Gordon M. Barrow

PHYSICAL
CHEMISTRY

Third Edition



PHYSICAL CHEMISTRY

Third Edition

Gordon M. Barrow

McGRAW-HILL BOOK COMPANY
New York

St. Lovis

San Frarncisco
Diisseldorf
Johannesburg
Kuala Lumpur
London
Mexico
Montreal
New Delhi
Panama

Rio de Janeiro
Singapore
Sydney
Toronto



Copyright © 1961, 1966, 1973 by McGraw-Hill, Inc.
All rights reserved. Printed in the United States of
America. No part of this publication may be reproduced,
stored.in a retrieval system, or transmitted, in any form
or by any means, electronic, mechanical, photocopying,
recording, or otherwise, without the prior written permis-
sion of the publisher.

1234567890 HDMM 79876543

4
5

Thi® book was set in News Gothic by York Graphic
Services, Inc.

The editors were William P. Orr and Laura Warner; the
designer was Merrill Haber; and the production supervisor
was Joe Campanelia.- The drawings were done by York
Graphic Services, Inc., and Vantage Art, Inc.

The printer was Halliday Litho Corporation; the binder,
The Maple Press Company.

Library of Congress Cataloging in Publication Data
Barrow, Gordon M

- Physical chemistry..
- Ingludes bibliographies.

"‘l;‘ ‘Chémis’fry, Physical and theoretical.
QD453.2.837 1973 541 72-10320
ISBN 0-07-003823-6

i

A S

_© "PHYSICAL. CHEMISTRY

b



une of the two time-dependent phenomena leading to a textbook revi-
sion, such as this third edition, is the development of the field itself.
Physical chemistry has now clearly outgrown its original limitation to
the study and organization of the macroscopic chemical world. It now
includes, on an equal footing, the study of the atomic and molecular
world. The heart and enduring character of the subject is the bringing
together of these worlds. The student of the subject acquires the con-
viction that, on a broad front, knowledge of these two worlds can be
coupled and that remarkable insights into both worlds result. This was
the view of physical chemistry presented in the first edition of this book,
and it remains the guiding attitude for this edition. It is in the extension
of our knowledge of the molecular world, and thus our increased ability
to develop encounters with the macroscopic world, that updating of the
content has been made.

The second motivation for a revision is the added insight that an
author receives—from students, other teachers, and reviewers, and from
very general experience. On this basis a large part of the second-edition
material has been rewritten and reorganized. While the goals and scope
are not changed, 1 hope that the clarity of presentation has been im-
proved and the unity of the various aspects of the subject will be more
readily appreciated.

I have continued, in this revision, to try to resolve the conflict
between the use of developments that stay close to the physical ap-
proach, and are at all stages understandable on this basis, and the
introduction of concise mathematical treatments that provide elegant
paths to the desired result. As in the second edition, I have attempted
to get the best of both approaches. Thus, where additional mathematical
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formalism appears, it is because I now think the treatment that is carried
out reveals more clearly the physical nature of the relation that is
established.

An easily noticed change throughout the text is the use of SI units.
Although it is hard for a chemist to give up his long-remembered quan-
tities—that R is 1.987 calories per degree mole, for example—the
student will probably find SI units easier to deal with. In any case, the
trend is toward SI units in most branches of science, both in the United
States and abroad. I have, however, been unwilling at this stage to give
up the pressure unit of atmospheres, which serves as the basis of
standard states, or the angstrom, which will likely be used for some time
for the wavelength of light and for scaled molecular models. Also, the
treatment of magnetic properties has not been changed, since conver-
sion to SI units involves more than a unit change and would lead too
" far from current and past chemical practice.

One of my delights in the development of the revision has been the
receipt of detailed and incisive reviews on many parts of the manuscript.
[ particularly would like to acknowledge the very great help that James
W. Richardson of Purdue University has given me, as he did when the
previous edition was being prepared. Iam also greatly indebted to DeWitt
Coffey, Jr., San Diego State College; Benjamin P. Dailey, Columbia
University; A. James Diefenderger, Lehigh University; Eugene Hamori,
University of Delaware; and Alan S. Rodgers, Texas A & M University.
Their efforts have, in many places, put me on the right track, and I am
sure the instructors and students who use this textbook would share
my appreciation if they could recognize their contributions.

GORDON M. BARROW

Carmel Valley
California

xvi
Preface



1-1
1.2
1-3
1-4
1-5

1.7
1-8
1.9
1-10

2-1
2-2
23
24
25
2:6
*2-7

'CONTENTS

PREFACE

1

PROPERTIES OF GASES

The Dependence of the Volume of a Gas on Pressure: Boyle's Law

The Volume-Temperature Behavior of Ideal Gases

The PVT Behavior of Ideal Gases

The Gas Constant: Energy Units

Some Properties of Gas Mixtures

The Nonideal Behavior of Gases v
Condensation of Gases, the Critical Point, and the Law of Corresponding States
The Ideal-gas Thermometer

Graham's Law of Effusion

The Viscosity of Gases

2

THE KINETIC-MOLECULAR THEORY OF GASES

The Kinetic-Molecular Gas Model

The Pressure of a Gas

Kinetic Energies and Temperature

Numerical Values for Molecular Energies and Molecular Speeds
Distribution of Molecular Velocities in One Dimension
Distribution of Molecular Velocities in Three Dimensions
Effusion and Molecular Beams

*Sections preceded by an asterisk may be omitted without loss of continuity.

XV

26

26
27

32

37
41



2-8 The Mean Free Path, Collision Diameter, and Collision Number
2-9 The Kinetic Theory of Gas Viscosity

2-10 Numerical Values of Collision Properties

2-11 Theory of Nonideal Behavior—van der Waals' Equation

2-12 Van der Waals’ Equation and the Critical Point

2-13 Van der Waals' Equation and the Law of Corresponding States

3

INTRODUCTION TO THE MECHANICS OF ATOMS AND MOLECULES

31 The Nature of Light

3-2° Atomic Spectra

3-3 The Wave Nature of Particles

3-4 Wave Mechanics and the Schrodinger Equation

3-5 A One-dimensional lliustration of the Schrédinger Equation: A Particle in a
One-dimensional Square Potential Well

35 A Three-dimensional lllustration of the Schrodinger Equation: The Cubic
Potential-well Problem

* 7 The Use of Angular Momentum to Impose Quantum Restrictions

4

AN INTRODUCTION TO MOLECULAR ENERGIES

4-1 Categories of Thermal Energies of Molecules of Gases

4.2 The Translational Energies of a Molecule of an Ideal Gas
4-3 The Allowed Rotational Energies of a Molecule of a Gas

4-4 The Vibrational Energies of Gas-phase Molecules

4.5 Summary and a Comment on Electronic States of Molecules

5

THE ENERGIES OF COLLECTIONS OF MOLECULES: THE MOLECULAR APPROACH

5-1 The Boltzmann Distribution
*5.2 Derivation of the Boltzmann Distribution Expression
*5.3 The Thermal Energy due to the Translational Motion of the Molecules »f a Gas
and the Deduction That 8 = 1/&kT
5-4 The Partition Function
5-5 The Three-dimensional Translational Energy of a Mole of Gas
5-6 The Thermal Energy due to the Rotational Motion of the Molecules of a Gas
5-7 The Thermal Energy due to the Vibrational Motion of Molecules
5-8 Thermal Energies

6

THE FIRST LAW OF THERMODYNAMICS

6-1 The Nature of Thermodynamics
6-2 Measurement and Relation of Thermal and Mechanical Energy

*Sections preceded by an asterisk may be omitted without loss of continuity.

vi

42
45

50
53
55

61
63
66
69

71

75
77

83

83
86
87
89
92

94
96

99
101
103
105
106
109

112

112
113



6-3
6-4
6-5
66
67
68

6-9

6-10
6-11
6-12
6-13

7-1
7-2
7-3
7-4
7-5
7-6
7-7
7-8
7-9
7-10

81
82
8-3
84
8-5
8-6
8-7

9-1
9-2
9-3
94
9-5
9-6

The First Law of Thermodynamics

Determination of AE: Reversible and Irreversible Processes

AE  .enres fOr Expansions and Contractions of the System

The Enthalpy Function

Some Properties of State Functions

The Expansion of an Ideal Gas: The Dependence of Internal Energy and
Enthalpy of an Ideal Gas on Pressure

The Dependence of E and H on Temperature: The Heat Capacities C, and C, of

Ideal Gases

The Expansion of Real Gases: The Joule-Thomson Coefficient
Adiabatic Expansions of Ideal Gases

A Molecular Interpretation of E and H of Ideal Gases
Molecular Interpretation of C, and C,

7

THERMOCHEMISTRY

Measurements of Heats of Reaction

Internal-energy and Enthalpy Changes in Chemical Reactions
Relation between AE and AH

Thermochemical Equations

Indirect Determination of Heats of Reaction

Standard Heats of Formation

Standard Heats of Formation of lons in Aqueous Solutions
Temperature Dependence of Heats of Reaction

Heats of Reaction and the Molecular Model

Bond Enthalpies and Bond Energies

8

ENTROPY AND THE SECOND AND THIRD LAWS OF THERMODYNAMICS

General Statements of the Second Law of Thermodynamics

Entropy and Another Statement of the Second Law of Thermodynamics
The Carnot Cycle

The Efficiency of the Transformation of Heat into Work

Entropy Is a State Function

The Unattainability of Absolute Zero

Entropy and the Third Law of Thermodynamics

9

FREE ENERGY AND CHEMICAL EQUILIBRIA

A Convenient Measure of the Driving Force of a Reaction: The Free Energy
Some Free-energy Calculations

Standard Free Energies

The Dependence of Free Energy on Pressure and Temperature

The Pressure Dependence of the Free Energy of Nonideal Gases: The Fugacity
The Standard State for Nonideal Gases: The Activity and Activity Coefficient

vii -

115
118
119
122
124

127

129
130
132
134
136

143

143
145
146
147
148
149
151
153
157
159

166

167
168
174
178
179
181
184

190

190
193
196
197
198
203



*9-7 The Dependence of Entropy, Enthalpy, and Heat Capacity on Pressure

9-8
99

9-10 Temperature Dependence of the Free Energy of a Reaction and the Equilibrium

10-1
10-2
10-3
10-4
10-5
10-6

11-1
11-2
11-3
11-4

11-5
11-6

11-7
11-8
119
11-10
11-11
11-12

12-1
12-2
12-3
124
12.5
12-6
12-7
12-8
12-9

Quantitative Relation of AG and the Equilibrium Constant
Equilibrium Constants for Systems of Real Gases

Constant

10

ENTROPY, FREE ENERGY, AND CHEMICAL EQUILIBRIA: THE
MOLECULAR APPROACH

The Molecular Interpretation of Entropy

The Translational Entropy of an Ideal Gas

The Rotational Entropy of the Molecules of an Ideal Gas
The Vibrational Entropy of the Molecules of an Ideal Gas
The Molecular Interpretation of Free Energy and Equilibria
Molecular Interpretation of the Third Law

11

INTRODUCTION TO THE THEORY OF CHEMICAL BONDING

The Solution of the Schrédinger Equation for the Hydrogen Atom
The Hydrogen-atom Wave Functions
Experimental Characterization of Atomic States

The Basis for Descriptions of Many-electron Atoms: Central Forces, Electron

Orbitals, and the Pauli Exclusion Principle
Electron Configurations and the Periodic Table

Size and Energy of Atomic Orbitals and Atoms: Approximate Methods, Self-

consistent Field Resuits

The Beginnings of Bonding Theory

The lonic Bond

Introduction to the Covalent Bond

The ‘Hydrogen-molecule lon

The Hydrogen Molecule: The Electron-pair Bond
The Nature of Chemical Bonds: The Virial Theorem

12

THE NATURE OF THE BONDING IN CHEMICAL COMPOUNDS

Bonding in Homonuclear Diatomic Molecules

Heteronuclear Bonds and the lonic Character of Bonds
Electronegativities

The Valence Bond: Hybridization

7 Bonding

Resonance in Conjugated Systems: The Valence-bond Description

The Molecular Orbital Approach to Aromatic and Conjugated Molecules
Bonding with d Orbitals

Bonding in Coordination Compounds

*Sections preceded by an asterisk may be omitted without loss of continuity.

viii

205
206
210

211

219

219
222
224
227
228
235

238

239
242
248

251
254

255
262
263
265
267
270
272

277

277
281
285
288
293
296
299
301



13-1
13-2
133
13-4
13-5
136
13.7
13-8
139
13-10

141
14-2
14-3
*14.4
14-5
14-6
147
148
14-9
14-10
14-11
14-12
14-13
14-14
14-15

151
15-2
15-3
15-4
15-5
15-6
15-7
158
159

13 ‘
EXPERIMENTAL STUDY OF MOLECULAR STRUCTURE: SPECTROSCOPIC METHODS

Rotational Spectra

Vibrational Spectra

Rotation-Vibration Spectra

Raman Spectroscopy

Electronic Spectra

Electronic Energies of Polyatomic Molecules

The Energy Levels of Nuclei in Magnetic Fields
nmr Spectroscopy

Chemical Shifts and Nuclear Magnetic Interactions
Electron-spin-resonance Spectroscopy

14

EXPERIMENTAL STUDIES OF MOLECULAR STRUCTURE: DIFFRACTIGN METHODS

The Interference Phenomenon

The Wave Nature and Scattering of a Beam of Electrons
The Wierl Equation

The Radial-distribution Method

Covalent Radii

Crystal Shapes

Symmetry Elements and Symmetry Operations

Lattices and Unit Cells

Crystal Planes

X-rays and X-ray Diffraction

The Determination of the Lattice Type and Unit-cell Dimensions
The Structure Factor

The Fourier Synthesis

lonic Radii

Van der Waals Radii

15

EXPERIMENTAL STUDIES OF THE ELECTRICAL AND MAGNETIC PROPERTIES
OF MOLECULES

Dipole Moments of Molecules

Some Basic Electrostatic Ideas

Electrostatics for Dielectric Media

The Molecular Basis for Dielectric Behavior

Determination of the Dipole Moment and the Molecular Polarizability
Dipole Moments and lonic Character

Bond Moments

Determination of Magnetic Molecular Properties

Molecular Interpretation of Diamagnetism

15-10 Molecular Interpretation of Paramagnetism

*Sections preceded by an asterisk may be omitted without loss of continuity.

309
310
316
321
325
326
329
332
335
336
341

347

352
354
359
361
364
364
368
370
372
375
377

384
386

391
393
395
397
401
403
406
408
411
412



i

15-11
15-12

161
16-2
16-3
16-4
16-5
166
16-7
16-8
16-9
16-10
16-11
16-12

17-1
17-2
17-3
17-4
*17-5
17-6
17-7
17-8
17-9
17-10
17-11
17-12

Magnetic Results for Molecules
Magnetic Results for Coordination Compounds

16

THE NATURE OF CHEMICAL REACTIONS: RATES AND MECHANISM

Measurement of the Rates of Chemical Reactions

Introduction to Rate Equations

The Fitting of Rate Data to First- and Second order Rate Equations
Enzyme Kinetics

Introduction to Elementary Processes in the Gas Phase

The Rate of Gas-phase Collisions between Molecules of Different Types
Nature, Lifetime, and Reactions of Gas-phase Free-radical Intermediates
Elementary Reactions in Liquid Solution: Diffusion-controlled Reactions
Lifetime of Liquid-phase Intermediates: The Cage Effect

lonic Intermediates in Liquid-phase Reactions

Reaction Mechanisms and Rate Laws: The Stationary-state Method

A Mechanism for Enzyme-catalyzed Reactions

17
THE NATURE OF ELEMENTARY REACTIONS

Temperature Dependence of the Rates of Chemical Reactions
Introduction to Theories of Elementary-reaction Processes

The Collision Theory

The Transition-state Theory

Comparison of the Results of the Collision and the Transition-state Theories
Application of the Transition-state Theory to Reactions in Solution
The Entropy of Activation '
Light Absorption

The Primary Process

Secondary Processes

Some Photochemical Reactions

Fiash Photolysis

17-13 Mass-spectroscopic Results

17-14

18-1
18-2
18-3
18-4
185

High-energy Radiation

18
CRYSTALS

Crystal Forces and Crystal Types

Cohesive Energy of lonic Crystals: Thermodynamic Determination
Calculation of the Crystal Energies of Ionic Crystals

The Heat Capacity of Crystals

An Introduction to the Study of Metallic Crystals

*Sections preceded by an asterisk may be omitted without loss of continuity.

415
416

419
421

424
432
435
436
439

442
443
446
450

456

457
460
462
467
471
472
473
475
477
478

482
483

490

490
494
495



19-1
19-2

19-3
19-4
19-5
19-6
197
198

20-1
20-2

20-3
20-4
20-5
20-6
20-7
20-8
209
20-10
20-11
20-12
20-13
20-14
20-15
20-16
20-17
20-18

21-1
21-2
213
214
21-5
21-6

21-.7

21-8

19
LIQUIDS

The Heat of Vaporization and Intermolecular Forces

Entropy of Vaporization, Trouton’s Rule, and Free-volume Theories of the
Liquid State

The Heat Capacity of Liquids

Surface Tension

Surface Tension and Vapor Pressure of Small Droplets

Structure of Liquids.

The Viscosity of Liquids

Theory of Viscosity

20

PHASE EQUILIBRIA

Pressure-Temperature Diagrams for One-component Systems

Qualitative Thermodynamic Interpretation of Phase Equilibria of One-component

Systems

Quantitative Treatment of Phase Equilibria: The Clausius-Clapeyron Equation
The Number of Phases

The Number of Components

The Number of Degrees of Freedom

The Phase Rule for One-component Systems

The Phase Rule

Two-component Liquid Systems

Two-component Solid-Liquid Systems: Formation of a Eutectic Mixture
Two-component Solid-Liquid Systems: Compound Formation
Two-component Solid-Liquid System: Miscible Solids

Three-component Systems

Liquid-Vapor Equilibria of Solutions

Vapor-pressure Diagrams Showing Liquid and Vapor Compositions
Boiling-point-composition Diagrams

Distillation

Distillation of Immiscible Liquids

THE THERMODYNAMIC TREATMENT OF MULTICOMPONENT SYSTEMS

Introduction to Solutions: The Thermodynamics of ideal Solutions
Thermodynamic Properties of Real Solutions

Properties of the Components of Real Solutions: Partial Mofal Quantities
The Free Energies of the Components of a Solution: Solvents

The Free Energies of the Components of a Solution: Solutes

Solute Activities from Solvent Properties: An Application of the Gibbs-Duhem
Equation

The Dependence of the Free Energy of the Solvent of an Ideal Solution on
Temperature, Pressure, and Composition

Vapor-pressure Lowering

512
512

519
524
526
529
531
532
536

539
539

546
549
549
551
552
552
554
557
560
562
562
566
569
571
572
575

580
584
587
591

597

599
601



219

21-10
21-11
21-12

22.1
222
223
224
225
226
227
228
229
2210
2211
2212
*22.13
2214

231
23-2
233
234
23-5
236
23.7
238
23.9
23-10
23-11
23.12
23-13
23-14
23-15
2316
23.17
2318

The Boiling-point Elevation

The Freezing-point Depression

Osmotic Pressure

Osmotic-pressure Determination of Molecular Masses

22

THE NATURE OF ELECTROLYTES IN SOLUTION

Electrical Conductivity of Solutions

Equivalent Conductance

The Arrhenius Theory of Dissociations

Colligative Properties of Aqueous Solutions of Electrolytes
Dissociation Equilibria

Electrolysis and the Electrode Process

Transference Numbers

lonic Conductances

lonic Mobilities

Some Applications of Conductance Measurements

The Role of the Solvent: Dielectric Effect

The Role of the Solvent: Solvation Energies of lons

The Debye-Hiickel Theory of Interionic Interactions
Interpretation of the Strong Electrolyte Conductance Results

23

THE ELECTROMOTIVE FORCE OF CHEMICAL CELLS AND THERMODYNAMICS OF
ELECTROLYTES

Types of tlectrodes

Electrochemical Cells, Emfs, and Cell reactions

Free-energy Changes for Cell Reactions

Standard Emfs and Electrode Potentials

The Concentration and Activity Dependence of the Emf
Activities from Emf Measurements

The Debye-Hiickel Theory of lonic Activity Coefficients
Equilibrium Constants and Solubility Products from Emf Data
Electrode-concentration Cells

Electrolyte-concentration Cells

Electrolyte-concentration Cells with Liquid Junction

The Salt Bridge

The Glass Electrode

pH Definition and Measurement

Activity Coefficients from the Dissociation of a Weak Electrolyte
Activity Coefficients from Solubility Measurements

Activity Coefficients in More Concentrated Solutions
Thermodynamic Data from Emf Measurements

23-19 The Effect of Electrostatic Interactions on Reaction Rates

*Sections preceded by an asterisk may be omitted without loss of continuity.

602
605

612

617

618
620
623
625
627
629
630
635

639
642

647
652

697



24
ADSORPTION AND HETEROGENEOUS CATALYSIS

24-1 Liquid Films on Liquids

24-2 Classifications of Adsorptions of Gases on Solids
24-3 Heat of Adsorption

24-4 The Adsorption Isotherm

24-5 The Langmuir Adsorption Isotherm

24-6 Determination of Surface Areas

24-7 Adsorption from Solution

24-8 The Nature of the Adsorbed State

24-9 Importance of the Preparation of the Surface
24-10 Some Experimental Methods and Results
24-11 Kinetics of Heterogeneous Decompositions

25
MACROMOLECULES

25-1 Types and Sizes of Particles

25-2 Synthetic Polymers

25-3 Proteins

25-4 Nucleic Acids

25-5 The Polysaccharides

25-6 The Polyisoprenes

25-7 Molecular Masses of Polymers

25-8 Osmotic-pressure Determinations of Molecular Masses
25-9 Diffusion

25-10 Sedimentation and the Ultracentrifuge

25-11 Viscosity
*25-12 Light Scattering

25-13 Electrokinetic Effects

25-14 The Donnan Membrane Equilibrium and Dialysis
25-15 The Structure of Proteins

25-16 The Structure of Nucleic Acids

25-17 Crystallinity of High Polymers

25-18 Electron Microscopy

Appendix 1 Evaluation of Integrals of the Type J; “xme-922 dx

Appendix 2 Stirling’s Approximation

Appendix 3 The Method of Lagrange Multipliers

Appendix 4 Replacing a Sum by an Integral

Appendix 5 Thermodynamic Properties of Substances at 1 Atm
Pressure and 25°C in the Physical State Indicated

Appendix 6 Thermodynamic Properties of Substances in Aqueous
Solution at Unit Activity and 25°C

Appendix 7 SI Units

INDEX

xiii

703

704
708
709
710
711
714
716
716
719
720
721

727

728
730
732
736
737
739
740
741
741
744
747
749
755
759
761
767
769
771

774
775
776
778
779

783
785

789



1

PROPERTIES OF GASES

The study of the nature of gases provides an ideal introduction to
physical chemistry. This study, undertaken in the first two chapters,
has three clearly recognizable aspects. One is the organization of the
experimental results that are obtained from studies of the world around
us, the macroscopic world, into general statements, or laws. Second
is the development of a molecular model, i.e., a study of the micro-
scopic, or molecular, world. Finally, these aspects are brought together
to give a molecular-level interpretation of the observed macroscopic
phenomena. '

A considerable appreciation of the world of molecules can be ob-
tained from the second and third steps, and this comes about without
recourse to the more elaborate, and more powerful, theories and experi-
ments that will be encountered later in this text. The deduction of some
of the innermost details of the molecular world from the simple experi-
mental results of Chap. 1 and the equally simple theory of Chap. 2
should be appreciated as an elegant accomplishment of science.

Seldom are the experimental and theoretical aspects of a study so
neatly separated as they are here. A clear illustration is provided of
how these two aspects of scientific study go hand in hand to lead to
a more profound interpretation of our physical world. The division of
the subject into its empirical and theoretical aspects, it must be ad-
mitted, ignores the historical sequence of events. However, most of
the results reported in this chapter predate the theoretical deductions
of the following chapter. For reference one can recall that the molecular
view of matter was born with the nineteenth century and became quite
mature and respectable by the end of that century. The earlier dates

1



BENT GLASS
" TUBE
n
AIR L
SAMPLE -
L T
|
.
L
-
MERCURY

attached to some of the empirical studies should emphasize the fact
that these studies were indeed purely empirical and were not appreciably
guided by any existing theory.

1-1 The Dependence of the Volume of a Gas on Pressure:
Boyle's Law

As early as the year 1660 Robert Boyle performed a series of experi-
ments in which he determined the effect of pressure on the volume
of a given amount of air with the apparatus illustrated in Fig. 1-1. A
little mercury was added through the open end of the tube to seal off
a quantity of air in the closed end. The volume of the enclosed air,
for various amounts of mercury added through the open end, could
then be measured. Table 1-1 shows some of the results that Boyle
obtained.

Qualitatively, it is immediately obvious that, as the pressure on the
air increases, the volume of the air decreases. Such data prompt one

TABLE 1.1 Data of Boyle on the pressure-volume relation for air

L

(arbitrary Ly, Ly, + 29

units) (inches) (inches) (Lyg + )L,
12 0 292 349

10 653 355 353

8 154 443 353

6 293 5843 353

4 582 874 349

3 88+ 117 353

2
Properties of Gases

FIGURE 1-1

Apparatus for the
measurement of the
relation between the
pressure and the volume of
a sample of air.



to go further and see if there is a simple quantitative relation between
the pressure P and the volume V. One tries the relation

1 _ const _
Vx vl or V= 5 or PV = const RY]

The data are easily compared with the final form of this relation, and
included in Table 1-1 is the calculated product of the effective length
of the column of mercury and the length of the air column. (The units
used are not pertinent since it is only the constancy of the result that
is of interest.) Within experimental error a constant value is obtained,
and so Boyle was able to conclude that the volume of air varies inversely
as the pressure. Later experiments showed that this relation required
the temperature to be maintained constant and, furthermore, that many
gases, as well as air, conformed quite closely to this behavior. Boyle's
law can now be written as follows: The volume of a given quantity
of a gas varies inversely as the pressure, the temperature remaining
constant.

Processes which are performed at constant temperature are said
to be isothermal. The pressure-volume data obtained at constant tem-
perature in demonstrating Boyle's law are frequently exhibited on a plot
of P versus V. The hyperbolic curve obtained, as in Fig. 1-2, at any
given temperature, is an example of what is called an isotherm.

According to Boyle’'s law, the pressure and volume of a given
amount ot gas, at a fixed temperature, vary so that the product PV
always has the same value. Sometimes one deals with an isothermal
process which takes the gas from the initial values P, and V, to some
new values P, and V,. Since the product of P and V is constant, one
can write a frequently convenient form of Boyle's law as

PV, =Y, | [2]

\
|
\ \ |
10 ‘\ :
\
\ \
6 \,
} N HIGH TEMPERATURE
N AN
N LOW TEMPERATURE )\\
2 b
— ‘J_ \JF— ]

0 2 4 10 12 14
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=
‘\
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1-1  The Dependence of
the Volume of a Gas on
Pressure: Boyle's Law

FIGURE 1-2
Isotherms for a gas obeying
Boyle’s law.



