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preface

This book focuses on the fundamental principles of physical chemistry, most of
which are presented in Parts I to IV—“States of Matter” (including kinetic
molecular theory), “Classical Thermodynamics,” ‘“Quantum Mechanics,” and
“Statistical Thermodynamics.” The last two parts—‘“Chemical Kinetics” and
“Electrochemistry”’—apply the principles introduced earlier (supplemented with
additional ones) to two very important and currently active areas of chemistry not
covered in the first four parts. These two parts approach the frontiers of physical
chemistry more closely than the first four parts. The macroscopic and especially the
microscopic descriptions that are necessary to apply the fundamental principles to
particular systems, for example, solids or liquids, are introduced where necessary.
However, in order to keep the text to a reasonable size we have generally
deemphasized broad coverage of particular systems.

Worked-out sample problems are provided in the body of the text. About 80
percent of the end-of-chapter exercises which illustrate the fundamental principles
are provided with answers.

The following advice is intended for the student in difficulty or in need of
information not found in this text. Besides consulting other texts in physical
chemistry, the student should keep texts in general physics and in differential plus
integral calculus at his fingertips while using this book. In addition it may be
necessary to consult the specialized topical references given at the end of each
chapter, as well as the following:

Collections of Problems

A. W. Adamson: Understanding Physical Chemistry. W. A. Benjamin, Inc.,
New York, 1964, 2 vols.

J. Bares, C. Cerny, V. Fried, and J. Pick: Collection of Problems in Physical
Chemistry. Pergamon Press, Oxford, 1962.

L. C. Labowitz and J. S. Arents: Physical Chemistry. Academic Press, New
York, 1969.

Experimental Physical Chemistry

F. Daniels, J. W. Williams, P. Bender, C. D. Cornwell, J. E. Harriman, and
R. A. Alberty: Experimental Physical Chemistry, 7th ed. McGraw-Hill, New
York, 1969. |

D. P. Shoemaker, C. W. Garland, and J. Steinfeld: Experiments in Physical
Chemistry, 3rd ed. McGraw-Hill, New York 1974.

J. M. White: Physical Chemistry Laboratory Experiments. Prentice-Hall,
Englewood Cliffs, N.J., 1975,

Advanced and Comprehensive Text
H. Eyring, D. Henderson, and W. Jost (eds.): Physical Chemistry. Academic
Press, New York, 1967-?, 11 volumes.

(vit)



Preface

Reviews

Accounts of Chemical Research, Advances in Chemical Physics, Annual
Review of Physical Chemistry, MTP International Review—Physical
Chemistry (A. D. Buckingham, consultant ed., Butterworths, London,
Series One in 1971, 13 vols. (From 1974 on to be published biannually.)

Articles
Journal of Physical Chemistry, Journal of Chemical Physics; ‘
Data: See D. R. Lide, Jr., and S. A. Rossmassler: Ann. Rev. Phys. Chem.,

24: 135 (1973).

At present the physical sciences are in transition toward a single system of
units—the International System (SI, see Appendix IX). This textis in “transition” as
well: in each area of physical chemistry we have tried to use the units most prevalent
at the time of writing. In fast-developing areas where clear preferences for units are
not apparent, we have used SI units. ‘

We are very grateful to everyone who has helped with this book. However, we
would like to single out the following colleagues who have been especially instru-
mental in the preparation of this text. Sincere thanks go to Professor Ira Levine
for constructive suggestions made about the manuscript, and to Professor Orest
Popovych (both of Brooklyn College) who was very helpful in writing the part on
electrochemistry. We thank Professors Richard Pizer, Avigdor Ronn, Grace Wieder,
and Mrs. Arlene Pollin (all of Brooklyn College) and Dr. Paul Solomon (Hunter
College) who helped with chemical kinetics. One of us (U. B.) is grateful to Professor
N. W. Gregory, Chairman of the Chemistry Department, for permission to use the
chemistry library at the University of Washington.

The excellent support from the publisher, especially our editors Mr. James Smith
and Mr. Leo Malek, is acknowledged.

Vojtech Fried
Hendrik F. Hameka
Uldis Blukis



contents

Part 1.

Chapter 1.

Chapter 2.

Chapter 3.

STATES OF MATTER

EQUATIONS OF STATE

]
NN R ORI

— ok ok ok b ph ok e
'

. Introduction

. The Ideal Gas Laws

. Intermolecular Forces

. The Nonideal Behavior of Gases

. Deviations from Ideal Behavior

. Some Equations of State of Real Gases
. Liquefaction of Gases

The Principle of Corresponding States
Mixtures of Gases

1-10. Equations of State of Liquids
Problems
References and Recommended Reading

THE MOLECULAR BASIS OF THE EQUATIONS OF
STATE

. Introduction and the Ideal Gas Laws
. The Kinetic Molecular Theory of Gases and the

van der Waals Equation

. The Law of Atmospheres
. The Distribution of Molecular Velocities
. Experimental Verification of Maxwell’s Distribu-

tion Law

. The Most Probable and Mean Speed of Molecules
. Collision of Molecules with a Solid Surface:

Effusion

. Collisions Between Molecules and the Maxwell

Mean Free Path

Problems
References and Recommended Reading

TRANSPORT PROPERTIES OF GASES

3-1.
3-2.
3-3.

Viscosity
Thermal Conductivity
Diffusion

Problems

40

40
44
48

55
56

57
59
62



Chapter 4.

Part I1.

Chapter S.

Chapter 6.

Contents

MISCELLANEOUS TOPICS 77
4-1. The Maxwell Distribution Law in Terms of
Energies 77
4-2. The Equipartition Principle 78
Problems 83
CLASSICAL THERMODYNAMICS 85
THE FIRST LAW OF THERMODYNAMICS 87
5-1. Introduction . 87
5-2. Basic Definitions 88
5-3. Exact Differentials 91
5-4. Mathematical Formulation of the First Law of
Thermodynamics 95
5-5. Reversible and Irreversible Processes 96
5-6. Calorimetry 99
5-7. Enthalpy 100
5-8. Heat Capacity 101
5-9. The Application of the First Law of Thermo-
dynamics to Chemical Reactions: Thermo-
chemistry 104
5-10. The Standard Enthalpy of Formulation 106
5-11. Bond Energies 107
5-12. Variation of Enthalpy Change of Reaction with
Temperature 111
5-13. Application of the First Law of Thermodynamics
to an Ideal Gas 116
Problems 122
References and Recommended Reading 127

THE SECOND LAW OF THERMODYNAMICS 129

BN -

?\G\ ?\O\
oo 3 (= %]

6-9
6-1

. Introduction 129
. Carnot’s Cycle 131
. The Thermodynamic Temperature Scale 134
. The Mathematical Formulation of the Second

Law of Thermodynamics: Entropy 135

. Entropy as a Measure of Spontaneity of Processes 136
. The Combined First and Second Laws of Ther-
modynamics 138
. The Helmbholtz and Gibbs Free Energies 139
. The Variation of the Helmholtz Free Energy with
Volume and Temperature and the Gibbs Free Energy
with Temperature and Pressure 140
. Evaluation of Entropy Changes 142

0. The Thermodynamic Criterion of Equilibrium 146



44 4

Contents

Chapter 7.

Chapter 8.

6-11. Some Applications of the First and Second Laws
of Thermodynamics to Gases

Problems i
References and Recommended Reading

APPLICATION OF THERMODYNAMICS TO
PHASE EQUILIBRIA OF SINGLE COMPONENT
SYSTEMS

. Introduction

. The Condition of Equilibrium in Single-Compo-
nent Multiphase Systems

-3. Phase Diagram of a Single-Component System

-4, The Clausius-Clapeyron Equation

5

6

N3
DN

-5. Vapor Pressure as a Function of the External
- Pressure

-6. The Effect of the Size and Shape of the Surface

Area on Vapor Pressure
7-7. Experimental Determination of the Vapor
Pressure

7-8. Second-Order Phase Transitions

Problems

References and Recommended Reading

~ NN

APPLICATION OF THERMODYNAMICS TO
PHASE EQUILIBRIA OF MULTICOMPONENT
SYSTEMS

. Introduction
. Partial Molal Properties
. The Gibbs—-Duhem Equation
. Determination of Partial Molal Properties
. Partial Molal Enthalpies and the Differential
Molal Enthalpies of Solution
The Chemical Potential
. The Derivation of the Gibbs Phase Rule
. Auxiliary Thermodynamic Funct:ons
8-8.1 Fugacity
8-8.2 Activity
8-9. Ideal Mixtures
8-10. Vapor-Liquid Equilibrium in an Ideal Solution
8-11. Behavior of Dilute Solutions
8-11.1 The solubility of gases in liquids
8-11.2 Colligative properties
8-12. Nonideal Solutions
8-13. Vapor-Liquid Equilibrium in Nomdeal Solu-
tions
8-14. Regular Solutions
8-15. Solutions of Partially Miscible Liquids
8-16. Vapor Pressure of Immiscible Liquids
8-17. Fractional Distillation

0000 0000 90 00 0o
0PN AR LR

146
153
156

157
157
158
159
163
168
169
172
173

176
178



Chapter 9.

Part I11.

Chapter 10.

8-18. Phase Diagrams of Condensed Systems
8-18.1 Solid-liquid diagrams
8-18.2 Phase diagrams of reacting components

8-18.3 Phase equilibrium in three-component

systems

8-18.4 The distribution of a solute between two

mutually insoluble solvents

8-18.5 Equilibrium between solid and liquid

phases in three-component systems

8-19. Thermodynamics of Surfaces
Problems
References and Recommended Reading

APPLICATION OF THE FIRST AND SECOND
LAW OF THERMODYNAMICS TO CHEMICAL
REACTIONS

9.

1. Introduction

9-2. Equilibrium Constants of Chemical Reactions

9-
9-
9-
9-
9-
9-
9-
9-
9-

9-2.1 Pressure dependence of the equilibrium
constant
9-2.2 Temperature dependence of the equilibrium
constant
. Standard Gibbs Free Energies of Formation
. Relationships Among Equilibrium Constants

ture upon the Yield of a Gaseous Reaction
. Chemical Equilibrium in Heterogeneous Reac-
tions
7. The Third Law of Thermodynamics
8. Some Consequences of the Third Law of Ther-
9.
1

3
4
5. The Effect of Pressure, Inert Gas, and Tempera-
6

modynamics
The Principle of Unattainability of Absolute Zero
0. The Experimental Verification of the Third Law
of Thermodynamics
11. Enthalpy Functions (35— 36)/ T and Gibbs
Free Energy Functions (47— %)/ T

Problems
References and Recommended Reading

QUANTUM MECHANICS

THE PRINCIPLES OF QUANTUM MECHANICS

10-1. Introduction

10-2. The Wave Function

10-3. The Bohr Atom

10-4. Stationary States and the Particle in the Box
10-5. The Color of Conjugated Organic Molecules
Problems

References and Recommended Reading

Contents

235
236
239
242
244
247
247

250
253

255

255
255

256
257
259
261
262

265
266

269
271

272
273

277
283

285
287
287

295
297
307
310
311

e



Contents

Chapter 11.

Chapter 12.

Chapter 13.

Chapter 14.

SOLUTIONS OF THE SCHRODINGER EQUATION

11-1. Introduction :

11-2. The Harmonic Oscillator

11-3. The Rigid Rotor

11-4. Angular Momentum

11-5. The Hydrogen Atom

11-6. Approximate Methods

Appendixes

11-A. Eigenfunctions of the Harmonic Oscillator
11-B. The Ratio of Two Integrals

11-C. Eigenfunctions of the Rigid Rotor
11-D. Angular Momentum

11-E. Eigenfunctions of the Hydrogen Atom
Problems

References and Recommended Reading

ATOMIC STRUCTURE

12-1. Introduction

12-2. The Electron Spin

12-3. Exclusion Principle and Spin
12-4. Atomic Orbitals

Problems

References and Recommended Reading

LIGHT AND SPECTROSCOPY

13-1. The Nature of Light
13-2. Transition Probabilities

13-3. Transition Probabilities and Quantum Theory

13-4. The Maser and the Laser
Problems
References and Recommended Reading

THE SPECTRA OF DIATOMIC MOLECULES

14-1. Experimental Information
14-2. The Molecular Wave Function
14-3. Molecular Symmetry

14-4. Selection Rules and Spectral Intensities in Elec-

tronic Bands

14-5. Intensities in the Infrared and Microwave

Regions
Appendix 14-A
Problems
References and Recommended Reading

312

312
313
320
326
332
346
351
351
354
355
357
359
361
363

364

364
372
378
382
387
388

389

389
396
398
402
405
405

407

407
411
420

422
432

434
435

436



xiv

Chapter 15.

Chapter 18.

Chapter 17.

Chapter 18.

THE CHEMICAL BOND

15-1. Introduction

15-2. The Hydrogen Molecular Ion

15-3. The Hydrogen Molecule

15-4. Diatomic Molecules

15-5. Electronegativity

15-6. Hybridization '

15-7. Unsaturated Molecules

15-8. Conjugated and Aromatic Molecules
Appendixes

15-A. Evaluation of the Integrals I, J, and S, by Use of

Elliptical Coordinates
15-B. Analytic Solutions.of the Hiickel Equation
Problems
References and Recommended Reading

MAGNETIC RESONANCE

16-1. Introduction
16-2. Relaxation Phenomena
16-3. Chemical Shifts
16-4. Spin-Spin Coupling
16-5. Electron-Spin Resonance
Appendix 16-A. Two-Proton Spin System
Problems
References and Recommended Reading

THE SOLID STATE

17-1. Crystal Structures

17-2. Ionic Crystals

17-3. Metals and Semiconductors

17-4. Molecular Crystals

Problems

References and Recommended Reading

SCATTERED RADIATION AND MOLECULAR
GEOMETRY

18-1. Introduction
18-2. Interactions of Radiation and Matter
18-3. Intensity and Amplitude
18-3.1 Addition of amplitudes
18-4. Scattering by Atoms
18-4.1 X-ray scattering by electrons
18-4.2 Coherent scattering of X rays by atoms

18-4.3 Incoherent scattering of X rays by atoms

18-4.4 Electron and neutron scattering

516

516
518
521
530
534
535

536

536
536
539
540
544
546
547
548
550



Contents

Part IV.

Chapter 19.

Part V.

" Chapter 20.

18-5. Scattering Cross Sections
18-6. Diffraction by Molecules
18-6.1 Diffraction by gases
18-6.2 Diffraction by solids
18-7. Molecular Geometry
18-7.1 Experimental geometries and molecular
vibrations
18-7.2 Theoretical geometries
Problems
References and Recommended Reading

STATISTICAL. THERMODYNAMICS
STATISTICAL THERMODYNAMICS ,

19-1. Introduction
19-2. The Distribution Laws
19-3. Negative Absolute Temperatures
19-4. Some More Discussion of the Partition Function
19-5. Thermodynamic Functions in Terms of the Parti-
tion Function
19-6. The Molecular Interpretation of the Basic Laws
of Thermodynamics
19-7. Evaluation of the Partition Function
19-7.1 Translational partition function
19-7.2 Rotational partition function
19-7.3 Vibrational partition function
19-7.4 Electronic partition function
19-7.5 Nuclear partition function
19-8. Statistical Thermodynamics - of Gaseous
Mixtures
19-9. Statistical Interpretation of the Equilibrium
Constant
19-10. Statistical Thermodynamics of an Ideal Crystal
19-11. Ideal Lattice Gas
19-12. Statistical Derivation of the Equation of State
for Nonideal Fluids
19-13. Electron Gas
Problems
References and Recommended Reading

CHEMICAL KINETICS
RATES AND MECHANISMS OF REACTIONS

20-1. Introduction
20-2. Rates of Homogeneous Reactions
20-2.1 Reaction rate
20-2.2 Determination of rate law
20-2.3 Temperature-dependence of rate constant

552
553

560
561

561
565
566
567

569
571

571
574
578
579

583

586
589
589
591
595
600
602

604

606
610
614

615
619
621
624

627
629

629
631
633
634
640



Chapter 21.

20-3. Mechanisms and Elementary Steps
20-3.1 Complex reactions
20-3.2 Rice-Herzfeld chain reactions
20-3.3 Explosions: H; + O; reaction
20-4. Detailed Balancing: Kinetics and Ther-
modynamics
20-5. Activator-initiated Reactions
20-5.1 The yield
20-5.2 Deposition of energy
20-5.3 Mechanisms of photochemical reactions
20-5.4 Mechanisms of radiochemical reactions
20-6. The Measurement of Fast Reaction Rates
20-6.1 Classical methods
20-6.2 Fast mixing methods
20-6.3 Field-jump methods -
20-6.4 Pulse methods
20-6.5 Lifetime methods
20-7. Intermediates
20-7.1 Identification
20-7.2 Detection in reacting systems
20-7.3 Measurement of concentrations
20-7.4 Inferences from indirect methods
20-8. Heterogeneous Reactions
20-8.1 Types of reactions
20-8.2 Mass transfer
20-8.3 Adsorption and desorption
20-8.4 Composition and structure of surfaces
20-8.5 Mechanisms of catalytic surface reactions
Problems
References and Recommended Reading

STATISTICAL THEORIES OF KINETICS

21-1. Introduction
21-2. Collision Theory
21-2.1 Relative motion of two molecules
21-2.2 Reaction cross section
21-2.3 The rate constant
21-2.4 Reactions without activation energy
21-2.5 Reactions in liquids
21-3. Molecular Dynamics: the H + H, Reaction
21-4. Energy Transfer
21-4.1 Unimolecular reactions
21-4.2 Combination reactions
21-5. Activated Complex Theory
21-5.1 Thermodynamic expression for rate
constant
21-5.2  Rate constants from molecular properties
21-5.3 Refinements: the transmission coefficient
and the activity

757

757
758
759
762

766
768
771
780
780
784
785

787
788

792



Contents »

Chapter 22.

Part VI.

Chapter 23.

Chapter 24.

21-6. Unimolecular Reaction Theory
21-6.1 The RRKM model
21-6.2 Evaluation of vibrational partition func-
tions
21-6.3 The RRKM rate constants
21-6.4 Activation energy, fall-off region, and
RRKM theory
Problems
References and Recommended Reading

RESOLUTION OF REACTANT AND PRODUCT
STATES

22-1. Introduction

22-2. Translational States
22-2.1 Directions of reactant and product

momenta ‘
22-2.2 Translational energy and reaction cross
. section

22-3. Internal States of Reactants
22-3.1 Reactions of vibrationally excited species
22-3.2 Intermolecular energy transfer

22-4. Internal States of Products

Problems

References and Recommended Reading

ELECTROCHEMISTRY

INTRODUCTION TO SOLUTIONS OF ELECTRO-
LYTES

23-1. The Colligative Behavior of Electrolytic Solu-
tions

23-2. Ion-Solvent Interactions

23-3. Ion-Ion Interactions

References and Recommended Reading

TRANSPORT AND THERMODYNAMIC
PROPERTIES IN SOLUTIONS OF ELECTROLYTES

24-1. Electrolysis and Faraday’s Law

24-2. Transference Numbers

24-3. Electrolytic Conductance

24-4. Arrhenius Theory and the Equivalent Conduc-
tance

24-5. The Theory of Ionic Interactions

24-6. The Ionic Atmosphere and the Theory of
Conductance

24-7. Wien and Debye-~Falkenhagen Effects

794
795

796
798

804

806
810

812

812
816

816
816
821
823
826

828
829

831

833

833
834
836
840

841
841
849

854
857

863
865



Chapter 25.

Appendixes

Contents

24-8. Temperature Dependence of the Equivalent
Conductance
24-9. Some Applications of Conductance Measure-
ments
24-10. Diffusion in Solutions of Electrolytes
24-11. Chemical Potential and the Standard State in
Solutions of Electrolytes
24-12. Partial Molal Enthalpies of Ions in Solution
24-13. Experimental Determination of Activity
. Coefficients
24-14. Theoretical Calculation of Activity Coeffi-
cients: The Debye~Hiickel Law

24-15. Hydrogen Ion Concentration: The pH, pau, -

and ptH Scales

24-16. The Effect of Interionic Forces on Reaction
Rates

Problems

References and Recommended Reading

GALVANIC CELLS

25-1. Introduction
25-2. Half-Cell Potentials
25-3. Determination of the Standard Electromotive
Force of Cells
25-4. Evaluation of Some Thermodynamic Properties
from Electromotive Force Measurements
25-5. Liquid Junction Potential
25-6. Classification of Half-cells
25-6.1 Metal-metal ion half-cells
25-6.2 Amalgam half-cells
25-6.3 Gas-ion half-cells
25-6.4 Metal-insoluble salt-anion half-cells
25-6.5 Oxidation-reduction half-cells
25-7. Types of Galvanic Cells
25-8. Fuel Cells
25-9. Determination of pay
25-10. Glass Electrode
25-11. Membrane Equilibrium
25-12. Additional Comments on Electrode Processes
Problems
References and Recommended Reading

I. Partial Differentiation and Exact Differentials
II. Derivatives and Integrals

III. Frequently Used Expansions

IV. Complex Numbers

V. The Error Function

867

867
869

870
874

876
879
883

884
888
891

933
936
938
940
942



Contents

VI 'I;}_xe Method of Lagrange Undetermined Multi-
phers

VII. Stirling’s Approximation

VIII. Method of Least Squares

IX. SI Units and Fundamental Constants

Answers to Problems

Index

943
945
946
947
955
963



Part 1

States of Matter



