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A Concise Introduction for Chemists

Statistical mechanics is the theoretical apparatus used to study the properties
of macroscopic systems — systems made up of many atoms or molecules — and
relates those properties to the systems’ microscopic constitution. This book is
an introduction to statistical mechanics, intended to be used either by advanced

undergraduates or by beginning graduate students.

The first chapter deals with statistical thermodynamics and aims to derive
quickly the most commonly used formulas in the subject. The bulk of the book
then illustrates the traditional applications of these formulas, such as the ideal
gas, chemical equilibrium constants from partition functions, the ideal harmonic
solid, and the statistical mechanical basis of the third law of thermodynamics.
The last few chapters deal with less traditional material such as the non-ideal

gas and the quantum ideal gases.

BENJAMIN WIDOM is Goldwin Smith Professor of Chemistry at Cornell Univer-
sity. He received his Ph.D. in physical chemistry from that university (where he
studied with S.H. Bauer) in 1953, and was a postdoctoral associate with O.K.
Rice at the University of North Carolina, before joining the Cornell chemistry

faculty in 1954.

His research specialty is statistical mechanics and thermodynamics, particu-
larly as applied to problems of phase equilibria, critical phenomena, and inter-
facial structure and thermodynamics. He is co-author with Professor Sir John
Rowlinson, of Oxford University, of the research monograph Molecular Theory

of Capillarity (1982).

He has held numerous prestigious visitorships, including ones at Amsterdam
(van der Waals Professor), Oxford (IBM Visiting Professor of Theoretical
Chemistry), Leiden (Lorentz Professor), and Utrecht (Kramers/Debye Pro-
fessor). He has had many awards in recognition of his research in statistical
mechanics, including the Boltzmann Medal of the [UPAP Commission on Stat-
istical Physics and the Onsager Medal of the University of Trondheim. He
has honorary degrees from the University of Chicago and the University of
Utrecht, and has been elected to membership or fellowship of several scholarly
academies including the U.S. National Academy of Sciences and the American

Philosophical Society.

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/0521811198
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521811198 - Statistical Mechanics: A Concise Introduction for Chemists
B. Widom

Frontmatter

More information

Statistical Mechanics

A Concise Introduction for Chemists

B. Widom

Cornell University

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521811198
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521811198 - Statistical Mechanics: A Concise Introduction for Chemists
B. Widom

Frontmatter

More information

PUBLISHED BY THE PRESS SYNDICATE OF THE UNIVERSITY OF CAMBRIDGE
The Pitt Building, Trumpington Street, Cambridge, United Kingdom

CAMBRIDGE UNIVERSITY PRESS
The Edinburgh Building, Cambridge CB2 2RU, UK
40 West 20th Street, New York, NY 10011-4211, USA
477 Williamstown Road, Port Melbourne, VIC 3207, Australia
Ruiz de Alarcén 13, 28014 Madrid, Spain
Dock House, The Waterfront, Cape Town 8001, South Africa

http://www.cambridge.org
© Benjamin Widom 2002

This book is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without
the written permission of Cambridge University Press.

First published 2002
Printed in the United Kingdom at the University Press, Cambridge
Typeface Times 10/13 pt. System IKTEX 2¢  [1B]
A catalogue record for this book is available from the British Library

Library of Congress Cataloguing in Publication data
Widom, B.
Statistical mechanics / B. Widom.
p- cm.
Includes bibliographical references and index.
ISBN 0521 81119 8 —ISBN 0 521 00966 9 (pb.)
1. Statistical mechanics. 1. Title.

QC174.8 W53 2002
530.13-dc21 2001043687

ISBN 0 521 81119 8 hardback
ISBN 0 521 00966 9 paperback

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521811198
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
0521811198 - Statistical Mechanics: A Concise Introduction for Chemists

B. Widom
Frontmatter
More information
Contents
Preface page vii
1 The Boltzmann distribution law and statistical
thermodynamics 1
1.1 Nature and aims of statistical mechanics 1
1.2 The Boltzmann distribution law 2
1.3 The partition function and statistical thermodynamics 6
2 Theideal gas 16
2.1 Boltzmann statistics 16
2.2 Translational partition function 21
2.3 Vibrational partition function 27
2.4 Rotational partition function; ortho- and para-hydrogen 31
2.5 The “law” of the equipartition of energies 41
2.6 Partition function with excited electronic states 43
3 Chemical equilibrium in ideal-gas mixtures 47
3.1 Thermodynamic preliminaries; the equilibrium constant 47
3.2 Equilibrium constants from partition functions 49
4 Ideal harmonic solid and black-body radiation 55
4.1 Ideal harmonic crystal 55
4.2 Rayleigh—Jeans law 57
4.3 Debye theory of the heat capacity of solids 62
4.4 Black-body radiation 66
5 The third law 69
5.1 Nernst heat theorem in thermodynamics 69
5.2 Third law in statistical mechanics 71
5.3 Comparison with experiment 75
6  The non-ideal gas 81
6.1 Virial coefficients 81
6.2 Intermolecular forces 83
6.3 Second virial coefficient from statistical mechanics 87
6.4 Long-range forces 98

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/0521811198
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
0521811198 - Statistical Mechanics: A Concise Introduction for Chemists
B. Widom

Frontmatter
More information
vi Contents
7  The liquid state 101
7.1 Structure of liquids 101
7.2 Equation of state of a liquid 106
7.3 Computer simulation: molecular dynamics 114
7.4 Computer simulation: Monte Carlo 127
8  Quantum ideal gases 133
8.1 Bose-Einstein and Fermi—Dirac statistics versus
Boltzmann statistics 133
8.2 The grand-canonical partition function 138
8.3 Grand partition function of the quantum ideal gases 143
8.4 The ideal gas in Fermi—Dirac statistics 155
8.5 The ideal gas in Bose—FEinstein statistics 162
Index 169

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521811198
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521811198 - Statistical Mechanics: A Concise Introduction for Chemists
B. Widom

Frontmatter

More information

Preface

This is an introduction to statistical mechanics, intended to be used either in
an undergraduate physical chemistry course or by beginning graduate students
with little undergraduate background in the subject. It assumes familiarity with
thermodynamics, chemical kinetics and the kinetic theory of gases, and quantum
mechanics and spectroscopy, at the level at which these subjects are normally
treated in undergraduate physical chemistry. Ideas, principles, and formulas
from them are appealed to frequently in the present work.

If statistical mechanics constituted about 10% of a physical chemistry course
it would be covered in 8 to 12 lectures, depending on whether the course as a
whole were taught in two semesters or three. There is enough material in these
chapters for 12 lectures (or more). The instructor who has only 8 available will
have to be selective. The most technical parts, and so the likeliest candidates for
omission or contraction, are the treatment of ortho- and para-hydrogen, which
is part of §2.4 of Chapter 2, that of molecular dynamics and Monte Carlo
computer simulations in Chapter 7 (§§7.3 and 7.4), and that of the quantum
ideal gases in Chapter 8, which includes a discussion of the grand partition
function (§8.2).

Because only a relatively short time may be devoted to the subject it is
important to arrive quickly at the usable formulas and important applications
while still keeping the level consistent with that of an undergraduate physi-
cal chemistry course. The strategy adopted here is to start with the Boltzmann
distribution law, making it plausible by appeal to two of its special cases (the
Maxwell velocity distribution, assumed to be known from an earlier treatment
of elementary kinetic theory, and the barometric distribution, which is derived,
or re-derived, here), and by observing that its exponential form is required
by the composition of probabilities for independent systems. The distribution
law is stated with discrete-state, quantum mechanical energy-level notation at

vii
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viii Preface

an early stage so as not to require generalizing the theory later from classi-
cal to quantum mechanical language. In a full-scale, graduate-level statistical
mechanics course, where one has the leisure to devote more time to the foun-
dations and where the students have more background in physics and math-
ematics, one can make a good case for starting with a classical phase-space
formulation and later generalizing it to the quantum mechanical version. One
would then typically start with the microcanonical rather than the canonical

distribution.

Once the Boltzmann distribution law is stated the partition function appears
naturally as a normalization denominator. The machinery of statistical thermo-
dynamics — the connection of the free energy to the partition function — then
follows from comparing the mean energy implied by the distribution law with
that obtained from the free energy by the Gibbs—Helmholtz equation of ther-
modynamics. (Among earlier treatments of the subject, that in Guggenheim’s
wonderful little book Boltzmann’s Distribution Law is probably that to which
this one is closest in spirit.) This is followed by a qualitative discussion of en-
ergy fluctuations in a system of fixed temperature, and then the connection is

made to a microcanonical system and the famous § = kIn W.

What has just been outlined is the content of the first chapter, in which
the machinery is set up. The next four chapters are devoted to the traditional
applications: the statistical thermodynamics of the ideal gas of molecules with
internal structure (Chapter 2), chemical equilibrium constants from partition
functions (Chapter 3), the ideal harmonic solid (Chapter 4), and the statistical

mechanical basis of the third law of thermodynamics (Chapter 5).

Much of the material in the remaining three chapters is less traditional in
an undergraduate physical chemistry course but would be suitable even there
and certainly at the beginning graduate level. The non-ideal gas (Chapter 6)
provides the first glimpse of the problem of non-separable degrees of free-
dom, which appears in its undiluted and most challenging form in the liquid
state (Chapter 7). The concluding chapter, on the quantum ideal gases, in-
cludes the degenerate electron gas as a model for electrons in metals, a subject
that most instructors would wish to say something about even if they should
choose to omit much of the detail in that section and much of the rest of the

chapter.

Only equilibrium statistical mechanics is presented here. There are many
topics in non-equilibrium statistical mechanics (the Nernst—Einstein relation
between diffusion coefficient and mobility being an example) that are of interest
and importance in physical chemistry, but given only 8—12 lectures some heart-

breaking choices have to be made, as every instructor knows.
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