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4.9 Carathéodory’s Theorem / 45

4.10 Entropy—Axiomatic Approach / 45

4.11 Entropy Changes for Nonisolated Systems / 48

4.12 Summary / 49

4.13 Some Applications of the Second Law / 50

4.13.1 Reversible Processes (PV Work Only) / 50

4.13.2 Irreversible Processes / 51

viii CONTENTS



5 USEFUL FUNCTIONS: THE FREE ENERGY
FUNCTIONS 52

5.1 Mathematical Interlude IV: Legendre Transformations / 53

5.1.1 Application of the Legendre Transformation / 54

5.2 Maxwell Relations / 55

5.3 The Gibbs-Helmholtz Equations / 55

5.4 Relation of �A and �G to Work: Criteria for Spontaneity / 56

5.4.1 Expansion and Other Types of Work / 56

5.4.2 Comments / 57

5.5 Generalization to Open Systems and Systems of
Variable Composition / 58

5.5.1 Single Component System / 58

5.5.2 Multicomponent Systems / 59

5.6 The Chemical Potential / 59

5.7 Mathematical Interlude V: Euler’s Theorem / 60

5.8 Thermodynamic Potentials / 61

6 THE THIRD LAW OF THERMODYNAMICS 65

6.1 Statements of the Third Law / 66

6.2 Additional Comments and Conclusions / 68

7 GENERAL CONDITIONS FOR EQUILIBRIUM
AND STABILITY 70

7.1 Virtual Variations / 71

7.2 Thermodynamic Potentials—Inequalities / 73

7.3 Equilibrium Condition From Energy / 75

7.3.1 Boundary Fully Heat Conducting, Deformable,

Permeable (Normal System) / 75

7.3.2 Special Cases: Boundary Semi-Heat Conducting,

Semi-Deformable, or Semi-Permeable / 76

7.4 Equilibrium Conditions From Other Potentials / 77

7.5 General Conditions for Stability / 78

7.6 Stability Conditions From E / 78

7.7 Stability Conditions From Cross Terms / 80

7.8 Stability Conditions From Other Potentials / 81

7.9 Derivatives of Thermodynamic Potentials With Respect
to Intensive Variables / 82

CONTENTS ix



8 APPLICATION OF THERMODYNAMICS
TO GASES, LIQUIDS, AND SOLIDS 83

8.1 Gases / 83

8.2 Enthalpy, Entropy, Chemical Potential, Fugacity / 85

8.2.1 Enthalpy / 85

8.2.2 Entropy / 86

8.2.3 Chemical Potential / 87

8.2.4 Fugacity / 88

8.3 Standard States of Gases / 89

8.4 Mixtures of Gases / 90

8.4.1 Partial Fugacity / 90

8.4.2 Free Energy, Entropy, Enthalpy, and Volume

of Mixing of Gases / 90

8.5 Thermodynamics of Condensed Systems / 91

8.5.1 The Chemical Potential / 92

8.5.2 Entropy / 93

8.5.3 Enthalpy / 93

9 PHASE AND CHEMICAL EQUILIBRIA 94

9.1 The Phase Rule / 94

9.2 The Clapeyron Equation / 96

9.3 The Clausius-Clapeyron Equation / 97

9.4 The Generalized Clapeyron Equation / 98

9.5 Chemical Equilibrium / 99

9.6 The Equilibrium Constant / 100

10 SOLUTIONS—NONELECTROLYTES 102

10.1 Activities and Standard State Conventions / 102

10.1.1 Gases / 102

10.1.2 Pure Liquids and Solids / 103

10.1.3 Mixtures / 103

10.1.3.1 Liquid–Liquid Solutions—Convention I

(Con I) / 104

10.1.3.2 Solid–Liquid Solutions—Convention II

(Con II) / 104

10.2 Ideal and Ideally Dilute Solutions; Raoult’s and
Henry’s Laws / 104

x CONTENTS



10.2.1 Ideal Solutions / 104

10.2.2 Ideally Dilute Solutions / 105

10.3 Thermodynamic Functions of Mixing / 107

10.3.1 For Ideal Solutions / 107

10.3.2 For Nonideal Solutions / 107

10.4 Colligative Properties / 108

10.4.1 Lowering of Solvent Vapor Pressure / 108

10.4.2 Freezing Point Depression / 109

10.4.3 Boiling Point Elevation / 111

10.4.4 Osmotic Pressure / 112

11 PROCESSES INVOLVING WORK OTHER THAN
PRESSURE-VOLUME WORK 114

11.1 P-V Work and One Other Type of Work / 115

11.2 P-V, sA, and fL Work / 116

12 PHASE TRANSITIONS AND CRITICAL
PHENOMENA 119

12.1 Stable, Metastable, and Unstable Isotherms / 120

12.2 The Critical Region / 124

PART II INTRODUCTORY STATISTICAL
MECHANICS 127

13 PRINCIPLES OF STATISTICAL MECHANICS 129

13.1 Introduction / 129

13.2 Preliminary Discussion—Simple Problem / 130

13.3 Time and Ensemble Averages / 131

13.4 Number of Microstates, �D, Distributions Di / 132

13.5 Mathematical Interlude VI: Combinatory Analysis / 134

13.6 Fundamental Problem in Statistical Mechanics / 136

13.7 Maxwell-Boltzmann, Fermi-Dirac, Bose-Einstein Statistics.
‘‘Corrected’’ Maxwell-Boltzmann Statistics / 137

13.7.1 Maxwell-Boltzmann Statistics / 137

13.7.2 Fermi-Dirac Statistics / 137

13.7.3 Bose-Einstein Statistics / 137

13.7.4 ‘‘Corrected’’ Maxwell-Boltzmann Statistics / 138

13.8 Systems of Distinguishable (Localized) and Indistinguishable
(Nonlocalized) Particles / 139

CONTENTS xi



13.9 Maximizing �D / 139

13.10 Probability of a Quantum State: The Partition Function / 140

13.10.1 Maxwell-Boltzmann Statistics / 140

13.10.2 Corrected Maxwell-Boltzmann Statistics / 141

14 THERMODYNAMIC CONNECTION 143

14.1 Energy, Heat, and Work / 143

14.2 Entropy / 144

14.2.1 Entropy of Nonlocalized Systems (Gases) / 145

14.2.2 Entropy of Localized Systems

(Crystalline Solids) / 145

14.3 Identification of b with 1/kT / 145

14.4 Pressure / 146

14.5 The Functions E, H, S, A, G, and m / 147

15 MOLECULAR PARTITION FUNCTION 150

15.1 Translational Partition Function / 151

15.2 Vibrational Partition Function: Diatomics / 152

15.3 Rotational Partition Function: Diatomics / 152

15.4 Electronic Partition Function / 154

15.5 Nuclear Spin States / 154

15.6 The ‘‘Zero’’ of Energy / 155

16 STATISTICAL MECHANICAL APPLICATIONS 158

16.1 Population Ratios / 158

16.2 Thermodynamic Functions of Gases / 159

16.3 Equilibrium Constants / 161

16.4 Systems of Localized Particles: The Einstein Solid / 164

16.4.1 Energy / 164

16.4.2 Heat Capacity / 165

16.4.3 Entropy / 165

16.5 Summary / 166

ANNOTATED BIBLIOGRAPHY 167

APPENDIX I HOMEWORK PROBLEM SETS 169

Problem Set I / 169

Problem Set II / 170

xii CONTENTS



Problem Set III / 171

Problem Set IV / 172

Problem Set V / 173

Problem Set VI / 173

Problem Set VII / 174

Problem Set VIII / 175

Problem Set IX / 175

Problem Set X / 176

APPENDIX II SOLUTIONS TO PROBLEMS 177

Solution to Set I / 177

Solution to Set II / 179

Solution to Set III / 181

Solution to Set IV / 185

Solution to Set V / 187

Solution to Set VI / 189

Solution to Set VII / 191

Solution to Set VIII / 194

Solution to Set IX / 195

Solution to Set X / 198

INDEX 201

CONTENTS xiii





PREFACE

This book is based on a set of lecture notes for a one-semester first-year

chemistry graduate course in Thermodynamics and Introductory Statistical

Mechanics, which I taught at Florida State University in the Fall of 2001 and

2002 and at various times in prior years. Years ago, when the University was

on the quarter system, one quarter was devoted to Thermodynamics, one

quarter to Introductory Statistical Mechanics, and one quarter to Advanced

Statistical Mechanics. In the present semester system, roughly two-thirds of

the first-semester course is devoted to Thermodynamics and one-third to

Introductory Statistical Mechanics. Advanced Statistical Mechanics is

taught in the second semester.

Thermodynamics is concerned with the macroscopic behavior of matter,

or rather with processes on a macroscopic level. Statistical Mechanics

relates and interprets the properties of a macroscopic system in terms of

its microscopic units. In this book, Thermodynamics was developed strictly

from a macroscopic point of view without recourse to Statistical-Mechanical

interpretation, except for some passing references to fluctuations in the dis-

cussion of critical phenomena. Both Thermodynamics and Statistical

Mechanics entail abstract ideas, and, in my opinion, it is best not to intro-

duce them simultaneously. Accordingly, the first 12 chapters (Part I) deal

exclusively with Thermodynamics; Statistical Mechanics is only then intro-

duced.

Thermodynamics, unlike some other advanced subjects in Physical

Chemistry, does not require complicated mathematics, and for this reason

the subject is often thought to be ‘‘easy.’’ But if it is easy, it is deceptively

xv



easy. There are subtleties and conceptual difficulties, often ignored in

elementary treatments, which tend to obscure the logical consistency of

the subject. In this book, conceptual difficulties are not ‘‘swept under the

rug’’ but brought to the fore and discussed critically. Both traditional and

axiomatic approaches are developed, and reasons are given for presenting

alternative points of view. The emphasis is on the logical structure and

generality of the approach, but several chapters on applications are included.

The aim of the book is to achieve a balance between fundamentals and

applications.

In the last four chapters of the book, which are devoted to Statistical

Mechanics, not much more can be hoped to be accomplished than to cover,

from an elementary point of view, the basics. Nonetheless, for some stu-

dents, especially those who are not physical-chemistry majors, it is essential

that simple statistical-mechanical applications be included, thus acquainting

students with some working knowledge of the practical aspects of the sub-

ject. Among the applied statistical-mechanical topics are numerical calcula-

tions of entropy and other thermodynamic functions, determination of

equilibrium constants of gases, and determination of heat capacity of solids.

Although all fundamental equations are developed from first principle,

my treatment is more advanced than what some students are likely to

have been exposed to in elementary discussions of thermodynamics. This

book is designed as a one-semester course, useful both to students who

plan to take more advanced courses in statistical mechanics and students

who study this as a terminal course.

An essential feature of this book is the periodic assignment of homework

problems, reflecting more or less the content of the topics covered. Ten

typical problem sets are included in Appendix I and their solutions in

Appendix II.

I am grateful to Kea Herron for her help in formatting the manuscript, and

to members of the Wiley Editorial staff, especially Amy Romano and

Christine Punzo, for their advice, patience, and encouragement.

BRUNO LINDER
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CHAPTER 1

INTRODUCTORY REMARKS

Thermodynamics, as developed in this course, deals with the macroscopic

properties of matter or, more precisely, with processes on a macroscopic

level. Mechanics (especially quantum mechanics) is concerned with mole-

cular behavior. In principle, and in some limited cases, the molecular prop-

erties can be calculated directly from quantum mechanics. In the majority of

cases, however, such properties are obtained from experimental studies such

as spectral behavior or other devices, but the interpretation is based on quan-

tum mechanics. Statistical mechanics is the branch of science that intercon-

nects these seemingly unrelated disciplines: statistical mechanics interprets

and, as far as possible, predicts the macroscopic properties in terms of the

microscopic constituents.

For the purposes of the course presented in this book, thermodynamics

and statistical mechanics are developed as separate disciplines. Only after

the introduction of the fundamentals of statistical mechanics will the con-

nection be made between statistical mechanics and thermodynamics. As

noted, the laws of (macroscopic) thermodynamics deal with processes not

structures. Therefore, no theory of matter is contained in these laws. Tradi-

tional thermodynamics is based on common everyday experiences. For

example, if two objects are brought in contact with each other, and one feels

hotter than the other, the hotter object will cool while the colder one will

Thermodynamics and Introductory Statistical Mechanics, by Bruno Linder
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heat up. Because thermodynamics is based on the common experience of

macroscopic observations it has a generality unequaled in science. ‘‘Classical

Thermodynamics,’’ Einstein remarked, ‘‘. . . is the only physical theory of

universal content . . . which . . . will never be overthrown’’ (Schilpp, 1949).

1.1 SCOPE AND OBJECTIVES

Class make-up varies greatly. Some students take this course as part of one-

year course, in preparation for a comprehensive or preliminary exam,

required for a Master’s or Ph.D. degree. Others sign up because they heard

it was a ‘‘snap’’ course. Still others take it because they think, or their major

professor thinks, that it may help them in their research. A course designed

to satisfy all students’ aspirations is difficult, if not impossible. A suitable

compromise is one, which provides a reasonable balance between funda-

mentals and applications, which is the aim of this book.

1.2 LEVEL OF COURSE

Most students are likely to have had previous exposure to thermodynamics

in some undergraduate course, such as physical chemistry, physics, or engi-

neering. The present course is intended to be more advanced from the stand-

points of both principles and applications. The emphasis is on the logical

structure and generality of the subject. All topics of interest cannot possibly

be covered in a semester course; therefore, topics that are likely to have

been adequately treated in undergraduate courses are skipped.

1.3 COURSE OUTLINE

The idea is to proceed from the general to the particular. The following out-

line suggests itself.

Part I: Thermodynamics

A. Fundamentals

1. Basic concepts and definitions

2. The laws of thermodynamics

2.1 Traditional approach

2.2 Axiomatic approach

3. General conditions for equilibrium and stability

2 INTRODUCTORY REMARKS



B. Applications

1. Thermodynamics of (Real) gases, condensed systems

2. Chemical equilibrium

2.1 Homogeneous and heterogeneous systems

2.2 Chemical reactions

3. Phase transitions and critical phenomena

4. Thermodynamics of one- and two-dimensional systems

4.1 Film enlarging

4.2 Rubber stretching

Part II: Introductory Statistical Mechanics

A. Fundamentals

1. Preliminary discussion

2. Maxwell-Boltzmann, Corrected Maxwell-Boltzmann

Statistics

3. Partition Functions

4. Thermodynamic connection

B. Applications

1. Ideal gases

2. Ideal solids

3. Equilibrium constant

4. The bases of chemical thermodynamics

In addition, mathematical techniques are introduced at appropriate times,

highlighting such use as:

1) Exact and inexact differentials (Section 3.3)

2) Partial Derivatives (Section 3.6)

3) Pfaffian Differential Forms (Section 4.6)

4) Legendre Transformation (Section 5.1)

5) Euler’s Theorem (Section 5.7)

6) Combinatory Analysis (Section 13.5)

1.4 BOOKS

Because of the universality of the subject, books on Thermodynamics run

into the thousands. Not all are textbooks, and not all are aimed at a particular

discipline, such as chemistry, physics, or engineering. Most elementary

chemical texts rely heavily on applications but treat the fundamentals lightly.

Real systems (real gases, condensed systems, etc) are often not treated in

any detail. Some books are strong on fundamentals but ignore applications.
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Other books are authoritative but highly opinionated, pressing for a particular

point of view.

Two chemical thermodynamics books, which discuss the fundamentals in

depth, are listed below.

1. J. de Heer, Phenomenological Thermodynamics, Prentice-Hall, 1986.

2. J. G. Kirkwood and I. Oppenheim, Chemical Thermodynamics, McGraw-Hill,

1961.

Other books that may provide additional insight into various topics are

listed in the Annotated Bibliography on page. . . .
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PART I

THERMODYNAMICS


