555
Piecewise continuous, 28
Planck, 10
Planck’s constant, 18, 631
Point group of a molecule, 441–443
Point of inversion, 436
Polarizability of the hydrogen atom,

197–206, 410–412
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Polarization functions, 355
Polyacetylene

all-trans, 551–552
with alternating bond lengths, 547–551
energy calculations, 562
extended Hückel molecular orbital

method results for, 552–554
self-consistent field results for, 552–554
with uniform bond lengths, 537–546

Polyatomic molecules, 495–505
Poly-paraphenylene, 555–561
Population density, 95
Postulates

for average values, 171
for constructing operators, 167–168
measured values related to eigenvalues,

169–170
Schrödinger equation, 168–169
wavefunction, 166–167

Potential energy
determination of, 383
of electrons, 397
for nuclear motion, 207
quantum-mechanical average value of,

83–84
Probability density

description of, 13
volume-weighted, 95f

Probability waves, 13
ψ

as stationary state, 180
conditions on, 21–22
triple value of, 22f

ψ2, 402–403
p-type atomic orbital, 219
p-type Slater-type orbitals, 354
2px orbital, 101–102
2py orbital, 101–102
Pyrrole molecule, 286
2pz orbital, 101–102

Q
Qualitative molecular orbital theory

H2
+, 485–488

molecular orbitals, 484–485
molecular structure, 484–485
need for, 484
of reactions, 508–521
rules for

description of, 490
homonuclear diatomic molecule

applications, 490–494
Quantum numbers, 30, 97–98
Quantum-mechanical average, 96–97
Quantum-mechanical average value of

potential energy, 83–84
Quantum-mechanical harmonic oscillator,

72–74

Quantum-mechanical operators, 592–593
Quantum-mechanical tunneling, 41
q(x), 75–76

R
Requation, 108–109
Radial node, 98
Radical addition, 289
Rayleigh–Ritz variation principle

description of, 178
proof of, 190

Rayleigh–Schrödinger perturbation theory
ψ2 effects on, 402–403
additive constant in H′, 401
at an atom in the simple Hückel

molecular orbital method,
406–409

for degenerate state, 409–410
first-order corrections, 392–394,

399–401
formal development of, 391–396
ground-state energy to first-order of

heliumlike systems, 403–405
overview of, 391
W1

(2), 401–402
Reaction indices, 289–295
Reactions

electrocyclic, 508
qualitative molecular orbital theory of,

508–521
stereospecific, 509

Reciprocal lattice, 564
Reciprocal operation, 430
Reciprocal space, 562–565
Recursion relation, 77–78
Reduced first Brillouin zone, 540, 564,

566, 577
Reducible representations, 445, 462–463
Redundancies, 432
Reflection plane, 436
Reflection symmetry, 205
Representations

from basis functions, 446–451
cyclic groups, 453–456
description of, 443–446
irreducible inequivalent, 456–458
labels, 636–637
labels for, 451–452
molecular orbitals and, 452–453
one-dimensional, 444, 454, 473
two-dimensional, 444, 454

Repulsive energy, 588
Resonance energy, 281
Resonance energy per electron, 281, 282f
Resonance integrals, 249
Rest mass

description of, 14
of electron, 631
of neutron, 631
of proton, 631
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Restricted Hartree–Fock energy, 357, 360
Rigid-rotor model, 117–118
Ring of constant potential, particle in, 50–52
Rotation axis, 436
Rotation matrix, 313
Row vector, 309
Russell–Saunders coupling, 152
Rydberg series, 232
Rydberg state, 232

S
1s atomic orbitals, 498, 587–590
2s orbital, 101
Scalar, 309–310, 312
Scanning tunneling microscopy, 575
Schmidt orthogonalization, 175, 468
Schrödinger equation

in atomic units, 110
center-of-mass coordinates, 90
for circular motion, 50
description of, 19–20, 22–23, 89–91
eigenvalues, 92–93
in free particle in one dimension, 47–48
harmonic oscillator

asymptotic behavior, 74–75,
78–79

description of, 72–73
differential equation forq(x),

75–76
energy spectrum, 79–80
f

as a power series, 76–77
recursion relation for, 77–78

simplifying of, 74
wavefunctions, 80–81

higher-energy solutions for, 98–105
lowest-energy wavefunction, 93–97
for one-dimensional harmonic

oscillator, 72–73
for particle in the one-dimensional

square wall, 54
for periodic structures, 528
postulate for, 168–169
quantum numbers, 97–98
separation of variables, 105–106
time-dependent, 168–169, 180

Second-order Stark effect, 411
Second-order structure, 485
Secular determinant, 200–201, 211
Secular equation, 200
Self-consistent field

acronyms, 386
atomic orbitals, 147
configuration interaction, 360–365
definition of, 348
description of, 146–147
equations, 622
hamiltonian, 349
Hartree–Fock limit, 357

Koopmans’ theorem, 358–360
multiconfigurational, 367
polyacetylene results, 552–554
total electronic energy, 352–353
wavefunction for, 349–350

Self-consistent field–molecular orbitals,
384–386

Separated-atom basis, 208
Separated-atom energy, 487–488
Separated-atom limits, 208
Separated-atom orbitals, 228f
σ bond network, 295
σ -π separability, 244–246
Sigmatropic shift, 519
Similarity transformations, 314, 459
Singlet, 142
Single-valued function, 21
Singular matrix, 314
Slater determinants, 137–139, 349, 369, 622
Slater-type orbitals

basis sets, 353–354
contracted Gaussian functions for, 356
description of, 146–147, 324
minimal valence, 471
p-type, 354

Spectroscopic selection rules, 417–420
Spectroscopists, 14
Spherical harmonics

angular momentum and, 110–115
definition of, 111

Spherical polar coordinates, 90, 217, 454
Spherically symmetric potential, 91, 116
Spin forbidden, 418
Spin states, 136
Spin-free density function, 166
“Split shell” wavefunction, 195
Splitting, 154
Splitting constants, 271–275
Square

absolute, 21, 461
of electromagnetic wave, 21
rotation effects on, 431f

Square matrix, 311
Square symmetry, 266
Square-integrable function, 22
1s2s configuration of helium, 138–144
Standing waves

in clamped string, 7–9
description of, 3–4

Stark effect, 411
State correlation diagram, 519f
State energy, 501
Stater-type orbitals, 208
Stereospecific reactions, 509
Stilbene, 283
Strain energy, 284
Subjacent molecular orbitals, 506
Sum of squares of dimensions, 457–458
Superjacent molecular orbitals, 506
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Symmetric matrix, 310
Symmetry

in correlation diagrams, 514
integration and, 472–476
reflection, 205

Symmetry elements, 436–441
Symmetry operations, 431, 439
Symmetry orbitals

definition of, 468
description of, 220–222, 515
generating of, 467–470
for homonuclear diatomic molecules,

227f
unnormalized, 468

Symmetry point groups, 431–434
Symmetry-forbidden reaction, 513, 517

T
Term symbols, 152
� equation, 107–108
Third-order structure, 485
Three-dimensional Bernal graphite, 571f, 572
Three-dimensional box, particle in, 53–56
Time-dependent differential equation, 6
Time-dependent Schrödinger equation,

168–169
Time-dependent states, 180–185
Time-independent wave equation

description of, 6, 8f
Schrödinger.SeeSchrödinger equation

Topological determinant, 250
Torsional angle change, 485
Total electronic energy, self-consistent field,

352–353
Total extended Hückel energy, 331–332
Transformation matrix, 314
Transposing of a matrix, 309–312
Transverse waves, 5
Traveling waves, 1–3
Trimethylenemethane, 292
Triplet, 142
Tunneling, quantum-mechanical, 41
Two-dimensional graphite, 569, 570f
Two-dimensional periodicity, 562–565
Two-dimensional representations, 444, 454

U
Uncertainty principle of Heisenberg, 18–19,

31, 114, 179
Ungerade, 213, 215, 548
Uniform electrostatic perturbation, 396–403
Unit matrix, 311
Unitary transformation, 314, 445–446
United-atom atomic orbitals, 227f-228f
United-atom limits, 208
Unperturbed eigenfunctions, 395
Unperturbed energy, 392
Unrestricted Hartree–Fock energy, 357

V
Vacuum permittivity, 631
Valence state ionization energy, 327
Variables

conjugate, 18
separation of, 105–106

Variation method
linear, 197–206
nonlinear

calculations, 196–197
for helium atom, 194–197
for hydrogen atom, 191–194

orbital approximation, 233–235
spirit of, 190

Variation principle, 178
Variational wavefunction, 231–233
Vectors

addition of, 310–311
column, 309
matrix multiplication of, 311
multiplication of, 310–311
orthogonality of, 457
in reciprocal space, 562–565
representation, 457
two-dimensional, 312

Vertical planes, 438–439
Vibrations of diatomic molecules, 84–85
Virial relation, 373
Virial theorem

for atoms, 624–627
for diatomic molecules, 627–628

Virtual molecular orbitals, 362
Volume-weighted probability density, 95f

W
W1

(2), 401–402
Walden inversion, 520
Walsh diagrams, 495–505, 497f, 503f-504f
Wave(s)

amplitude of, 2
classical equation for, 4–7
compression, 5
electromagnetic, 12–13
frequency of, 3
harmonic, 2, 3f
light as, 10
probability, 13
standing, 3–4, 7–9
transverse, 5
traveling, 1–3
wavelength of, 2

Wave profile, 1
Wavefunctions

antisymmetric, 136, 213
description of, 32–35
determinantal, 349–350
Dirac delta function as, 178
gerade, 213, 215
hamiltonian, 144
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of harmonic oscillator, 73–74
Hartree–Fock, 358, 375t, 627
lowest-energy, 93–97
nondegenerate, 448
normalization of, 81–82
orthogonality of, 37–38, 81–82
postulate, 166–167
Schrödinger equation for harmonic

oscillator, 80–81
self-consistent field, 349–350
Slater determinantal, 137, 139
“split shell,” 195
symmetry of, 35–37, 47, 136, 213
ungerade, 213, 215
variational, 231–233
zeroth-order, 393

Wavelength
de Broglie, 15
description of, 2

Wavenumber, 14, 528
Wigner–Seitz unit cell, 564
Wolfsberg–Helmholtz relation, 327
Woodward–Hoffman rule, 510–511
Work function, 12

Z
Zeeman effect, 154–156
Zeeman splitting, 116
Zero average momentum, 184–185
Zero differential overlap, 385
Zero-point energy, 31
Zeroth-order wavefunction, 393
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