Ira N. Levine

ATERF bt



% Education

EERAFLEBH —R DR

Physical Chemistry

(Sixth Edition)

M F

( £ 6hR )

[ %] IraN. Levine
—rm e ey
- i e b ko

V!

l}_:‘f';P '_!E-_; : i M ’ —
MmN ed
L W

%15

SR R

ATEREE At

Bl



Ira N. Levine
Physical Chemistry, Sixth Edition
ISBN: 978-0-07-253862-5

Copyright © 2009 by The McGraw-Hill Companies, Inc.

All Rights reserved. No part of this publication may be reproduced or transmitted in any form or by any means, electronic or
mechanical, including without limitation photocopying, recording, taping, or any database, information or retrieval system, without
the prior written permission of the publisher.

This authorized English reprint edition is jointly published by McGraw-Hill Education (Asia) and Tsinghua University Press Limited.
This edition is authorized for sale in the People’s Republic of China only, excluding Hong Kong, Macao SAR and Taiwan.

Copyright © 2012 by McGraw-Hill Education (Asia), a division of the Singapore Branch of The McGraw-Hill Companies, Inc. and
Tsinghua University Press Limited.

F&?FRF)?FO AL MR A FHE A TVER], XA H AR AT AT 38 70 A5 DA 75 SN 12 R il sl A% 4%, R EAR TR E . k.
aUR AT B R R AT R R N RS,

2{?%*519&3‘5%5[1%&93%%9? AR GEM) BF IR 7] FIFE B LA PR 2 Rl S AF AR BERRAZ FRBUR A P AR AR

JAEEEN NI AATEIX . B 501 Eﬁl[ﬂ'“{%) W

FRAL©2012 HIZEH% 55 -F 7R (HN‘H) #ﬁﬁ#ﬂﬁ&/z}ﬁ?E%iﬁki“ﬂiﬁiﬁﬁﬁﬁﬁﬁlﬁﬁﬁo

Jbt i AR E NS FIEICS BT 01-2012-8052

ABFHMEIEE McGraw-Hill 2 8B {AF%E, EREETFSHEE.

MR, B3R, BIEEHREBEIE: 010-62782989 13701121933
EEERSREB (CIP) iR

P4k 3 6 Wit = Physical Chemistry, Sixth Edition: #3/ () fL4ERE (Levine, L. N.) 3. —3¥HIA. -Jb it EEA
F AR, 201212

(EHAEARR T 2EE D

ISBN 978-7-302-30772-3

[. 4 1. OfL-- 1. OYEMLE —EHEER—BM -3 V. Q064
T E R A 1R CIP A%+ (2012) 25 285833 =
BEERE: 0 B

HERT: W%
RATED®): b &

HRRAAT: AR A R

o fiE: http://www.tup.com.cn, http://www.wgbook.com
ith HE: dERUER RN NG A K 4w : 100084
#t = #l: 010-62770175 MR : 010-62786544

s "_Jiy-%ﬂﬁ%: 010-62776969, c-service@tup.tsinghua.edu.cn
R & & f1%: 010-62772015, zhiliang@tup.tsinghua.edu.cn
¥ & JbmEERERE)
fH: EEFERIE

EM

25

F Z: 20lmmX255mm BN 5K: 63.25

ML R: 2012412 A 1R Bl R: 2012 4F 12 A 1 IRENR
ER . 1~3000

E o #r: 99.00 5

e RS . 049989-01



i WAl S

B LT 2R, #EEF LGS NZHEE, BY7FZIREE AR OFESNER RETRAAL
WiEE HARBLAR LR, S A E N A SR, @SN AR, WOl E S et i #E B S A
HEHEH AN, BRFLEENEBERTFENGE R

9 [ R [ SMA £ SRR (1 BT AR AN G 5 XU, TR] It DA £ 1 2 A [ 13 6 b SRR SR A BB
A (e S A AR T S SR W AT XOE 2RSS, BADEILE T EAMUT 1k 22886, Ak “ EAb R
FWFEM—HANR”, AP FER M. Fr&8stEmIN 2R, 2HOCHER, BHAR A
THIBE. REENA, ST FEREEMEEE, BT EE AR KA AR A

BAA HIX TN IR EEX @S A RM AR B B, JF 0 R E s 30E 1R R Al 5Tk

TEHE R AR
2012 £ 10 A



Preface

This textbook is for the standard undergraduate course in physical chemistry.

In writing this book, T have kept in mind the goals of clarity, accuracy, and depth.
To make the presentation easy to follow, the book gives careful definitions and expla-
nations of concepts, full details of most derivations, and reviews of relevant topics in
mathematics and physics. 1 have avoided a superficial treatment, which would leave
students with little real understanding of physical chemistry. Instead, I have aimed at
a treatment that is as accurate, as fundamental, and as up-to-date as can readily be pre-
sented at the undergraduate level.

LEARNING AIDS

Physical chemistry is a challenging course for many students. To help students, this
book has many learning aids:

»  Each chapter has a summary of the key points. The summaries list the specific
kinds of calculations that students are expected to learn how to do.

SUMMARY

We assumed the truth of the Kelvin—Planck statement of the second law of ther-
modynamics, which asserts the impossibility of the complete conversion of heat to
work in a cyclic process. From the second law, we proved that dg, /T is the differ-
ential of a state function, which we called the entropy §. The entropy change in a
process from state 1 to state 2 is AS = [? dg,../T, where the integral must be eval-
uated using a reversible path from | to 2. Methods for calculating AS were dis-
cussed in Sec. 3.4.

We used the second law to prove that the entropy of an isolated system must
increase in an irreversible process. It follows that thermodynamic equilibrium in an
isolated system is reached when the system’s entropy is maximized. Since isolated
systems spontaneously change to more probable states, increasing entropy corre-
sponds to increasing probability p. We found that § = & In p + a, where the Boltzmann
constant k is Kk = R/N, and a is a constant.

Important kinds of calculations dealt with in this chapter include:

»  Calculation of AS for a reversible process using dS = dg,,/T.

* Calculation of AS for an irreversible process by finding a reversible path between
the initial and final states (Sec. 3.4, paragraphs 5, 7, and 9).

*  Calculation of AS for a reversible phase change using AS = AH/T.

*  Calculation of AS for constant-pressure heating using dS = dg,. /T = (Cp/T) dT.

*  Calculation of AS for a change of state of a perfect gas using Eq. (3.30).

ing perfect gases at constant 7" and P using Eq. (3.33).

Since the integral of dg, /T around any reversible cycle is zero, it follows
(Sec. 2.10) that the value of the line integral [§dg,, /T is independent of the path be-
tween states | and 2 and depends only on the initial and final states. Hence dg,.,/T is
the differential of a state function. This state function is called the entropy S:

1g... . .
ds = (q% closed syst., rev. proc. (3.20)% b Equatlons that students should memorize

are marked with an asterisk. These are the
fundamental equations and students are cau-
closed Syst,, feV. pRoe (3.21)* tioned against blindly memorizing unstarred
equations.

The entropy change on going from state | to state 2 equals the integral of (3.20):

X
e

AS=SQ—S,=J




A substantial number of worked-out examples are included. Most examples are Preface
followed by an exercise with the answer given, to allow students to test their

understanding.

EXAMPLE 2.6 cCalculation of AH

e

Cp, of a certain substance in the temperature range 250 to 500 K at 1 bar pres-
sure is given by Cp,,, = b + kT, where b and k are certain known constants. If n
moles of this substance is heated from T, to T, at | bar (where T, and 7, are in

-

Exercise

the range 250 to 500 K), find the expression for AH.
Since P is constant for the heating, we use (2.79) to get

2 7,
AH = gp = J nCp,, dT = nJ (b + kT) dT = n(bT + %kT?)
T
AH = n[b(T, — T\) + 3k(T3 — T?)]
Find the AH expression when n moles of a substance with Cp,, = r + sT'7,

where r and s are constants, is heated at constant pressure from T, to T,.
[Answer: nr(T, — T,) + 3ns(T3? — T{?).]

T,

T

A wide variety of problems are included. As well as being able to do calculational
problems, it is important for students to have a good conceptual understanding of
the material. To this end, a substantial number of qualitative questions are in-
cluded, such as True/False questions and questions asking students to decide
whether quantities are positive, negative, or zero. Many of these questions result
from misconceptions that I have found that students have. A solutions manual is

available to students.

Although physical chemistry students
have studied calculus, many of them
have not had much experience with sci-
ence courses that use calculus, and so
have forgotten much of what they
learned. This book reviews relevant
portions of calculus (Secs. 1.6, 1.8, and
8.9). Likewise, reviews of important
topics in physics are included (classical
mechanics in Sec. 2.1, electrostatics in

Integral Calculus

Frequently one wants to find a function y(x) whose derivative is known to be a certain
function f(x); dv/dx = f(x). The most general function y that satisfies this equation is
called the indefinite integral (or antiderivative) of f(x) and is denoted by [ f(x) dx.

If dv/dx = f(x) then y = Jf(x) dx (1.52)*

The function f(x) being integrated in (1.52) is called the integrand.

Sec. 13.1, electric dipoles in Sec. 13.14, and magnetic fields in Sec. 20.12.)
Section 1.9 discusses effective study methods.

STUDY SUGGESTIONS

A common reaction to a physical chemistry course is for a student to think, “This
looks like a tough course, so I'd better memorize all the equations, or I won't do well.”
Such a reaction is understandable, especially since many of us have had teachers who
emphasized rote memory, rather than understanding, as the method of instruction.
Actually, comparatively few equations need to be remembered (they have been
marked with an asterisk), and most of these are simple enough to require little effort
at conscious memorization. Being able to reproduce an equation is no guarantee of
being able to apply that equation to solving problems. To use an equation properly, one
must understand it. Understanding involves not only knowing what the symbols stand
for but also knowing when the equation applies and when it does not apply. Everyone
knows the ideal-gas equation PV = nRT, but it’s amazing how often students will use
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Section 2.12 contains advice on how to solve problems in physical chemistry.

PROBLEM SOLVING

Trying to learn physical chemistry solely by reading a textbook without working prob-
lems is about as effective as trying to improve your physique by reading a book on
body conditioning without doing the recommended physical exercises.

If you don’t see how to work a problem, it often helps to carry out these steps:

List all the relevant information that is given.

List the quantities to be calculated.

Ask yourself what equations, laws, or theorems connect what is known to what is
unknown.

4.  Apply the relevant equations to calculate what is unknown from what is given.

Wb =

The derivations are given in full detail, so that students can readily follow them.
The assumptions and approximations made are clearly stated, so that students will
be aware of when the results apply and when they do not apply.

Many student errors in thermodynamics result from the use of equations in situa-
tions where they do not apply. To help prevent this, important thermodynamic
equations have their conditions of applicability listed alongside the equations.
Systematic listings of procedures to calculate g, w, AU, AH, and AS (Secs. 2.9
and 3.4) for common kinds of processes are given. |

Detailed procedures are given for the use of a spreadsheet to solve such problems
as fitting data to a polynomial (Sec. 5.6), solving simultaneous equilibria
(Sec. 6.5), doing linear and nonlinear least-squares fits of data (Sec. 7.3), using an
equation of state to calculate vapor pressures and molar volumes of liquids and
vapor in equilibrium (Sec. 8.5), and computing a liquid—liquid phase diagram by
minimization of G (Sec. 12.11).

154
g:::lpt}:lrds'l‘hermodynumic A L B - I - c D E F G
Functions of Reuction 1 [CO Cp polynomlal fit a b c d
2 | T/K Cp Cpfit 28.74| -0.00179| 1.05E-05|-4.29E-09
Figure 5.7 3 | 298.15] 29.143] 29.022 -
Cubic polynomial 10 Ciy of ot ——s00l oo aaaT ooaaal]  ¥=-4Z8E00° 4 1082E05¢- |
CO(g). CcO CR il 1.7917E-03x + 2.8740E+01
‘ 6 600 30.443| 30.504
7 700 31.171] 31.14]| 38 ]
8 800| 31.899| 31.805|| ,,
] 900| 32.577| 32.474 |ﬁ
10| 1000/ 33.183] 33.12|| 32
1] 1100] 33.71] 33.718[| 4 i
12| 1200] 34.175] 34.242
13| 1300/ 34.572] 34.667|| =28°* ‘r = '
14| 1400/ 34.92| 34.967 0 500 1000 1500 1]
15| 1500] 35.217| 35.115[[ _ . ]

Although the treatment is an in-depth one, the mathematics has been kept at a rea-
sonable level and advanced mathematics unfamiliar to students is avoided.

The presentation of quantum chemistry steers a middle course between an exces-
sively mathematical treatment that would obscure the physical ideas for most un-
dergraduates and a purely qualitative treatment that does little beyond repeat what
students have learned in previous courses. Modern ab initio, density functional,
semiempirical, and molecular mechanics methods are discussed, so that students
can appreciate the value of such calculations to nontheoretical chemists.



IMPROVEMENTS IN THE SIXTH EDITION

»  Students often find that they can solve the problems for a section it they work the
problems immediately after studying that section, but when they are faced with an
exam that contains problems from a few chapters, they have trouble. To give prac-
tice on dealing with this situation, I have added review problems at the ends of
Chapters 3, 6, 9, 12, 16, 19, and 21, where each set of review problems covers
about three chapters.

REVIEW PROBLEMS

e

R3.1 For aclosed system, give an example of each of the fol-  R3.2  State what experimental data you would need to look up
lowing. If it is impossible to have an example of the process, 1o calculate each of the following quantities. Include only the
state this. (a) An isothermal process with g # 0. () An adia-  minimum amount of data needed. Do not do the calculations.
batic process with AT # (). (¢) An isothermal process with  (a) AU and AH for the freezing of 653 g of liquid water at 0°C
AU # 0. (d) A cyclic process with AS # 0. (e) An adiabatic  and 1 atm. (b) AS for the melting of 75 g of Na at 1 atm and its
process with AS # 0. (f) A cyclic process with w # (). normal melting point. (¢) AU and AH when 2.00 mol of O, gas

*  One aim of the new edition is to avoid the increase in size that usually occurs with
each new edition and that eventually produces an unwieldy text. To this end,
Chapter 13 on surfaces was dropped. Some of this chapter was put in the chapters
on phase equilibrium (Chapter 7) and reaction kinetics (Chapter 16), and the rest
was omitted. Sections 4.2 (thermodynamic properties of nonequilibrium systems),
10.5 (models for nonelectrolyte activity coefficients), 17.19 (nuclear decay), and
21.15 (photoelectron spectroscopy) were deleted. Some material formerly in these
sections is now in the problems. Several other sections were shortened.

* The book has been expanded and updated to include material on nanoparticles
(Sec. 7.6), carbon nanotubes (Sec. 23.3), polymorphism 1n drugs (Sec. 7.4),
diffusion-controlled enzyme reactions (Sec. 16.17), prediction of dihedral angles
(Sec. 19.1), new functionals in density functional theory (Sec. 19.10), the new
semiempirical methods RM 1, PMS5, and PM6 (Sec. 19.11), the effect of nuclear
spin on rotational-level degeneracy (Sec. 20.3), the use of protein IR spectra to
follow the kinetics of protein folding (Sec. 20.9), variational transition-state
theory (Sec. 22.4), and the Folding@home project (Sec. 23.14).
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