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Physical Constants

Avogadro’s number N, = 6.022045 x 10" mol '
Bohr radius a, = 0.5291771 A = 5.291771 x 10 ""'m
Boltzmann constant k = 1.38066 x 10 ®JK'
Coulomb’s law constant o = 11126501 x 10 "C*N 'm *
Electron charge e = 1.602189 x 10 " C
Electron mass m, = 9.10953 x 10 kg
Faraday's constant F = 96,485 C mol '
Gas constant R =8.3144)mol 'K '

= 0.082057 L atm mol 'K’
Gravitational acceleration g =9.80665ms °
Ideal gas molar volume at STP V4, = 22.4138 L mol '
Neutron mass m, = 1.674954 x 10 kg
Planck’s constant h = 6.62618 x 10 *]s
Proton mass m, = 1.672648 x 10 7 kg
Rydberg constant R = 1.09737318 x 10'm

Speed of light (in vacuum) ¢ = 29979246 x 10°ms™"

Conversion Factors

1 electron volt (eV) = 1.602189 x 10 ]

1 calorie = 4.184 ]

1u = 1.660566 x 10 kg = 931.502 MeV
1Latm = 101.325]




Preface

Modern University Chemistry is intended for a first-year course for students who
have had introductory high school courses in the physical sciences and enough
mathematics to be taking calculus concurrently. I envision this textbook as be-
ing useful in courses taken by science and engineering students as well as for
students in other areas who desire a strong background in chemistry.

The distinguishing feature of this book is its emphasis on chemistry as a
quantitative experimental science. My approach is to present the experimental
facts, the quantitative models based on these facts, and the more general theo-
ries that serve to unify the subject. In a textbook that stresses the quantitative
aspects of a subject, it is easy, but undesirable, to reach beyond its confines
and introduce relationships whose validity cannot be demonstrated. I have
avoided this practice by either deriving all quantitative relationships or at least
discussing their origin. The level of the mathematics used is dictated by the na-
ture of each topic. Calculus, for example, is used in the chapters on thermody-
namics because this makes it possible to derive all the important quantitative
relationships.

There is no single generally accepted organizational scheme for a general
chemistry text. Some instructors prefer to cover macroscopic phenomena be-
fore turning to the underlying microscopic behavior, while others prefer the
opposite approach; some instructors prefer to integrate descriptive chemistry
as fully as possible, while others prefer to treat it separately. In certain cases,
the need to permit students to move between different general chemistry
courses determines the sequence of topjcs; in others, the coordination between
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Preface

laboratory and lecture topics is of importance. I have written this textbook in a
way that lends itself to diverse topical sequences and have, in fact, used the
material in various sequences in my own course.

The basic scheme I follow is to develop macroscopic and microscopic
chemistry in parallel. Thus, the first three chapters are introductory and exam-
ine the structure of matter, stoichiometry, and properties of gases. Chapter 4
describes the molecular basis of gas behavior and leads to a detailed consider-
ation of atomic structure and chemical periodicity in the next two chapters.
Chapters 7 through 9 deal with various aspects of chemical equilibrium; in the
following four chapters, thermodynamics and its applications to phase equi-
libria, solutions, and electrochemistry are considered. After a discussion of
chemical kinetics in Chapter 14, I return to microscopic chemistry: Chapters 15
through 18 describe chemical bonding, molecular structure, and intermolecular
interactions. The separation of the chapters on bonding from those on atomic
structure makes it necessary for the student, when studying chemical bonding,
to review the introduction to quantum mechanics presented in the chapters on
atomic structure. I believe that a second exposure to these abstract concepts is
highly beneficial. The textbook continues with an examination of the represen-
tative elements, the solid state, and transition metals (Chapters 19 through 21),
and concludes with organic and biochemistry and nuclear chemistry (Chapters
22 and 23). The five appendices present units and conversion factors, a review
of the mathematics used, and numerical data tables. Chapter 1 includes an ap-
pendix on significant figures in numerical problems.

The book is readily adaptable to diverse sequences of topics. Instructors
who wish to cover macroscopic chemistry before microscopic chemistry can de-
fer Chapters 5 and 6 until after Chapter 14. On the other hand, those who wish
to present microscopic chemistry first can cover Chapters 15 through 17 after
Chapter 6. Descriptive chemistry is incorporated throughout the chapters.
However, the acid-base chemistry and redox chemistry of the representative
elements are treated separately in Chapter 19. This material can be integrated
more fully by covering the sections on acid-base chemistry immediately after
Chapter 8, which describes acid-base equilibria, and by covering the sections
on redox chemistry after Chapter 13 (electrochemistry).

The design and organization of this textbook enhances the student's
study and retention of the subject. Numbered sections and lettered subsections
signal individual topics. Important terms are printed in boldface when first in-
troduced and defined. Every chapter includes examples illustrating the applica-
tion of the pertinent chemical principles. Students should be encouraged to
work these examples, since mastering the art of problem-solving is an impor-
tant aspect of chemistry. Each chapter concludes with many problems of vary-
ing difficulty. Wherever appropriate, problems that require the use of calculus
are included, marked by an asterisk (*). Answers to most numerical problems
are given at the back of the book. A complete solutions manual is available to
instructors.

I have generally used SI units throughout this book. I have not been
overly rigid about this, however, and have used several non-SI units because
of their convenience or their wide use in the scientific literature. These include
the standard atmosphere and the torr (mm Hg) as units of pressure, the
angstrom as a unit of length in atoms and molecules, and the electron volt as a
unit of energy of single particles. I have taken a conservative approach to the
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Preface Vii

current controversy over the periodic table group numbers and have used the
conventional American designations. However, both the old and the new IU-
PAC conventions are mentioned briefly. I have generally avoided the IUPAC
provisional names and symbols for newly discovered elements; instead, I refer
to these elements by their atomic numbers.

This textbook developed from my involvement during the past decade
with the Honors General Chemistry course at Purdue University. My under-
standing of the subject has been clarified and sharpened as a result of my inter-
action with the outstanding students in this course. It is my pleasure to ac-
knowledge their contributions. Special thanks are due to the class of 1985-86,
which used a draft version of this book and made numerous suggestions for its
improvement.

In writing this book, I have profited from numerous discussions with my
colleagues at Purdue University. I particularly thank George Bodner, Robert
Grimley, John Grutzner, Jurgen Honig, David McMillin, and William
Robinson. 1 am very appreciative of the detailed comments on the manuscript
by the following reviewers: Ruth H. Aranow (Johns Hopkins University),
Mario E. Baur (University of California at Los Angeles), ]. Aaron Bertrand
(Georgia Institute of Technology), Luther K. Brice Jr. (Virginia Polytechnic In-
stitute), Alan Campion (University of Texas), Leigh B. Clark (University of
California, San Diego), Richard F. Fenske (University of Wisconsin), Robert E.
Frost (State University of New York at Albany), Patrick L. Jones (The Ohio
State University), Darl H. McDaniel (Univeristy of Cincinnati), Clyde Metz
(College of Charleston), Peter B. Moore (Yale University), Norman H.
Nachtrieb (University of Chicago), Richard P. Schmitt (Texas A & M Univer-
sity), Peter E. Siska (University of Pittsburgh), Richard M. Stratt (Brown Uni-
versity), Bradford Wayland (University of Pennsylvania), D. T. Zajicek (Univer-
sity of Massachusetts), J. J. Zuckerman (University of Oklahoma), and Steven
S. Zumdahl (University of Illinois). Clyde Metz also independently worked out
all the examples and end-of-chapter problems.

I am grateful to all the people at Academic Press and Harcourt Brace Jo-
vanovich who worked on this book, particularly to my acquisitions editors, Jeff
Holtmeier and Don Schumacher, who supported and encouraged me through-
out. I am grateful to Mary Castellion, who did an excellent job as developmen-
tal editor. I also wish to thank Gail Shively for ably and cheerfully typing the
manuscript in its several drafts.

Part of this book was written while I was the recipient of a Senior U.S.
Scientist Award from the Alexander Von Humboldt Foundation at Philipps
University, Marburg, Federal Republic of Germany. I wish to thank the Hum-
boldt Foundation for its support and the staff of the Kernchemie, Marburg, for
their hospitality.

Finally, I am grateful to my family for their constant support and encour-
agement during the years I devoted to this book. My wife Miriam helped me
with numerous questions of English usage as well as with the proofreading.
My son Jim read portions of the text, providing me with numerous helpful
suggestions from his perspective as an undergraduate chemistry major.

Norbert T. Porile
West Lafayette



Chapter Titles

W 0 N O & W N

(WY
o

-
[

12
13
14

15
16
17
18
19
20
21

22
23

The Basic Constituents of Matter 1

Chemical Reactions 33

Properties of Gases 65

Molecular Basis of Gas Properties 91

The Quantized Atom 123

Multielectron Atoms and the Periodic Table 175
Chemical Equilibrium 221

Acids and Bases 249

lonic Equilibria 298

Energy in Chemical Processes—The First Law of Thermody-
namics 331

Spontaneity in Chemical Processes—The Second Law of
Thermodynamics 370

Phase Equilibria 410
Electrochemistry 456

Kinetics—The Rates and Mechanisms of Chemical Reac-
tions 499

Lewis Structures and Chemical Bonding 552
Theories of Chemical Bonding 588

Molecular Structure and Chemical Bonding 628
Intermolecular Interactions 658

The Representative Elements 693

Structure and Bonding in Solids 738

The Transition Elements and Their Coordination Com-
pounds 785

The Chemistry of Carbon 828
Nuclear Chemistry 876

Appendices 918
Answers to Selected Problems 950
Index 954

viii

N -



Contents

1 The Basic Constituents of Matter 1
Atoms and Elements

il
G ND =

The Elements 2

Atoms 3

The Structure of the Atom 4
Atomic Masses 7

a. The Atomic Mass Scale 7

b. Atomic Weights of the Elements 8
¢. Mass and Weight; Density 9

Molecules, lons, and Compounds

1.5

—t
NN

1.8
1.9

Molecular Compounds 11

a. Molecules 11

b. Compounds and Mixtures 13

Determination of Atomic and Molecular Weights
Ionic Compounds 16

a. Ions 16

b. Nomenclature 17

The Mole and Avogadro’s Number 20
Conversion between Mass and Moles 21

Conclusion 25

14




X Contents

Appendix: Experimental Uncertainties and Significant Figures

1A.1 Uncertainties in Experimentally Determined Quantities 25
1A.2  Propagation of Errors and Significant Figures 27
1A.3 Significant Figures in Numerical Problems 28

2 Chemical Reactions 33
Chemical Equations and Stoichiometry

2.1

2.2

2.3

2.4
2.5

Chemical Equations and the Conservation of Mass 33

a. The Conservation of Mass in Chemical Reactions 33

b. Balanced Chemical Equations 35

Stoichiometry of Chemical Reactions 35

a. The Meaning of Chemical Equations and Stoichiometric
Calculations 35

b. The Limiting Reagent and Incomplete Reactions 38

Chemical Reactions in Aqueous Solution and the Conservation

of Charge 40

a. lons in Solution 40

b. Molarity of Solutions 42

¢.  The Conservation of Charge and Net Ionic Equations 45

Conservation of Energy in Chemical Reactions 47

A Classification of Chemical Reactions 48

a. Decomposition Reactions 48

b. Combination Reactions 48

c. Displacement Reactions 49

d. Double Displacement Reactions 49

Oxidation-Reduction Reactions

2.6
2.7
2.8

2.9
2.10

Oxidation and Reduction 51
Oxidation States 53

Balancing Redox Equations 55

a. The Half-Reaction Method 55

b.  The Oxidation Number Method 58
Disproportionation 59

Redox Titrations and Stoichiometry 60

Conclusion 62

3 Properties of Gases 65

The |deal Gas

3.1 Avogadro’s Law and Gas Stoichiometry 66

3.2 Pressure of a Gas 68

3.3 The Gas Laws 70
a. Dependence of Volume on Pressure 70
b. Dependence of Volume on Temperature 72
¢. The Combined Gas Law 73

3.4 The Ideal Gas Equation of State 74

3.5 Dalton’s Law of Partial Pressures 77



The Atmosphere

3.6 Properties of the Atmosphere 82
3.7 The Special Role of Ozone 85
3.8 Air Pollution 86

a. Photochemical Smog 86

b. Acid Rain 87

c. The Greenhouse Effect 87

Conclusion 88

Molecular Basis of Gas Properties 91
The Kinetic Theory of Gases

4.1 Assumptions of the Kinetic Theory 92
4.2 Predictions of the Kinetic Theory = 94
a. Derivation of Boyle's Law 94
b. Temperature and Kinetic Energy of Motion 98
4.3 Molecular Speeds 99
4.4 Effusion and Diffusion of Gases 101
4.5 Molecular Collisions 103
4.6 Distribution of Molecular Speeds 106

Real Gases

4.7 Departures from Ideal Gas Behavior 110
4.8 The Critical Point and Condensation 113
a. The Shape of P-V Isotherms 113
b. The Law of Corresponding States 115
4.9 The van der Waals Equation of State 117

Conclusion 121

The Quantized Atom 123
The Wave-Particle Duality

3.1 The Structure of the Atom 124
a. The Charge/Mass Ratio of the Electron 124
b. The Charge of the Electron 125
¢.  The Scattering of Alpha Particles by Atoms 127
5.2 Wave Properties of Light 129
5.3 The Electromagnetic Spectrum 133
5.4 Corpuscular Properties of Electromagnetic Radiation
a. Black-Body Radiation 135
b. The Photoelectric Effect 137
¢. The Compton Effect 140
5.5 Atomic Spectra 141
a. Line Spectra of Atoms 141
b.  The Spectrum of Atomic Hydrogen 143
Wave Properties of Matter 148
The Uncertainty Principle 150

oo
N O

Contents  Ni

135



Rii  Contents

Quantum Mechanics of the Hydrogen Atom

5.8 The Schrodinger Wave Equation 153
5.9 The Particle in a Box 154
5.10 The Wave Equation for the Hydrogen Atom 161
5.11 The Quantum Numbers 163
5.12  Solutions of the Wave Equation 165
a. The Radial Functions 165
b. The Angular Functions 169

Conclusion 171

6 Multielectron Atoms and the Periodic Table 175
The Electronic Structure of Atoms

6.1 Historical Development of the Periodic Table 175
a. Some Early Classification Schemes 175
b. The Periodic Table of Mendeleev 177
6.2 Quantum Mechanics of Multielectron Atoms 179
a. Splitting of the Energy Levels 179
b. Factors Determining Orbital Filling 182
6.3 Electronic Configuration of the Elements 184
6.4 The Periodic Table and the Electronic Structure of the
Elements 190

Periodic Properties

6.5 Ionization Energies 192
a. The First lonization Energy 192
b. Higher Ionization Energies 197
¢. X-Rays and Photoelectron Spectroscopy 199
Electron Affinity 204
Electronegativity 207
The Sizes of Atoms and Ions 208
a. Atomic Volume 208
b. Atomic Radii 209
¢. lonic Radii 209
6.9 Metals and Nonmetals 213
a. Classification of the Elements 213
b. Trends in Properties of the Elements 215
6.10 Oxidation Numbers and Chemical Bonds 216

Conclusion 218

oo
® N o

7/ Chemical Equilibrium 221

7.1 The Nature of Chemical Equilibrium 222
7.2 The Equilibrium Constant = 224
a. Definition of the Equilibrium Constant 224
b.  Equilibrium Constant for Reactions Involving Gases 226
. Properties of the Equilibrium Constant 227
d. Magnitude of Equilibrium Constants 229



Contents X

7.3 The Reaction Quotient 230

7.4 Solving Equilibrium Problems 231

7.5 Dissociation Equilibria 237

7.6 Factors Affecting the Position of Equilibrium 240
a. The Effect of Concentration Changes 241
b. The Effect of Pressure 243
c. The Effect of Temperature on Equilibrium 244

7.7 Chemical Equilibrium for Real Gases 245
Conclusion 246

8 Acids and Bases 249

Properties of Acids and Bases

8.1 The Arrhenius Model and its Drawbacks 250

a. The Arrhenius Model and the Conductivity of Solutions
b. Drawbacks of the Arrhenius Model 251

8.2 The Brensted-Lowry Model 252

8.3 The Lewis Model 254

8.4 Relative Strengths of Acids and Bases 255
a. Acid Ionization Constants 255
b. The Ion Product of Water and pH of Aqueous Solutions
c. Ionization Constants of Bases 259

Equilibria Involving Acids and Bases

8.5 Weak Acids and Bases 261
8.6 Salts of Weak Acids or Bases 265
8.7 The Ionization of Water 266
8.8 Buffer Solutions 269
8.9 Acid-Base Titrations 276
a. Some Fundamental Aspects 276
b. pH Indicators 278
c¢. Titration Curves for Strong Acids or Bases 280
d. Titration of a Weak Acid or Base 281

e. Graphical Representation of Concentration Changes 285

8.10 Polyprotic Acids 286
a. Multistep Equilibria 286
b. Equilibria of Amphiprotic Species 291

Conclusion 29s

O ionic Equilibria 298
Solubility Equilibria

9.1 The Solubility of Salts 298
9.2" The Solubility Product 300
9.3 The Common Ion Effect 304
9.4 Selective Precipitation 306

250

257



XivV Contents

Equilibria of Metal-Ligand Complexes

9.5
9.6

Metal-Ligand Complexes 307
Complex lon Equilibria 307

Effect of Other Equilibria on Solubility

9.7

9.8

9.9
9.10

Complex Ion Formation and Solubility ~ 312

a. The Effect of Complexing Ligands 312

b. Identification of Insoluble Metal Chlorides 314

c. Complex Formation Involving a Common Ion 316

The Effect of pH on the Solubility of Salts of Weak Acids 319
a. The Effect of pH on Solubility Equilibria 319

b. Sulfide Separations in Qualitative Analysis 320

Effect of Hydrolysis on Solubility 322

The Solubility of Metal Hydroxides 326

Conclusion 328

10 Energy in Chemical Processes — The First Law of Thermo-
dynamics 331

Fundamental Aspects of the First Law of Thermodynamics

10.1 The Transfer of Energy between a System and its Surround-
ings 331
10.2 Work 335
a. Mechanical Work 335
b. Work Associated with Expansion or Compression of a Gas 336
c. Expansion Against a Variable External Pressure 337
d. Work in Reversible Processes 339
10.3 Heat 342
a. The Mechanical Equivalent of Heat 342
b. Heat Capacity 343
10.4 The First Law of Thermodynamics 344
a. Statement of the Law 344
b. State Functions 345
10.5 Constant Volume and Constant Pressure Processes 350
a. Constant Volume Processes 350
b. Constant Pressure Processes 352
¢.  Relationship between Constant Pressure and Constant Volume
Processes 353
10.6  Molecular Interpretation of the Thermodynamic Functions 357
Thermochemistry
10.7 Thermochemical Equations 358
10.8 Hess’'s Law: The Indirect Determination of Reaction En-
thalpies 360
10.9 Standard Enthalpies of Formation 362
10.10 Combustion Reactions and Natural Fuels 364
10.11 Temperature Dependence of Reaction Enthalpies 366

Conclusion 367



Contents XV

11 Spontaneity in Chemical Processes — The Second Law of
Thermodynamics 370

Entropy and Spontaneity

11.1 Spontaneous Processes 370
11.2 Entropy and the Second Law of Thermodynamics 374
11.3 Molecular Interpretation of Entropy 378
11.4 Entropy Changes in Chemical Processes 381
a. Dependence of Entropy on Temperature 382
b. Entropy and Changes of Phase 382
11.5 Third Law Entropies 385
a. Evaluation of Third Law Entropies 385
b. Standard Entropies of Substances 386
c. Entropy Changes in Chemical Reactions 389

Free Energy and Chemical Equilibrium

11.6 The Free Energy Function 390
11.7 Free Energy Changes in Chemical Reactions 392
a. The Makeup of the Free Energy Change 392
b. Standard Free Energies of Formation 393
11.8 Free Energy and the Equilibrium Constant 394
11.9 Temperature Dependence of K and AG 400
a. Variation of the Equilibrium Constant with Temperature 400
b. Variation of AG with Temperature 403

Conclusion 406

12 Phase Equilibria 410
Phase Equilibria of Pure Substances

12.1 Changes of Phase 410
a. The Molecular Viewpoint 410
b. The Thermodynamic Viewpoint 413
12.2  Vapor Pressure 416
12.3 Phase Diagrams 422
a. The Shape of a Phase Diagram 422
b. The Phase Rule 425

Phase Equilibria of Solutions

12.4 Ideal Solutions 426
a. Retrospective View of Solutions 426
b. Properties of Ideal Solutions 426
12.5 Phase Diagrams of Ideal Solutions 429
a. The Liquid-Vapor Phase Diagram 429
b. The Phase Rule for a Two-Component System 432
c. Distillation 433
12.6 Non-ldeal Solutions and their Phase Diagrams 434
3. The Nature of Non-Ideal Solutions 434
b. Henry's Law 435
¢. Liquid-Vapor Phase Diagrams 438



MVi Contents

12.7 Solid-Liquid Phase Equilibria 439
a. Phase Equilibrium Diagrams 439
b. Thermal Analysis 442

12.8 Colligative Properties 444 .
a. Vapor Pressure of a Solution of a Nonvolatile Solute 444
b. Boiling Point Elevation and Freezing Point Depression 444
¢.  Osmotic Pressure 448

12.9 Colloids 451

Conclusion 4g52

13 Electrochemistry ase
Fundamentals of Electrochemistry

13.1 Galvanic Cells 456

a. The Operation of a Cell 456
b. The Cell EMF 460
¢. Types of Electrodes 461

13.2  Cell EMF and the Reaction Free Energy 464
13.3 The Nernst Equation 467

13.4 Concentration Cells 468

13.5 Standard Electrode Potentials 470

a. Determination of Standard Electrode Potentials 470
b. The EMF Series 472

¢. Standard Electrode Potentials of Elements with Three or More
Oxidation States 475

13.6 Determination of Equilibrium Constants from Standard Re-
duction Potentials 477

Applications of Electrochemistry

13.7 Batteries 480
a. Primary Cells 480
b. Storage Cells 482
c. Fuel Cells 484
13.8  Electrochemical Determination of pH 485
13.9 Corrosion 486
13.10  Electrolysis and Its Applications 488

a. Electrolytic Cells 488

b. Preparation of Active Metals 491

¢. Electrolysis of Aqueous Solutions 493

d. Electrolytic Refining and Electroplating of Metals 494

Conclusion 49s

14 Kinetics — The Rates and Mechanisms of Chemical
Reactions ag9

Empirical Rate Laws

14.1  An Overview of Kinetics 500
14.2 The Rate Law 501
a. The Rate of a Reaction 501
b. Types of Rate Laws 503



S

14.3

Contents  XVii

c¢. The Initial Rate Methoed for the Determination of the Rate
Law 505

Integrated Rate Laws 508

a. First Order Kinetics 508

b. Second Order Kinetics 511

c. The Isolation Method 514

Reaction Mechanisms

4.4

14.5

14.6

Elementary Reactions 517

a. Molecularity and Reaction Order 517

b. Elementary Reactions Attaining Equilibrium 519
Understanding Reaction Mechanisms 519

a. The Rate-Determining Step 520

b. The Steady State Approximation 521

Chain Reactions 526

The Rates of Elementary Reactions

14.7
14.8

14.9
14.10
14.11

The Rate of Molecular Collisions 528

Temperature Dependence of Reaction Rates and the Magnitude
of Rate Constants 530

a. The Arrhenius Equation 530

b. The Basis of the Arrhenius Equation 531

c. Orientation Effects 533

The Activated Complex 534

Rates and Mechanisms of Chemical Reactions in Solution 540
Catalysis 543

Conclusion 546

15 Lewis Structures and Chemical Bonding ssz
Lewis Structures

15.1

15.2

15.3

15.4
15.5

15.6

An Overview of Chemical Bonding 553

Simple Lewis Structures 554

a. Bonded Atoms with Complete Valence Shells 554
b. Bonded Atoms with Incomplete Valence Shells 557
c. Bonded Atoms with Expanded Valence Shells 558
d. Ionic Compounds 560

Coordinate Covalent Bonds 560

a. The Nature of Coordinate Covalent Bonds 560

b. Lewis Acids and Bases and Coordinate Covalent Bonds 562
Multiple Bonds 562

The Distribution of Electronic Charge 564

a. Formal Charge 564

b. Oxidation Number 566

Resonance 567

Molecular Geometry

15.7
15.8

The Shapes of Molecules 571
Dipole Moments 573

a. Diatomic Molecules 573

b. Polyatomic Molecules 575



