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We, the authors, dedicate this edition to Ralph H. Petrucci who
passed away as the final edits of this edition were being completed.
The first edition of General Chemistry: Principles and Modern
Applications was published in 1972 with Ralph as the sole author.
Although the book is now in its eleventh edition, with more authors,
it is still shaped by Ralph’s original vision and his belief that stu-
dents are very much interested in the practical applications, social
significance, and historical roots of the subject areas they study, as
well as their conceptual frameworks, facts, and theories. Ralph was
an inspiring mentor who warmly welcomed each of us to the
authoring team. We envied his clear and precise writing style and
impeccable eye for detail. He was an excellent advisor to us during
the preparation of the most recent editions, all of which benefited
greatly from his valuable input. We will miss him dearly.

A01_PETR4521_10_SE_FM.QXD  1/16/16  2:25 PM  Page iii



A01_LO5943_03_SE_FM.indd   ivA01_LO5943_03_SE_FM.indd   iv 04/12/15   4:22 PM04/12/15   4:22 PM

This page intentionally left blank



Brief Table of Contents
1 Matter: Its Properties and Measurement 1
2 Atoms and the Atomic Theory 34
3 Chemical Compounds 68
4 Chemical Reactions 111
5 Introduction to Reactions in Aqueous Solutions 152
6 Gases 194
7 Thermochemistry 244
8 Electrons in Atoms 301
9 The Periodic Table and Some Atomic Properties 376

10 Chemical Bonding I: Basic Concepts 411
11 Chemical Bonding II: Valence Bond and Molecular Orbital Theories 466
12 Intermolecular Forces: Liquids and Solids 517
13 Spontaneous Change: Entropy and Gibbs Energy 579
14 Solutions and Their Physical Properties 640
15 Principles of Chemical Equilibrium 689
16 Acids and Bases 734
17 Additional Aspects of Acid–Base Equilibria 789
18 Solubility and Complex-Ion Equilibria 830
19 Electrochemistry 865
20 Chemical Kinetics 922
21 Chemistry of the Main-Group Elements I: Groups 1, 2, 13, and 14 977
22 Chemistry of the Main-Group Elements II: Groups 18, 17, 16, 15, and Hydrogen 1036
23 The Transition Elements 1091
24 Complex Ions and Coordination Compounds 1129
25 Nuclear Chemistry 1170
26 Structures of Organic Compounds 1207
27 Reactions of Organic Compounds 1268
28 Chemistry of the Living State on MasteringChemistry: www.masteringchemistry.com

APPENDICES

A Mathematical Operations A1
B Some Basic Physical Concepts A11
C SI Units A15
D Data Tables A17
E Concept Maps A37
F Glossary A39
G Answers to Practice Examples and Selected Exercises A56
H Answers to Concept Assessment Questions A90

v

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page v

http://www.masteringchemistry.com


A01_LO5943_03_SE_FM.indd   ivA01_LO5943_03_SE_FM.indd   iv 04/12/15   4:22 PM04/12/15   4:22 PM

This page intentionally left blank



Contents
About the Authors xvi
Preface xviii

1 Matter: Its Properties and Measurement 1
1-1 The Scientific Method 2
1-2 Properties of Matter 4
1-3 Classification of Matter 5
1-4 Measurement of Matter: SI (Metric) Units 8
1-5 Density and Percent Composition: Their Use in Problem Solving 13
1-6 Uncertainties in Scientific Measurements 18
1-7 Significant Figures 19

Summary 23 Integrative Example 24
Exercises 26 Integrative and Advanced Exercises 29
Feature Problems 31 Self-Assessment Exercises 32

2 Atoms and the Atomic Theory 34
2-1 Early Chemical Discoveries and the Atomic Theory 35
2-2 Electrons and Other Discoveries in Atomic Physics 38
2-3 The Nuclear Atom 42
2-4 Chemical Elements 44
2-5 Atomic Mass 48
2-6 Introduction to the Periodic Table 51
2-7 The Concept of the Mole and the Avogadro Constant 55
2-8 Using the Mole Concept in Calculations 57

Summary 59 Integrative Example 60
Exercises 61 Integrative and Advanced Exercises 65
Feature Problems 66 Self-Assessment Exercises 67

3 Chemical Compounds 68
3-1 Types of Chemical Compounds and Their Formulas 69
3-2 The Mole Concept and Chemical Compounds 73
3-3 Composition of Chemical Compounds 76
3-4 Oxidation States: A Useful Tool in Describing 

Chemical Compounds 84
3-5 Naming Compounds: Organic and Inorganic Compounds 86
3-6 Names and Formulas of Inorganic Compounds 87
3-7 Names and Formulas of Organic Compounds 94

Summary 100 Integrative Example 101
Exercises 103 Integrative and Advanced Exercises 107
Feature Problems 109 Self-Assessment Exercises 110

4 Chemical Reactions 111
4-1 Chemical Reactions and Chemical Equations 112
4-2 Chemical Equations and Stoichiometry 115
4-3 Chemical Reactions in Solution 122
4-4 Determining the Limiting Reactant 128
4-5 Other Practical Matters in Reaction Stoichiometry 131
4-6 The Extent of Reaction 137

vii

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page vii



Summary 139 Integrative Example 140
Exercises 141 Integrative and Advanced Exercises 146
Feature Problems 150 Self-Assessment Exercises 150

5 Introduction to Reactions in Aqueous
Solutions 152

5-1 The Nature of Aqueous Solutions 153
5-2 Precipitation Reactions 157
5-3 Acid–Base Reactions 161
5-4 Oxidation–Reduction Reactions: Some General Principles 167
5-5 Balancing Oxidation–Reduction Equations 171
5-6 Oxidizing and Reducing Agents 176
5-7 Stoichiometry of Reactions in Aqueous Solutions: Titrations 179

Summary 183 Integrative Example 183
Exercises 185 Integrative and Advanced Exercises 189
Feature Problems 191 Self-Assessment Exercises 192

6 Gases 194
6-1 Properties of Gases: Gas Pressure 195
6-2 The Simple Gas Laws 201
6-3 Combining the Gas Laws: The Ideal Gas Equation 

and the General Gas Equation 206
6-4 Applications of the Ideal Gas Equation 209
6-5 Gases in Chemical Reactions 212
6-6 Mixtures of Gases 214
6-7 Kinetic–Molecular Theory of Gases 218
6-8 Gas Properties Relating to the Kinetic–Molecular Theory 225
6-9 Nonideal (Real) Gases 228

Summary 232 Integrative Example 232
Exercises 234 Integrative and Advanced Exercises 238
Feature Problems 241 Self-Assessment Exercises 242

7 Thermochemistry 244
7-1 Getting Started: Some Terminology 245
7-2 Heat 247
7-3 Heats of Reaction and Calorimetry 252
7-4 Work 256
7-5 The First Law of Thermodynamics 259
7-6 Application of the First Law to Chemical 

and Physical Changes 263
7-7 Indirect Determination of : Hess’s Law 270
7-8 Standard Enthalpies of Formation 272
7-9 Fuels as Sources of Energy 279
7-10 Spontaneous and Nonspontaneous Processes: An Introduction 285

Summary 287 Integrative Example 288
Exercises 290 Integrative and Advanced Exercises 295
Feature Problems 298 Self-Assessment Exercises 300

8 Electrons in Atoms 301
8-1 Electromagnetic Radiation 302
8-2 Prelude to Quantum Theory 307

¢rH

viii Contents

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page viii



8-3 Energy Levels, Spectrum, and Ionization 
Energy of the Hydrogen Atom 316

8-4 Two Ideas Leading to Quantum Mechanics 321
8-5 Wave Mechanics 325
8-6 Quantum Theory of the Hydrogen Atom 331
8-7 Interpreting and Representing the Orbitals 

of the Hydrogen Atom 337
8-8 Electron Spin: A Fourth Quantum Number 347
8-9 Multielectron Atoms 350
8-10 Electron Configurations 353
8-11 Electron Configurations and the Periodic Table 358

Summary 363 Integrative Example 364
Exercises 366 Integrative and Advanced Exercises 372
Feature Problems 373 Self-Assessment Exercises 375

9 The Periodic Table and Some Atomic
Properties 376

9-1 Classifying the Elements: The Periodic Law 
and the Periodic Table 377

9-2 Metals and Nonmetals and Their Ions 380
9-3 Sizes of Atoms and Ions 383
9-4 Ionization Energy 393
9-5 Electron Affinity 397
9-6 Magnetic Properties 399
9-7 Polarizability 400

Summary 402 Integrative Example 403
Exercises 405 Integrative and Advanced Exercises 407
Feature Problems 408 Self-Assessment Exercises 409

10 Chemical Bonding I: Basic Concepts 411
10-1 Lewis Theory: An Overview 412
10-2 Covalent Bonding: An Introduction 415
10-3 Polar Covalent Bonds and Electrostatic Potential Maps 418
10-4 Writing Lewis Structures 424
10-5 Resonance 432
10-6 Exceptions to the Octet Rule 434
10-7 Shapes of Molecules 437
10-8 Bond Order and Bond Lengths 449
10-9 Bond Energies 450

Summary 454 Integrative Example 455
Exercises 456 Integrative and Advanced Exercises 461
Feature Problems 463 Self-Assessment Exercises 464

11 Chemical Bonding II: Valence Bond and Molecular
Orbital Theories 466

11-1 What a Bonding Theory Should Do 467
11-2 Introduction to the Valence Bond Method 470
11-3 Hybridization of Atomic Orbitals 472
11-4 Multiple Covalent Bonds 481
11-5 Molecular Orbital Theory 486
11-6 Delocalized Electrons: An Explanation Based 

on Molecular Orbital Theory 497

Contents ix

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page ix



11-7 Some Unresolved Issues: Can Electron Density Plots Help? 503
Summary 508 Integrative Example 509
Exercises 510 Integrative and Advanced Exercises 512
Feature Problems 514 Self-Assessment Exercises 515

12 Intermolecular Forces: Liquids and Solids 517
12-1 Intermolecular Forces 518
12-2 Some Properties of Liquids 526
12-3 Some Properties of Solids 540
12-4 Phase Diagrams 541
12-5 The Nature of Bonding in Solids 546
12-6 Crystal Structures 551
12-7 Energy Changes in the Formation of Ionic Crystals 563

Summary 565 Integrative Example 566
Exercises 567 Integrative and Advanced Exercises 572
Feature Problems 574 Self-Assessment Exercises 577

13 Spontaneous Change: Entropy 
and Gibbs Energy 579

13-1 Entropy: Boltzmann’s View 580
13-2 Entropy Change: Clausius’s View 588
13-3 Combining Boltzmann’s and Clausius’s Ideas: 

Absolute Entropies 595
13-4 Criterion for Spontaneous Change: The Second Law of

Thermodynamics 599
13-5 Gibbs Energy Change of a System of Variable 

Composition: and 605
13-6 and K as Functions of Temperature 619
13-7 Coupled Reactions 622
13-8 Chemical Potential and Thermodynamics of Spontaneous 

Chemical Change 623
Summary 628 Integrative Example 629
Exercises 630 Integrative and Advanced Exercises 635
Feature Problems 636 Self-Assessment Exercises 638

14 Solutions and Their Physical Properties 640
14-1 Types of Solutions: Some Terminology 641
14-2 Solution Concentration 641
14-3 Intermolecular Forces and the Solution Process 645
14-4 Solution Formation and Equilibrium 654
14-5 Solubilities of Gases 657
14-6 Vapor Pressures of Solutions 660
14-7 Osmotic Pressure 665
14-8 Freezing-Point Depression and Boiling-Point Elevation of

Nonelectrolyte Solutions 669
14-9 Solutions of Electrolytes 672
14-10 Colloidal Mixtures 674

Summary 677 Integrative Example 678
Exercises 679 Integrative and Advanced Exercises 684
Feature Problems 686 Self-Assessment Exercises 687

¢rG°
¢rG¢rG°

x Contents

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page x



15 Principles of Chemical Equilibrium 689
15-1 The Nature of the Equilibrium State 690
15-2 The Equilibrium Constant Expression 695
15-3 Relationships Involving Equilibrium Constants 699
15-4 The Magnitude of an Equilibrium Constant 703
15-5 Predicting the Direction of Net Chemical Change 705
15-6 Altering Equilibrium Conditions: Le Châtelier’s Principle 707
15-7 Equilibrium Calculations: Some Illustrative Examples 713

Summary 722 Integrative Example 723
Exercises 724 Integrative and Advanced Exercises 730
Feature Problems 732 Self-Assessment Exercises 733

16 Acids and Bases 734
16-1 Acids, Bases, and Conjugate Acid–Base Pairs 735
16-2 Self-Ionization of Water and the pH Scale 739
16-3 Ionization of Acids and Bases in Water 742
16-4 Strong Acids and Strong Bases 750
16-5 Weak Acids and Weak Bases 752
16-6 Polyprotic Acids 757
16-7 Simultaneous or Consecutive Acid–Base Reactions: 

A General Approach 761
16-8 Ions as Acids and Bases 762
16-9 Qualitative Aspects of Acid–Base Reactions 768
16-10 Molecular Structure and Acid–Base Behavior 769
16-11 Lewis Acids and Bases 776

Summary 779 Integrative Example 780
Exercises 782 Integrative and Advanced Exercises 786
Feature Problems 787 Self-Assessment Exercises 788

17 Additional Aspects of Acid–Base Equilibria 789
17-1 Common-Ion Effect in Acid–Base Equilibria 790
17-2 Buffer Solutions 794
17-3 Acid–Base Indicators 804
17-4 Neutralization Reactions and Titration Curves 807
17-5 Solutions of Salts of Polyprotic Acids 816
17-6 Acid–Base Equilibrium Calculations: A Summary 818

Summary 819 Integrative Example 820
Exercises 821 Integrative and Advanced Exercises 825
Feature Problems 828 Self-Assessment Exercises 829

18 Solubility and Complex-Ion Equilibria 830
18-1 Solubility Product Constant, 831
18-2 Relationship Between Solubility and 832
18-3 Common-Ion Effect in Solubility Equilibria 834
18-4 Limitations of the Concept 836
18-5 Criteria for Precipitation and Its Completeness 838
18-6 Fractional Precipitation 841
18-7 Solubility and pH 843
18-8 Equilibria Involving Complex Ions 845
18-9 Qualitative Cation Analysis 851

Summary 856 Integrative Example 856
Exercises 858 Integrative and Advanced Exercises 861
Feature Problems 862 Self-Assessment Exercises 863

Ksp

Ksp

Ksp

Contents xi

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page xi



19 Electrochemistry 865
19-1 Electrode Potentials and Their Measurement 866
19-2 Standard Electrode Potentials 871
19-3 and K 877
19-4 as a Function of Concentrations 883
19-5 Batteries: Producing Electricity Through Chemical Reactions 891
19-6 Corrosion: Unwanted Voltaic Cells 898
19-7 Electrolysis: Causing Nonspontaneous Reactions to Occur 900
19-8 Industrial Electrolysis Processes 904

Summary 908 Integrative Example 909
Exercises 911 Integrative and Advanced Exercises 916
Feature Problems 918 Self-Assessment Exercises 921

20 Chemical Kinetics 922
20-1 Rate of a Chemical Reaction 923
20-2 Measuring Reaction Rates 925
20-3 Effect of Concentration on Reaction Rates: The Rate Law 928
20-4 Zero-Order Reactions 931
20-5 First-Order Reactions 932
20-6 Second-Order Reactions 939
20-7 Reaction Kinetics: A Summary 940
20-8 Theoretical Models for Chemical Kinetics 942
20-9 The Effect of Temperature on Reaction Rates 946
20-10 Reaction Mechanisms 949
20-11 Catalysis 958

Summary 964 Integrative Example 965
Exercises 967 Integrative and Advanced Exercises 972
Feature Problems 974 Self-Assessment Exercises 976

21 Chemistry of the Main-Group Elements I: 
Groups 1, 2, 13, and 14 977

21-1 Periodic Trends and Charge Density 978
21-2 Group 1: The Alkali Metals 980
21-3 Group 2: The Alkaline Earth Metals 993
21-4 Group 13: The Boron Family 1001
21-5 Group 14: The Carbon Family 1011

Summary 1028 Integrative Example 1029
Exercises 1030 Integrative and Advanced Exercises 1032
Feature Problems 1034 Self-Assessment Exercises 1034

22 Chemistry of the Main-Group Elements II: 
Groups 18, 17, 16, 15, and Hydrogen 1036

22-1 Periodic Trends in Bonding 1037
22-2 Group 18: The Noble Gases 1039
22-3 Group 17: The Halogens 1045
22-4 Group 16: The Oxygen Family 1054
22-5 Group 15: The Nitrogen Family 1064
22-6 Hydrogen: A Unique Element 1077

Summary 1081 Integrative Example 1082
Exercises 1083 Integrative and Advanced Exercises 1086
Feature Problems 1088 Self-Assessment Exercises 1089

Ecell

Ecell, ≤rG,

xii Contents

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page xii



23 The Transition Elements 1091
23-1 General Properties 1092
23-2 Principles of Extractive Metallurgy 1097
23-3 Metallurgy of Iron and Steel 1104
23-4 First-Row Transition Metal Elements: Scandium to Manganese 1106
23-5 The Iron Triad: Iron, Cobalt, and Nickel 1112
23-6 Group 11: Copper, Silver, and Gold 1114
23-7 Group 12: Zinc, Cadmium, and Mercury 1116
23-8 Lanthanides 1119
23-9 High-Temperature Superconductors 1119

Summary 1122 Integrative Example 1122
Exercises 1123 Integrative and Advanced Exercises 1126
Feature Problems 1127 Self-Assessment Exercises 1128

24 Complex Ions and Coordination Compounds 1129
24-1 Werner’s Theory of Coordination Compounds: 

An Overview 1130
24-2 Ligands 1132
24-3 Nomenclature 1135
24-4 Isomerism 1136
24-5 Bonding in Complex Ions: Crystal Field Theory 1143
24-6 Magnetic Properties of Coordination Compounds 

and Crystal Field Theory 1148
24-7 Color and the Colors of Complexes 1150
24-8 Aspects of Complex-Ion Equilibria 1153
24-9 Acid–Base Reactions of Complex Ions 1155
24-10 Some Kinetic Considerations 1156
24-11 Applications of Coordination Chemistry 1157

Summary 1162 Integrative Example 1163
Exercises 1164 Integrative and Advanced Exercises 1166
Feature Problems 1168 Self-Assessment Exercises 1169

25 Nuclear Chemistry 1170
25-1 Radioactivity 1171
25-2 Naturally Occurring Radioactive Isotopes 1174
25-3 Nuclear Reactions and Artificially Induced Radioactivity 1176
25-4 Transuranium Elements 1177
25-5 Rate of Radioactive Decay 1178
25-6 Energetics of Nuclear Reactions 1184
25-7 Nuclear Stability 1187
25-8 Nuclear Fission 1190
25-9 Nuclear Fusion 1193
25-10 Effect of Radiation on Matter 1194
25-11 Applications of Radioisotopes 1197

Summary 1199 Integrative Example 1200
Exercises 1201 Integrative and Advanced Exercises 1204
Feature Problems 1205 Self-Assessment Exercises 1206

Contents xiii

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page xiii



26 Structures of Organic Compounds 1207
26-1 Organic Compounds and Structures: An Overview 1208
26-2 Alkanes 1215
26-3 Cycloalkanes 1221
26-4 Stereoisomerism in Organic Compounds 1228
26-5 Alkenes and Alkynes 1235
26-6 Aromatic Hydrocarbons 1239
26-7 Organic Compounds Containing Functional Groups 1241
26-8 From Molecular Formula to Molecular Structure 1252

Summary 1255 Integrative Example 1257
Exercises 1258 Integrative and Advanced Exercises 1264
Feature Problem 1265 Self-Assessment Exercises 1267

27 Reactions of Organic Compounds 1268
27-1 Organic Reactions: An Introduction 1269
27-2 Introduction to Nucleophilic Substitution Reactions 1271
27-3 Introduction to Elimination Reactions 1285
27-4 Reactions of Alcohols 1294
27-5 Introduction to Addition Reactions: Reactions of Alkenes 1299
27-6 Electrophilic Aromatic Substitution 1304
27-7 Reactions of Alkanes 1308
27-8 Polymers and Polymerization Reactions 1310
27-9 Synthesis of Organic Compounds 1314

Summary 1316 Integrative Example 1317
Exercises 1319 Integrative and Advanced Exercises 1323
Feature Problem 1324 Self-Assessment Exercises 1325

28 Chemistry of the Living State
on MasteringChemistry
(www.masteringchemistry.com)

APPENDICES

A Mathematical Operations A1
B Some Basic Physical Concepts A11
C SI Units A15
D Data Tables A17
E Concept Maps A37
F Glossary A39
G Answers to Practice Examples and Selected

Exercises A56
H Answers to Concept Assessment Questions A90

xiv Contents

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page xiv

http://www.masteringchemistry.com


Contents xv

Focus On Discussions on MasteringChemistryTM

(www.masteringchemistry.com)
1-1 FOCUS ON The Scientific Method at Work: Polywater
2-1 FOCUS ON Occurrence and Abundances of the Elements
3-1 FOCUS ON Mass Spectrometry—Determining Molecular and

Structural Formulas
4-1 FOCUS ON Industrial Chemistry
5-1 FOCUS ON Water Treatment
6-1 FOCUS ON Earth’s Atmosphere
7-1 FOCUS ON Fats, Carbohydrates, and Energy Storage
8-1 FOCUS ON Helium–Neon Lasers
9-1 FOCUS ON The Periodic Law and Mercury

10-1 FOCUS ON Molecules in Space: Measuring Bond Lengths
11-1 FOCUS ON Photoelectron Spectroscopy
12-1 FOCUS ON Liquid Crystals
13-1 FOCUS ON Coupled Reactions in Biological Systems
14-1 FOCUS ON Chromatography
15-1 FOCUS ON The Nitrogen Cycle and the Synthesis of Nitrogen

Compounds
16-1 FOCUS ON Acid Rain
17-1 FOCUS ON Buffers in Blood
18-1 FOCUS ON Shells, Teeth, and Fossils
19-1 FOCUS ON Membrane Potentials
20-1 FOCUS ON Combustion and Explosions
21-1 FOCUS ON Gallium Arsenide
22-1 FOCUS ON The Ozone Layer and Its Environmental Role
23-1 FOCUS ON Nanotechnology and Quantum Dots
24-1 FOCUS ON Colors in Gemstones
25-1 FOCUS ON Radioactive Waste Disposal
26-1 FOCUS ON Chemical Resolution of Enantiomers
27-1 FOCUS ON Green Chemistry and Ionic Liquids
28-1 FOCUS ON Protein Synthesis and the Genetic Code

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page xv

http://www.masteringchemistry.com


About the Authors
Ralph H. Petrucci
Ralph Petrucci received his B.S. in Chemistry from Union College, Schenectady,
NY, and his Ph.D. from the University of Wisconsin–Madison. Following ten years
of teaching, research, consulting, and directing the NSF Institutes for Secondary
School Science Teachers at Case Western Reserve University, Cleveland, OH,
Dr. Petrucci joined the planning staff of the new California State University cam-
pus at San Bernardino in 1964. There, in addition to his faculty appointment, he
served as Chairman of the Natural Sciences Division and Dean of Academic
Planning. Professor Petrucci, now retired from teaching, is also a coauthor of
General Chemistry with John W. Hill, Terry W. McCreary, and Scott S. Perry.

F. Geoffrey Herring
Geoff Herring received both his B.Sc. and his Ph.D. in Physical Chemistry,
from the University of London. He is currently a Professor Emeritus in the
Department of Chemistry of the University of British Columbia, Vancouver.
Dr. Herring has research interests in biophysical chemistry and has published
more than 100 papers in physical chemistry and chemical physics. Recently,
Dr. Herring has undertaken studies in the use of information technology and
interactive engagement methods in teaching general chemistry with a view to
improving student comprehension and learning. Dr. Herring has taught
chemistry from undergraduate to graduate levels for 30 years and has twice
been the recipient of the Killam Prize for Excellence in Teaching.

Jeffry D. Madura, FRSC
Jeffry D. Madura is Professor and the Lambert F. Minucci Endowed Chair in
Computational Sciences and Engineering in the Department of Chemistry and
Biochemistry at Duquesne University located in Pittsburgh, PA.  He earned a
B.A. from Thiel College in 1980 and a Ph.D. in Physical Chemistry from
Purdue University in 1985 under the direction of Professor William 
L. Jorgensen.  The Ph.D. was followed by a postdoctoral fellowship in compu-
tational biophysics with Professor J. Andrew McCammon at the University of
Houston.  Dr. Madura’s research interests are in computational chemistry and
biophysics.  He has published more than 100 peer-reviewed papers in physical
chemistry and chemical physics. Dr. Madura has taught chemistry to under-
graduate and graduate students for 24 years and was the recipient of a
Dreyfus Teacher-Scholar Award. Dr. Madura was the recipient of the 2014
American Chemical Society Pittsburgh Section Award and received the Bayer
School of Natural and Environmental Sciences and the Duquesne University
Presidential Award for Excellence in Scholarship in 2007. Dr. Madura is an
ACS Fellow and a Fellow of the Royal Society of Chemistry. He is currently
working with high school students and teachers as part of the ACS Science
Coaches program.

Carey Bissonnette
Carey Bissonnette is Continuing Lecturer in the Department of Chemistry at
the University of Waterloo, Ontario. He received his B.Sc. from the University
of Waterloo in 1989 and his Ph.D. in 1993 from the University of Cambridge
in England. His research interests are in the development of methods for

xvi

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page xvi



About the Authors xvii

modeling dynamical processes of polyatomic molecules in the gas phase. He
has won awards for excellence in teaching, including the University of
Waterloo’s Distinguished Teacher Award in 2005. Dr. Bissonnette has made
extensive use of technology in both the classroom and the laboratory to create
an interactive environment for his students to learn and explore. For the past
several years, he has been actively engaged in undergraduate curriculum
development, high-school liaison activities, and the coordination of the uni-
versity’s high-school chemistry contests, which are written each year by stu-
dents around the world.

A01_PETR4521_10_SE_FM.QXD  1/16/16  12:32 PM  Page xvii



Preface
“Know your audience.” For this new edition, we have tried to follow this impor-
tant advice by attending even more to the needs of students who are taking a seri-
ous journey through this material. We also know that most general chemistry 
students have career interests not in chemistry but in other areas such as biology,
medicine, engineering, environmental science, and agricultural sciences. And we
understand that general chemistry will be the only university or college chemistry
course for some students, and thus their only opportunity to learn some practical
applications of chemistry. We have designed this book for all these students.

Students of this text should have already studied some chemistry. But those
with no prior background and those who could use a refresher will find that the
early chapters develop fundamental concepts from the most elementary ideas.
Students who do plan to become professional chemists will also find opportuni-
ties in the text to pursue their own special interests.

The typical student may need help identifying and applying principles and
visualizing their physical significance. The pedagogical features of this text are
designed to provide this help. At the same time, we hope the text serves to
sharpen students’ skills in problem solving and critical thinking. Thus, we have
tried to strike the proper balances between principles and applications, qualitative
and quantitative discussions, and rigor and simplification.

Throughout the text and on the MasteringChemistry® site (www.mastering
chemistry.com) we provide real-world examples to enhance the discussion.
Examples relevant to the biological sciences, engineering, and the environmental
sciences are found in numerous places. This should help to bring chemistry alive
for these students and help them understand its relevance to their career interests.
It also, in most cases, should help them master core concepts.

ORGANIZATION
In this edition we retain the core organization of the previous edition with two
notable exceptions. First, we have moved the chapter entitled Spontaneous
Change: Entropy and Gibbs Energy forward in the text. It is now Chapter 13. By
moving the introduction of entropy and Gibbs energy forward in the text, we are
able to use these concepts in subsequent chapters. Second, we have moved the
chapter on chemical kinetics to Chapter 20. Consequently, the discussion of
chemical kinetics now appears after the chapters that rely on equilibrium and
thermodynamic concepts.

Like the previous edition, this edition begins with a brief overview of core con-
cepts in Chapter 1. Then, we introduce atomic theory, including the periodic table,
in Chapter 2. The periodic table is an extraordinarily useful tool, and presenting it
early allows us to use the periodic table in different ways throughout the early
chapters of the text. In Chapter 3, we introduce chemical compounds and their
stoichiometry. Organic compounds are included in this presentation. The early
introduction of organic compounds allows us to use organic examples throughout
the book. Chapters 4 and 5 introduce chemical reactions. We discuss gases in
Chapter 6, partly because they are familiar to students (which helps them build
confidence), but also because some instructors prefer to cover this material early
to better integrate their lecture and lab programs. (Chapter 6 can easily be
deferred for coverage with the other states of matter, in Chapter 12.)

In Chapter 7, we introduce thermochemistry and discuss the energy changes
that accompany physical and chemical transformations. Chapter 8 introduces
quantum mechanical concepts that are needed to understand the energy changes
we encounter at the atomic level. This chapter includes a discussion of wave
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mechanics, although this topic may be omitted at the instructor’s discretion.
Collectively, Chapters 8 through 11 provide the conceptual basis for describ-
ing the electronic structure of atoms and molecules, and the physical and
chemical properties of these entities. The properties of atoms and molecules
are then used in Chapter 12 to rationalize the properties of liquids and solids.

Chapter 13 is a significant revision of Chapter 19 from the tenth edition. It
introduces the concept of entropy, the criteria for predicting the direction of
spontaneous change, and the thermodynamic equilibrium condition. In
Chapters 14–19, we apply and extend concepts introduced in Chapter 13.
However, Chapters 14–19 can be taught without explicitly covering, or refer-
ring back to, Chapter 13.

As with previous editions, we have emphasized real-world chemistry in
the final chapters that cover descriptive chemistry (Chapters 21–24), and we
have tried to make this material easy to bring forward into earlier parts of the
text. Moreover, many topics in these chapters can be covered selectively,
without requiring the study of entire chapters. The text ends with compre-
hensive chapters on nuclear chemistry (Chapter 25) and organic chemistry
(Chapters 26 and 27). Please note that an additional chapter on biochemistry
(Chapter 28) is available online.

CHANGES TO THIS EDITION
We have made the following important changes in specific chapters and
appendices:

• In Chapter 2 (Atoms and the Atomic Theory), new material is included to
describe the use of atomic mass intervals and conventional atomic
masses for elements such as H, Li, B, C, N, O, Mg, Si, S, Cl, Br, and Tl.
Atomic mass intervals are recommended by the IUPAC because the iso-
topic abundances of these elements vary from one source to another, and
therefore, their atomic masses cannot be considered constants of nature.

• Chapter 4 (Chemical Reactions) includes a new section that discusses the
extent of reaction, and introduces a tabular approach for representing the
changes in amount in terms of a single variable, representing the extent
of reaction.

• In Chapter 5 (Introduction to Reactions in Aqueous Solutions), we
revised Section 5-1 to differentiate between dissociation and ionization,
and introduced a new figure to illustrate the dissociation of an ionic com-
pound in water. 

• Chapter 6 (Gases) makes increased use of the recommended units of
pressure (e.g., Pa, kPa, and bar). Section 6-7 on the kinetic–molecular the-
ory has been significantly revised. For example, the subsection on
Derivation of Boyle’s Law has been simplified and now comes after the
subsections on Distribution of Molecular Speeds and The Meaning of
Temperature. Section 6-8 has also been revised so that Graham’s law is
presented first, as an empirical law, which is then justified by using the
kinetic–molecular theory.

• In Chapter 7 (Thermochemistry), we have updated the notation to ensure
that we are using, for the most part, symbols that are recommended by
the IUPAC. For example, standard enthalpies of reaction are represented
by the symbol (not ) and are expressed in kJ mol (not kJ). We
have added a molecular interpretation of specific heat capacities (in
Section 7-2) and an introduction to entropy (in Section 7-10).

• Chapter 8 (Electrons in Atoms) has been substantially rewritten to pro-
vide a logical introduction to the ideas leading to wave mechanics.
Sections 8-2 and 8-3 of the previous edition have been combined and the

-1
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material reorganized. This chapter includes a new section that focuses on
the energy level diagram and spectrum of the hydrogen atom. The sec-
tion entitled Interpreting and Representing the Orbitals of the Hydrogen
Atom has been rewritten to include a discussion of the radial functions.
A new subsection describing the conceptual model for multielectron
atoms has been added to the section entitled Multielectron Atoms. The
sections on multielectron atoms and electron configurations have been
rewritten to emphasize more explicitly that the observed ground-state
electron configuration for an atom is the one that minimizes Eatom and
that the energies of the orbitals is only one consideration. There are two
new Are You Wondering? boxes in this chapter: Is the Born interpretation
an idea we use to determine the final form of a wave function? and Are
all orbital transitions allowed in atomic absorption and emission spectra?

• In Chapter 9 (The Periodic Table and Some Atomic Properties), a number
of sections have been rewritten to emphasize the importance of effective
nuclear charge in determining atomic properties. A new section on polar-
izability has been introduced. Several new figures have been created to
illustrate the variation of effective nuclear charge and atomic properties
across a period or down a group (e.g., effective nuclear charges for the
first 36 elements; the variation of effective nuclear charge and percent
screening with atomic number; the variation of average distance from
the nucleus with atomic number; first ionization energies of the third
row p-block elements; electron affinities of some of the main group ele-
ments; polarization of an atom; the variation of polarizability and atomic
volume with atomic number). The sections on ionization energies and
electron affinities have been significantly revised. Of particular note, we
have revised the discussion of the decrease in ionization energy that
occurs as we move from group 2 to 13 and from group 15 to 16. Our dis-
cussion points out that various explanations have been used. The section
from the tenth edition entitled Periodic Properties of the Elements has
been deleted.

• Chapter 11 (Chemical Bonding II: Valence Bond and Molecular Orbital
Theories) has been revised to include an expanded discussion of the
redistribution of electron density that occurs during bond formation, an
improved introduction to Section 11-5 Molecular Orbital Theory, and an
improved discussion of molecular orbital theory of the CO molecule. We
have moved the section entitled Bonding in Metals online.

• Chapter 13 (Spontaneous Change: Entropy and Gibbs Energy) is a totally
revised version of Chapter 19 from the previous edition. The chapter
focuses first on Boltzmann’s view of entropy, which is based on
microstates, and then on Clausius’s view, which relates entropy change to
reversible heat transfer. The connection between microstates and particle-
in-a-box model is developed to reinforce Boltzmann’s view of entropy.
Clausius’s view of entropy change is used to develop expressions for
important and commonly encountered physical changes (e.g., phase
transitions; heating or cooling at constant pressure; isothermal expansion
or compression of an ideal gas). These expressions are subsequently used
to develop the criterion for predicting the direction of spontaneous
change. The chapter includes a proper description of the difference
between the Gibbs energy change of a system, , and the reaction
Gibbs energy, . The reaction Gibbs energy ( ) is used as the basis
for describing how the Gibbs energy of a system changes with composi-
tion (i.e., with respect to the extent of reaction). The derivation of the
equation is done in a separate section that may be used or skipped at the
instructor’s discretion. The concepts of chemical potential and activity
are also introduced.

¢rG¢rG
¢G
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• In Chapter 14 (Solutions and Their Physical Properties), we have added a
section to describe the standard thermodynamic properties of aqueous
ions. We use the concepts of entropy and chemical potential in 
Chapter 13 to explain vapor pressure lowering and why gasoline and
water don’t mix.

• Chapter 15 (Principles of Chemical Equilibrium) has been significantly
revised to emphasize the thermodynamic basis of equilibrium and to 
de-emphasize aspects of kinetics. There is an increased emphasis on the
thermodynamic equilibrium constant, which is expressed in terms of
activities, along with an updated discussion of Le Châtelier’s principle to
emphasize certain limitations associated with its use (e.g., for certain
reactions and initial conditions, the addition of a reactant may actually
cause net change to the left). Several new worked examples are included
to show how equilibrium constant expressions may be simplified and
solved when the equilibrium constant is either very small or very large.

• In Chapter 16 (Acids and Bases), significant changes have been made.
Sections 16-1 through 16-3 have been significantly revised to provide a
more logical flow and to emphasize and demonstrate that the distinction
between strong and weak acids is based on the degree of ionization,
which in turn depends on the magnitude of the acid ionization constant.
There are two new sections, namely Sections 16-7 (Simultaneous or
Consecutive Acid–Base Reactions: A General Approach) and 16-9
(Qualitative Aspects of Acid–Base Reactions). Section 16-7 focuses on
writing and using material balance and charge equations. Section 16-9
focuses on predicting the equilibrium position of a general acid–base
reaction. A new subsection entitled Rationalization of Acid Strengths: An
Alternative Approach has been added to Section 16-10, Molecular
Structure and Acid–Base Behavior. This new subsection focuses on fac-
tors that stabilize the anion formed by an acid.

• In Chapter 19 (Electrochemistry), we have modified the Nernst equation
to have the form . We have changed the text so
that the standard hydrogen electrode is defined with respect to a pressure
of 1 bar instead of 1 atm, and added a problem to the Integrative and
Advanced Exercises to illustrate that this change in pressure causes only a
small change in the standard reduction potentials (see Exercise 108). We
have also added a section on reserve batteries.

• In Appendix D, we have modified the table of Standard Electrode
(Reduction) Potentials at 25 C so that it now includes a column with the
cell notation for the half-reactions. 

In addition to the specific changes noted above, we have also changed much
of the artwork throughout the textbook. In particular, all of the atomic and
molecular orbital representations have been modified to be consistent across
all chapters. We have redone all of the electrostatic potential maps (EPMs) to
have the same potential energy color scale unless noted in the textbook.

OVERALL APPROACH
The pedagogical apparatus and overall approach in this edition continue to
reflect contemporary thoughts on how best to teach general chemistry. We
have retained the following key features of the text:

• Logical approach to solving problems. All worked examples are presented
consistently throughout the text by using a tripartite structure of
Analyze–Solve–Assess. This presentation not only encourages students
to use a logical approach in solving problems but also provides them

°

Ecell = Ecell° -
0.0257 V

z  ln Q
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with a way to start when they are trying to solve a problem that may
seem, at first, impossibly difficult. The approach is used implicitly by
those who have had plenty of practice solving problems, but for those
who are just starting out, the Analyze–Solve–Assess structure will serve
to remind students to (1) analyze the information and plan a strategy, 
(2) implement the strategy, and (3) check or assess their answer to ensure
that it is a reasonable one.

• Integrative Practice Examples and End-of-Chapter Exercises. Users of previ-
ous editions have given us very positive feedback about the quality of
the integrative examples at the end of each chapter and the variety of the
end-of-chapter exercises. We have added two practice examples (Practice
Example A and Practice Example B) to every Integrative Example in the
text. Rather than replace end-of-chapter exercises with new exercises, we
have opted to increase the number of exercises. In most chapters, at least
10 new exercises have been added; and in many chapters, 20 or more
exercises have been added.

• Use of IUPAC recommendations. We are pleased that our book serves the
needs of instructors and students around the globe. Because communica-
tion among scientists in general, and chemists in particular, is made easier
when we agree to use the same terms and notations, we have decided to
follow—with relatively few exceptions—recommendations made by the
International Union of Pure and Applied Chemistry (IUPAC). In particular,
the version of the periodic table that now appears throughout the text is
based on the one currently endorsed by IUPAC. The IUPAC-endorsed ver-
sion places the elements lanthanum (La) and actinium (Ac) in the lan-
thanides and actinides series, respectively, rather than in group 3.
Interestingly, almost every other chemistry book still uses the old version of
the periodic table, even though the proper placement of La and Ac has been
known for more than 20 years! An important change is the use of IUPAC-
recommended symbols and units for thermodynamic quantities. For exam-
ple, in this edition, standard enthalpies of reaction are represented by the
symbol (not ) and are expressed in kJ mol (not kJ).

FEATURES OF THIS EDITION
We have made a careful effort with this edition to incorporate features that will facili-
tate the teaching and learning of chemistry.

-1
¢Hr°¢rH°

xxii Preface

Chapter Opener
Each chapter opens with listing of the main head-
ings to provide a convenient overview of the
chapter’s Contents. The opener also contains a list
of numbered Learning Objectives that corre-
spond with the main sections of the chapter.

Key Terms
Key terms are boldfaced where they are defined
in the text. A Glossary of key terms with their def-
initions is presented in Appendix F.

Highlighted Boxes
Significant equations, concepts, and rules are 
highlighted against a color background for easy
reference.

C O N T E N T S
1-1 The Scientific Method

1-2 Properties of Matter

1-3 Classification of Matter

1-4 Measurement of Matter: SI (Metric)
Units

1-5 Density and Percent Composition:
Their Use in Problem Solving

1-6 Uncertainties in Scientific
Measurements

1-7 Significant Figures

LEARNING OBJECTIVES

1.1 Describe the purpose and
process of the scientific method.

1.2 Discuss the meaning of matter
and the changes it can undergo
physically and chemically.

1.3 Classify matter based on its
basic building blocks (atoms), and
identify the three states of matter.

1.4 Identify the SI unit for length,
mass, time, temperature, amount of
substance, electric current, and
luminous intensity.

1.5 Use percent composition and
the relationship among density,
volume, and mass, as conversion
factors in problem solving.

1.6 Differentiate between precision
and accuracy.

1.7 Use the standard rules for
significant figures to determine the
number of significant figures
needed at the end of a calculation.

Matter: Its Properties
and Measurement 1

The result of multiplication or division may contain only as many
significant figures as the least precisely known quantity in the
calculation.
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Other atomic symbols not
based on English names
include Cu, Ag, Sn, Sb, Au,
and Hg.

Concept Assessment
Concept Assessment questions (many of which are
qualitative) are distributed throughout the body of
the chapters. They enable students to test their
understanding of basic concepts before proceeding
further. Full solutions are provided in Appendix H.

Examples with Practice Examples A and B
Worked-out Examples throughout the text illustrate
how to apply the concepts. In many instances, a
drawing or photograph is included to help students
visualize what is going on in the problem. More
importantly, all worked-out Examples now follow a
tripartite structure of Analyze–Solve–Assess to
encourage students to adopt a logical approach to
problem solving.

Two Practice Examples are provided for each
worked-out Example. The first, Practice Example A, 
provides immediate practice in a problem very
similar to the given Example. The second, Practice
Example B, often takes the student one step further
than the given Example and is similar to the end-of-
chapter problems in terms of level of difficulty.
Answers to all the Practice Examples are given in
Appendix G.

2-4 CONCEPT ASSESSMENT  

What is the single exception to the statement that all atoms comprise protons,
neutrons, and electrons?

Marginal Notes
Marginal notes help clarify important points.

KEEP IN MIND

that all we know is that the
second oxide is twice as rich
in oxygen as the first. If the
first is CO, the possibilities
for the second are 

and so on. (See also
Exercise 18.)
C3O6,

CO2, C2O4,

Keep In Mind Notes
Keep In Mind margin notes remind students about
ideas introduced earlier in the text that are impor-
tant to an understanding of the topic under discus-
sion. In some instances they also warn students
about common pitfalls.

1-1 ARE YOU WONDERING?

Why is it so important to attach units to a number?

In 1993, NASA started the Mars Surveyor program to conduct an ongoing series
of missions to explore Mars. In 1995, two missions were scheduled that would be
launched in late 1998 and early 1999. The missions were the Mars Climate Orbiter
(MCO) and the Mars Polar Lander (MPL). The MCO was launched December 11,
1998, and the MPL, January 3, 1999.

Are You Wondering?
Are You Wondering? boxes pose and answer good
questions that students often ask. Some are
designed to help students avoid common miscon-
ceptions; others provide analogies or alternate
explanations of a concept; and still others address
apparent inconsistencies in the material that the
students are learning. These topics can be assigned
or omitted at the instructor’s discretion.

Focus On Discussions
References are given near the end of each chapter
to a Focus On essay that is found on the
MasteringChemistry® site (www.mastering
chemistry.com). These essays describe interesting
and significant applications of the chemistry dis-
cussed in the chapter. They help show the impor-
tance of chemistry in all aspects of daily life.

www.masteringchemistry.com

What is the most abundant element? This seemingly simple question does not have a simple answer. To
learn more about the abundances of elements in the universe and in the Earth’s crust, go to the Focus
On feature for Chapter 2, entitled Occurrence and Abundances of the Elements, on the
MasteringChemistry site.

EXAMPLE 14-5 Using Henry’s Law

At 0 and an pressure of 1.00 atm, the aqueous solubility of is per liter. What is the
molarity of in a saturated water solution when the is under its normal partial pressure in air, 0.2095 atm?

Analyze
Think of this as a two-part problem. (1) Determine the molarity of the saturated solution at 0 and 1 atm.
(2) Use Henry’s law in the manner just outlined. 

Solve
Determine the molarity of at 0 when We are given the information that, at an pressure
of 1.00 atm, a saturated solution of in water contains 48.9 mL (0.0489 L) of . We also know that, at 0 °C
and 1.00 atm, 1 mol occupies a volume of 22.4 L. Therefore, 

Evaluate the Henry’s law constant.

Apply Henry’s law.

Assess
When working problems involving gaseous solutes in a solution in which the solute is at very low concentra-
tion, use Henry’s law.

PRACTICE EXAMPLE A: Use data from Example 14-5 to determine the partial pressure of above an aqueous
solution at 0 known to contain 5.00 mg per 100.0 mL of solution.

PRACTICE EXAMPLE B: A handbook lists the solubility of carbon monoxide in water at and 1 atm pressure
as 0.0354 mL CO per milliliter of What pressure of CO(g) must be maintained above the solution to
obtain 0.0100 M CO? 

 H2O.
 0 °C

 O2 °C
 O2

 C = k * Pgas =
2.18 * 10-3 M

1.00 atm
* 0.2095 atm = 4.57 * 10-4 M

 k =
C
Pgas

=
2.18 * 10-3 M

1.00 atm

 molarity =
0.0489 L O2 *

1 mol O2

22.4 L O2

1 L soln
= 2.18 * 10-3 

mol O2

L soln
= 2.18 * 10-3 M

O2

O2O2

O2 PO2 = 1 atm. °C O2

 °C O2

 O2 O2

 48.9 mL O2 O2(g) O2 °C
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Integrative Example
An Integrative Example is provided near the end
of each chapter. These challenging examples show
students how to link various concepts from the
chapter and earlier chapters to solve complex prob-
lems. Each Integrative Example is now accompa-
nied by a Practice Example A and Practice
Example B. Answers to these Practice Examples are
given in Appendix G.

Summary
2-1 Early Chemical Discoveries and the Atomic
Theory—Modern chemistry began with eighteenth-
century discoveries leading to the formulation of two
basic laws of chemical combination, the law of conserva-
tion of mass and the law of constant composition (defi-
nite proportions). These discoveries led to Dalton’s
atomic theory—that matter is composed of indestructible
particles called atoms, that the atoms of an element are
identical to one another but different from atoms of all
other elements, and that chemical compounds are combi-
nations of atoms of different elements. Based on this the-
ory, Dalton proposed still another law of chemical combi-
nation, the law of multiple proportions.

2-2 Electrons and Other Discoveries in Atomic
Physics—The first clues to the structures of atoms came
through the discovery and characterization of cathode rays
(electrons). Key experiments were those that established

the mass-to-charge ratio (Fig. 2-7) and then the charge on an
electron (Fig. 2-8). Two important accidental discoveries
made in the course of cathode-ray research were of X-rays
and radioactivity. The principal types of radiation emitted
by radioactive substances are alpha particles, beta
particles, and gamma rays (Fig. 2-10).

2-3 The Nuclear Atom—Studies on the scattering of 
particles by thin metal foils (Fig. 2-11) led to the concept of
the nuclear atom—a tiny, but massive, positively charged
nucleus surrounded by lightweight, negatively charged
electrons (Fig. 2-12). A more complete description of the
nucleus was made possible by the discovery of protons
and neutrons. An individual atom is characterized in
terms of its atomic number (proton number) Z and mass
number, A. The difference, is the neutron number.
The masses of individual atoms and their component parts
are expressed in atomic mass units (u).

A - Z,

a

1G2

1B21A2

End-of-Chapter Questions and Exercises
Each chapter ends with four categories of ques-
tions: 

Exercises are organized by topic subheads and are
presented in pairs. Answers to selected questions (i.e.,
those numbered in red) are given in Appendix G.

PRACTICE EXAMPLE A: Use information from Figure 22-17 to decide whether the nitrite anion, 
disproportionates spontaneously in basic solution to and NO. Assume standard-state conditions.

PRACTICE EXAMPLE B: Does spontaneously disproportionate to and NO in acidic solution?
Assume standard-state conditions. [Hint: Use data from Figure 22-17.]

NO3 

-HNO2

NO3 

-
NO2 

-,

Show that the disproportionation of is
spontaneous for standard-state conditions in acidic solu-
tion, but not in basic solution.

Analyze
Begin by writing the half-equations and an overall equa-
tion for the disproportionation reaction. Determine 
for the reaction and thus whether the reaction is sponta-
neous for standard-state conditions in acidic solution.
Then make a qualitative assessment of whether the reac-
tion is likely to be more spontaneous or less spontaneous
in basic solution. 

Solve
Base the overall equation on the verbal description of the
reaction.

E°cell

S2O3 

2-1aq2

Integrative Example

Decomposition of thiosulfate ion
When an aqueous solution of is acidified, the
sulfur is in the colloidal state when first formed (right).  

Na2S2O3

For use in analytical chemistry, sodium thiosulfate solutions
must be carefully prepared. In particular, the solutions must
be kept from becoming acidic. In strongly acidic solutions,
thiosulfate ion disproportionates into and S81s2.SO21g2

and the half-equation

yields the desired new half-equation and its value.E°

¢rG° = -2FE° = -2F * 0.080 V

S4O6 

2-1aq2 + 2 e- ¡ 2 S2O3 

2-1aq2

(22.53)S81s2 + 8 SO21g2 + 8 H2O1l2

8 S2O3 

2-1aq2 + 16 H+1aq2 ¡
Overall:

4{S2O3 

2-1aq2 + H2O1l2 ¡ 2 SO21g2 + 2 H+1aq2 + 4 e-}

Oxidation:

4 S2O3 

2-1aq2 + 24 H+1aq2 + 16 e- ¡ S81s2 + 12 H2O1l2

Reduction: 

To determine for the reaction (22.53), use data from
Figure 22-13. That figure gives an value for the reduction
half-reaction (0.465 V) but no value for the oxidation. To
obtain this missing , use additional data from Figure 22-13
together with the method of Example 22-1. That is, the sum
of the half-equation

E°

E°
E°cell

¢rG° = -6FE° = -6F * 0.507 V

4 SO21g2 + 4 H+1aq2 + 6 e- ¡ S4O6 

2-1aq2 + 2 H2O1l2

 E° = 13.202>82 V = 0.400 V

 ¢rG° = -8FE° = -F13.2022 V

 ¢rG° = -F316 * 0.5072 + 12 * 0.08024 V

2 S2O3 

2-1aq2 + 2 H2O1l2

4 SO21g2 + 4 H+1aq2 + 8 e- ¡

Now we can calculate for reaction (22.53).

The disproportionation is spontaneous for standard-state
conditions in acidic solution.

Increasing as would be the case in making
the solution basic, means decreasing In fact,

corresponds to Because
equation (22.53) has on the left side of the equa-
tion, a decrease in favors the reverse reaction (by
Le Châtelier’s principle). At some point before the solu-
tion becomes basic, the forward reaction is no longer
spontaneous.

Assess
This calculation demonstrated in a qualitative way that

is stable in basic solutions and sponta-
neously disproportionates in acidic solutions. To deter-
mine the pH at which the disproportionation becomes
spontaneous, one can use the Nernst equation, as seen in
Exercise 100.

S2O3 

2-1aq2

3H+4
H+1aq2

3H+4 = 1 * 10-14 M.OH- = 1 M
3H+4.

3OH-4,

 = 0.465 V - 0.400 V = 0.065 V

E°cell = E°1reduction2 - E°1oxidation2

E°cell

Summary
A prose Summary is provided for each chapter.
The Summary is organized by the main headings in
the chapter and incorporates the key terms in bold-
faced type.

Exercises
Homogeneous and Heterogeneous Mixtures

(b) Salicyl alcohol
(a local anesthetic)

(a) para-Dichlorobenzene
(a moth repellent)

OH

CH2OH

ClCl

H3C

O

CH3

C

HO

H

H

H

C

Vitamin E

C

CC

OH

H

OH

OH

O

C

H

H H

H

C

C
C

C

C
C

C

C
C

CH3

HO

O

CH3

CH3(CH2CH2CH2

CH3

CH)3

Vitamin C

1. Which of the following do you expect to be most
water soluble, and why? 

2. Which of the following is moderately soluble
both in water and in benzene and why? 
(a) 1-butanol, CH3(CH2)2CH2OH; (b) naphthalene,

(c) hexane, (d) NaCl(s).
3. Substances that dissolve in water generally do not

dissolve in benzene. Some substances are moderately
soluble in both solvents, however. One of the follow-
ing is such a substance. Which do you think it is and
why?

C6H14;C10H8;

[C6H6(l)],

CaCO3(s).C6H6(l),
NH2OH(s),C10H8(s),
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Integrative and Advanced Exercises are more
advanced than the preceding Exercises. They are
not grouped by topic or type. They integrate mater-
ial from sections of the chapter and sometimes from
multiple chapters. In some instances, they intro-
duce new ideas or pursue specific ideas further
than is done in the chapter. Answers to selected
questions (i.e., those numbered in red) are given in
Appendix G.

69. Write net ionic equations for the reactions depicted in
photo (a) sodium metal reacts with water to produce
hydrogen; photo (b) an excess of aqueous iron(III) chlo-
ride is added to the solution in (a); and photo (c) the
precipitate from (b) is collected and treated with an
excess of HCl(aq).

70. Following are some laboratory methods occasionally
used for the preparation of small quantities of chemi-
cals. Write a balanced equation for each.
(a) preparation of HCl(aq) is heated with
FeS(s)
(b) preparation of HCl(aq) is heated with

and are other products
(c) preparation of and react in aque-
ous solution; is another productNH4Br

NH3N2(g): Br2

H2O1l2MnO21s2; MnCl21aq2
Cl21g2:

H2S1g2:

(c)(a) (b)

concentration of Assume that the solu-
tion volumes are additive.

76. An unknown white solid consists of two compounds,
each containing a different cation. As suggested in the
illustration, the unknown is partially soluble in water.
The solution is treated with NaOH(aq) and yields a
white precipitate. The part of the original solid that is
insoluble in water dissolves in HCl(aq) with the evo-
lution of a gas. The resulting solution is then treated
with and yields a white precipitate.
(a) Is it possible that any of the cations 

or were present in the
original unknown? Explain your reasoning. (b) What
compounds could be in the unknown mixture (that is,
what anions might be present)?

NH4 

+Ba2+, Na+,
Mg2+,  Cu2+,

1NH422SO41aq2

0.250 M Cl-?

Integrative and Advanced Exercises

Solution
     
KOH(aq)          white ppt

Solid
   
HCl(aq)          solution + gas
                           
                 (NH4)2SO4(aq)          white ppt

Feature Problems
113. Cinnamaldehyde is the chief constituent of cinna-

mon oil, which is obtained from the twigs and leaves
of cinnamon trees grown in tropical regions.
Cinnamon oil is used in the manufacture of food fla-
vorings, perfumes, and cosmetics. The normal boil-
ing point of cinnamaldehyde, is

but at this temperature it begins to decom-
pose. As a result, cinnamaldehyde cannot be easily
purified by ordinary distillation. A method that can
be used instead is steam distillation. A heterogeneous
mixture of cinnamaldehyde and water is heated
until the sum of the vapor pressures of the two liq-
uids is equal to barometric pressure. At this point,
the temperature remains constant as the liquids
vaporize. The mixed vapor condenses to produce
two immiscible liquids; one liquid is essentially pure
water and the other, pure cinnamaldehyde. The fol-
lowing vapor pressures of cinnamaldehyde are
given: 1 mmHg at 5 mmHg at and 
10 mmHg at Vapor pressures of water are
given in Table 14.3.

120.0 °C.
105.8 °C;76.1 °C;

246.0 °C,
C6H5CH=CHCHO,
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77. In your own words, define the following terms or
symbols: (a) (b) ; (c) bond order; (d) bond.

78. Briefly describe each of the following ideas: 
(a) hybridization of atomic orbitals; (b) frame-
work; (c) Kekulé structures of benzene, 

79. Explain the important distinctions between the terms
in each of the following pairs: (a) and bonds; 
(b) localized and delocalized electrons; (c) bonding
and antibonding molecular orbitals.

80. A molecule in which hybrid orbitals are used by
the central atom in forming covalent bonds is (a)
(b) (c) (d)

81. The bond angle in is best described as 
(a) between and (b) less than in (c) less
than in but not less than (d) less than 

82. The hybridization scheme for the central atom
includes a d orbital contribution in (a) (b)
(c) (d)

83. Of the following, the species with a bond order of 1 is
(a) (b) (c) (d)

84. The hybridization scheme for Xe in is (a)
(b) (c) (d)

85. Delocalized molecular orbitals are found in (a)
(b) (c) (d)

86. Explain why the molecular structure of cannot be
adequately described through overlaps involving
pure s and p orbitals.

BF3

CO3 

2-.CH4;HS-;
H2;

sp3d2.sp3d;sp3;
sp;XeF2

H2 

-.He2;Li2;H2 

+;

H2Se.NO3 

-;
PCl3;I3 

-;

90°.90°;H2S,
H2S;120°;109°

H2Se
He2.SO2;N2;

PCl5;
sp2

ps

C6H6.
s-bond

ps2p*sp2;
87. Why does the hybridization not account for

bonding in the molecule What hybridization
scheme does work? Explain.

88. What is the total number of (a) bonds and (b)
bonds in the molecule 

89. Which of the following species are paramagnetic?
(a) (b) (c) Which species has the
strongest bond?

90. Use the valence molecular orbital configuration to
determine which of the following species is expected
to have the lowest ionization energy: (a) (b)
(c)

91. Use the valence molecular orbital configuration to
determine which of the following species is expected
to have the greatest electron affinity: (a) (b)
(c) (d)

92. Which of these diatomic molecules do you think has
the greater bond energy, or Explain.

93. For each of the following ions or molecules, decide
whether the structure is best described by a single
Lewis structure or by resonance structures. (a) C2O4

2–;
(b) H2CO; (c) NO3

–.
94. Draw Lewis structures for the NO2

– and NO2
+ ions,

and determine the likely geometry for each by using
VSEPR theory. How does the hybridization of N differ
in these two species?

C2?Li2

B2 

+ .F2;
Be2;C2 

+ ;

C2 

- .
C2;C2 

+ ;

B2 

+ .B2 

- ;B2;

CH3NCO?
ps

BrF5?
sp3d

Self-Assessment Exercises

Feature Problems require the highest level of skill
to solve. Some deal with classic experiments; some
require students to interpret data or graphs; some
suggest alternative techniques for problem solving;
some are comprehensive in their scope; and some
introduce new material. These problems are a
resource that can be used in several ways: for dis-
cussion in class, for individually assigned home-
work, or for collaborative group work. Answers to
selected questions (i.e., those numbered in red) are
given in Appendix G.

Self-Assessment Exercises are designed to help
students review and prepare for some of the types
of questions that often appear on quizzes and
exams. Students can use these questions to decide
whether they are ready to move on to the next
chapter or first spend more time working with the
concepts in the current chapter. Answers with
explanations to selected questions (i.e., those num-
bered in red) are given in Appendix G.

Appendices
The Appendices at the back of the book provide important information:

Appendix A succinctly reviews of some basic Mathematical Operations.
Appendix B concisely describes Some Basic Physical Concepts.
Appendix C summarizes the conventions of SI Units.
Appendix D provides five useful Data Tables.
Appendix E provides guidelines, along with an example, for constructing
Concept Maps.
Appendix F consists of a Glossary of all the key terms in the book.
Appendix G provides Answers to Practice Examples and Selected Exercises.
Appendix H provides Answers to Concept Assessment Questions.

For easy reference, the Periodic Table of Elements and a Tabular Listing of
Elements are presented on the inside of the front cover.

For convenience, listings of Selected Physical Constants, Some Common
Conversion Factors, Some Useful Geometric Formulas, and Location of
Important Data and Other Useful Information are presented on the inside of
the back cover.
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DIGITAL AND PRINT RESOURCES

For the Instructor and the Student

MasteringChemistry®

(www.masteringchemistry.com)
MasteringChemistry® is the most effective, widely used online tutorial,
homework, and assessment system for chemistry. It helps instructors maxi-
mize class time with customizable, easy-to-assign, and automatically graded
assessments that motivate students to learn outside of class and arrive pre-
pared for lecture. These assessments can easily be customized and personal-
ized by instructors to suit their individual teaching style. The powerful
gradebook provides unique insight into student and class performance even
before the first test. As a result, instructors can spend class time where stu-
dents need it most.

MasteringChemistry® has always been personalized and adaptive on a
question level by providing error-specific feedback based on actual student
responses. However, Mastering now includes new adaptive follow-up
assignments. Content delivered to students as part of adaptive learning will
be automatically personalized for each student based on strengths and weak-
nesses identified by his or her performance on Mastering Parent
Assignments.

Learning Catalytics®, a “bring your own device” student engagement, assess-
ment, and classroom intelligence system, is also integrated with
MasteringChemistry®.

These resources are also available on the MasteringChemistry® site:

• A section about Bonding in Metals, to accompany Chapter 11 (Chemical
Bonding II: Valence Bond and Molecular Orbital Theories)

• Additional material referenced in Chapter 27 (Reactions of Organic
Compounds), including discussions of Organic Acids and Bases; A
Closer Look at the E2 Mechanism; and Carboxylic Acids and Their
Derivatives: The Addition–Elimination Mechanism

• Chapter 28 (Chemistry of the Living State)

The Pearson eText gives students access to the text whenever and wherever
they have access to the Internet. eText pages look exactly like the printed text,
offering powerful new functionality for students and instructors. Users can
create notes, highlight text in different colors, create bookmarks, zoom, click
hyperlinked words and phrases to view definitions, and view in single-page
or two-page view. 

For the Instructor
The Instructor Resources are available online via the Instructor Resources 
section of MasteringChemistry® and http://catalogue.pearsoned.ca/. The
following supplements are designed to facilitate lecture presentations, encour-
age class discussions, aid in creating tests, and foster learning: 

• An Instructor’s Resource Manual, organized by chapter, pro-
vides detailed lecture outlines, describes some common student
misconceptions, and demonstrates how to integrate the various
instructor resources into the course.
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Preface xxvii

• The Complete Solutions Manual (978-013-292504-4) contains full
solutions to all the end-of-chapter exercises and problems (including
those Self-Assessment Exercises that are not discussion questions), as
well as full solutions to all the Practice Examples A and B in the book.
With instructor approval, arrangements can be made with the pub-
lisher to make this manual available to students.

• Pearson’s Computerized Test Bank allows instructors to filter and select
questions to create quizzes, tests, or homework. Instructors can revise
questions or add their own, and may be able to choose print or online
options. These questions are also available in Microsoft Word format.

• A Test Item File in Word provides more than 2700 questions. Many
of the questions are in multiple-choice form, but there are also
true/false and short-answer questions. Each question is accompa-
nied by the correct answer, the relevant chapter section in the text-
book, and a level of difficulty (i.e., 1 for Easy, 2 for Moderate, and 3
for Challenging).

• PowerPoints Set 1 consists of all the figures and photos in the text-
book in PowerPoint format.

• PowerPoints Set 2 provides lecture outlines for each chapter of the
textbook.

• PowerPoints Set 3 provides questions for Personal Response
Systems (i.e., clickers) that can be used to engage students in lectures
and to obtain immediate feedback about their understanding of the
concepts being presented.

• PowerPoints Set 4 consists of the all worked examples from the text-
book in PowerPoint format.

• PowerPoints Set 5 consists of the all Practice Examples from the text-
book in PowerPoint format.

• Catalyst Laboratory Database Correlation Guide in Excel format.
• Focus On Discussions consist of all the Focus On Essays referenced

in the textbook which students can find on the MasteringChemistry®

site (www.masteringchemistry.com).

• Pearson’s Learning Solutions Managers work with faculty and campus
course designers to ensure that Pearson technology products, assessment
tools, and online course materials are tailored to meet your specific
needs. This highly qualified team is dedicated to helping schools take
full advantage of a wide range of educational resources by assisting in
the integration of a variety of instructional materials and media formats.
Your local Pearson Education sales representative can provide you with
more details on this service program.

For the Student

• Along with an Access Code Card for MasteringChemistry®, each new
copy of the book is accompanied by a 12-page Study Card (978-013-
338791-9). This card provides a convenient, concise review of some of the
key concepts and topics discussed in each chapter of the textbook.

• The Selected Solutions Manual (978-013-338790-2) provides full 
solutions to all the end-of-chapter exercises and problems that are 
numbered in red.
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C O N T E N T S
1-1 The Scientific Method

1-2 Properties of Matter

1-3 Classification of Matter

1-4 Measurement of Matter: SI (Metric)
Units

1-5 Density and Percent Composition:
Their Use in Problem Solving

1-6 Uncertainties in Scientific
Measurements

1-7 Significant Figures

From the clinic that treats chemical dependency to a theatrical perfor-
mance with good chemistry to the food label stating “no chemicals
added,” chemistry and chemicals seem an integral part of life, even if

everyday references to them are often misleading. A label implying the
absence of chemicals in a food makes no sense. All foods consist entirely
of chemicals, even if organically grown. In fact, all material objects—
whether living or inanimate—are made up only of chemicals, and we
should begin our study with that thought clearly in mind.

By manipulating materials in their environment, people have always
practiced chemistry. Among the earliest applications were glazing pottery,
smelting ores to produce metals, tanning hides, dyeing fabrics, and making
cheese, wine, beer, and soap. With modern knowledge, though, chemists

LEARNING OBJECTIVES

1.1 Describe the purpose and
process of the scientific method.

1.2 Discuss the meaning of matter
and the changes it can undergo
physically and chemically.

1.3 Classify matter based on its
basic building blocks (atoms), and
identify the three states of matter.

1.4 Identify the SI unit for length,
mass, time, temperature, amount of
substance, electric current, and
luminous intensity.

1.5 Use percent composition and
the relationship among density,
volume, and mass as conversion
factors in problem solving.

1.6 Differentiate between precision
and accuracy.

1.7 Use the standard rules for
significant figures to determine the
number of significant figures
needed at the end of a calculation.

Matter: Its Properties
and Measurement

1

1

A Hubble Space Telescope image of a cloud of hydrogen gas and dust (lower right
half of the image) that is part of the Swan Nebula (M17). The colors correspond to
light emitted by hydrogen (green), sulfur (red), and oxygen (blue). The chemical
elements discussed in this text are those found on Earth and, presumably,
throughout the universe.
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2 Chapter 1 Matter: Its Properties and Measurement

can decompose matter into its smallest components (atoms) and reassemble
those components into materials that do not exist naturally and that often
exhibit unusual properties. Thus, motor fuels and thousands of chemicals used
in the manufacture of plastics, synthetic fabrics, pharmaceuticals, and pesticides
can all be made from petroleum. Modern chemical knowledge is also needed to
understand the processes that sustain life and to understand and control
processes that are detrimental to the environment, such as the formation of
smog and the destruction of stratospheric ozone. Because it relates to so many
areas of human endeavor, chemistry is sometimes called the central science.

Early chemical knowledge consisted of the “how to” of chemistry, discov-
ered through trial and error. Modern chemical knowledge answers the “why”
as well as the “how to” of chemical change. It is grounded in principles and
theory, and mastering the principles of chemistry requires a systematic
approach to the subject. Scientific progress depends on the way scientists do
their work—asking the right questions, designing the right experiments to
supply the answers, and formulating plausible explanations of their findings.
We begin with a closer look into the scientific method.

1-1 The Scientific Method
Science differs from other fields of study in the method that scientists use to
acquire knowledge and the special significance of this knowledge. Scientific
knowledge can be used to explain natural phenomena and, at times, to predict
future events.

The ancient Greeks developed some powerful methods of acquiring knowl-
edge, particularly in mathematics. The Greek approach was to start with cer-
tain basic assumptions or premises. Then, by the method known as deduction,
certain conclusions must logically follow. For example, if and 
then Deduction alone is not enough for obtaining scientific knowledge,
however. The Greek philosopher Aristotle assumed four fundamental sub-
stances: air, earth, water, and fire. All other materials, he believed, were
formed by combinations of these four elements. Chemists of several centuries
ago (more commonly referred to as alchemists) tried, in vain, to apply the
four-element idea to turn lead into gold. They failed for many reasons, one
being that the four-element assumption is false.

The scientific method originated in the seventeenth century with such people
as Galileo, Francis Bacon, Robert Boyle, and Isaac Newton. The key to the method
is to make no initial assumptions, but rather to make careful observations of
natural phenomena. When enough observations have been made so that a pat-
tern begins to emerge, a generalization or natural law can be formulated describ-
ing the phenomenon. Natural laws are concise statements, often in mathematical
form, about natural phenomena. The form of reasoning in which a general state-
ment or natural law is inferred from a set of observations is called induction. For
example, early in the sixteenth century, Polish astronomer Nicolaus Copernicus
(1473–1543), through careful study of astronomical observations, concluded that
Earth revolves around the sun in a circular orbit, although the general teaching
of the time, not based on scientific study, was that the sun and other heavenly
bodies revolved around Earth. We can think of Copernicus’s statement as a
natural law. Another example of a natural law is the radioactive decay law, which
dictates how long it takes for a radioactive substance to lose its radioactivity.

The success of a natural law depends on its ability to explain, or account for,
observations and to predict new phenomena. Copernicus’s work was a great
success because he was able to predict future positions of the planets more
accurately than his contemporaries. We should not think of a natural law as an
absolute truth, however. Future experiments may require us to modify the law.
For example, Copernicus’s ideas were refined a half-century later by Johannes
Kepler, who showed that planets travel in elliptical, not circular, orbits. To verify

a = c.
b = c,a = b
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1-1 The Scientific Method 3

a natural law, a scientist designs experiments that show whether the conclusions
deduced from the natural law are supported by experimental results.

A hypothesis is a tentative explanation of a natural law. If a hypothesis sur-
vives testing by experiments, it is often referred to as a theory. In a broader
sense, a theory is a model or way of looking at nature that can be used to explain
natural laws and make further predictions about natural phenomena. When dif-
fering or conflicting theories are proposed, the one that is most successful in its
predictions is generally chosen. Also, the theory that involves the smallest num-
ber of assumptions—the simplest theory—is preferred. Over time, as new evi-
dence accumulates, most scientific theories undergo modification, and some are
discarded.

The scientific method is the combination of observation, experimentation,
and the formulation of laws, hypotheses, and theories. The method is illus-
trated by the flow diagram in Figure 1-1. Scientists may develop a pattern of
thinking about their field, known as a paradigm. Some paradigms may be suc-
cessful at first but then become less so. When that happens, a new paradigm
may be needed or, as is sometimes said, a paradigm shift occurs. In a way, the
method of inquiry that we call the scientific method is itself a paradigm, and
some people feel that it, too, is in need of change. That is, the varied activities
of modern scientists are more complex than the simplified description of the
scientific method presented here.* In any case, merely following a set of proce-
dures, rather like using a cookbook, will not guarantee scientific success.

Another factor in scientific discovery is chance, or serendipity. Many discover-
ies have been made by accident. For example, in 1839, American inventor Charles
Goodyear was searching for a treatment for natural rubber that would make it
less brittle when cold and less tacky when warm. During this work, he acciden-
tally spilled a rubber–sulfur mixture on a hot stove and found that the resulting
product had exactly the properties he was seeking. Other chance discoveries
include X-rays, radioactivity, and penicillin. So scientists and inventors always
need to be alert to unexpected observations. Perhaps no one was more aware of
this than Louis Pasteur, who wrote, “Chance favors the prepared mind.” 

Observation: natural
or experimental

Hypothesis:
tentative explanation

Experiments designed
to test hypothesis

Experiments: to test
predictions of theory

Theory (or model):
amplifies hypothesis
and gives predictions

Revise hypothesis:
if experiments show
that it is inadequate

Modify theory:
if experiments show
that it is inadequate

Theory established:
unless later observations 

or experiments show
inadequacies of model

▲ FIGURE 1-1
The scientific method illustrated

*W. Harwood, JCST, 33, 29 (2004). JCST is an abbreviation for Journal of College Science Teaching.

1-1 CONCEPT ASSESSMENT

Is the common saying “The exception proves the rule” a good statement of the
scientific method? Explain.

▲ Louis Pasteur (1822–1895).
This great practitioner of the
scientific method was the
developer of the germ theory
of disease, the sterilization of
milk by pasteurization, and
vaccination against rabies. He
has been called the greatest
physician of all time by some.
He was, in fact, not a physi-
cian at all, but a chemist—by
training and by profession.

Answers to Concept
Assessment questions are
given in Appendix H.
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4 Chapter 1 Matter: Its Properties and Measurement

FIGURE 1-2
Physical properties 
of sulfur and copper
A lump of sulfur (left) crumbles
into a yellow powder when
hammered. Copper (right) can
be obtained as large lumps of
native copper, formed into
pellets, hammered into a thin
foil, or drawn into a wire.

▲

1-2 Properties of Matter
Dictionary definitions of chemistry usually include the terms matter,
composition, and properties, as in the statement that “chemistry is the science
that deals with the composition and properties of matter.” In this and the next
section, we will consider some basic ideas relating to these three terms in
hopes of gaining a better understanding of what chemistry is all about.

Matter is anything that occupies space and displays the properties of mass
and inertia. Every human being is a collection of matter. We all occupy space,
and we describe our mass in terms of weight, a related property. (Mass and
weight are described in more detail in Section 1-4. Inertia is described in
Appendix B.) All the objects that we see around us consist of matter. The gases
of the atmosphere, even though they are invisible, are matter—they occupy
space and have mass. Sunlight is not matter; rather, it is a form of energy.
Energy is discussed in later chapters.

Composition refers to the parts or components of a sample of matter
and their relative proportions. Ordinary water is made up of two simpler
substances—hydrogen and oxygen—present in certain fixed proportions.
A chemist would say that the composition of water is 11.19% hydrogen and
88.81% oxygen by mass. Hydrogen peroxide, a substance used in bleaches and
antiseptics, is also made up of hydrogen and oxygen, but it has a different com-
position. Hydrogen peroxide is 5.93% hydrogen and 94.07% oxygen by mass.

Properties are those qualities or attributes that we can use to distinguish one
sample of matter from others; and, as we consider next, the properties of matter
are generally grouped into two broad categories: physical and chemical.

Physical Properties and Physical Changes
A physical property is one that a sample of matter displays without changing
its composition. Thus, we can distinguish between the reddish brown solid,
copper, and the yellow solid, sulfur, by the physical property of color (Fig. 1-2).

Another physical property of copper is that it can be hammered into a thin
sheet of foil (see Figure 1-2). Solids having this ability are said to be malleable.
Sulfur is not malleable. If we strike a chunk of sulfur with a hammer, it crum-
bles into a powder. Sulfur is brittle. Another physical property of copper that
sulfur does not share is the ability to be drawn into a fine wire (ductility). Also,
sulfur is a far poorer conductor of heat and electricity than is copper.

Sometimes a sample of matter undergoes a change in its physical appear-
ance. In such a physical change, some of the physical properties of the sample
may change, but its composition remains unchanged. When liquid water
freezes into solid water (ice), it certainly looks different and, in many ways, it is
different. Yet the water remains 11.19% hydrogen and 88.81% oxygen by mass.

Chemical Properties and Chemical Changes
In a chemical change, or chemical reaction, one or more kinds of matter are
converted to new kinds of matter with different compositions. The key to
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1-3 Classification of Matter 5

identifying chemical change, then, comes in observing a change in composition.
The burning of paper involves a chemical change. Paper is a complex material,
but its principal constituents are carbon, hydrogen, and oxygen. The chief
products of the combustion are two gases, one consisting of carbon and oxy-
gen (carbon dioxide) and the other consisting of hydrogen and oxygen (water,
as steam). The ability of paper to burn is an example of a chemical property. A
chemical property is the ability (or inability) of a sample of matter to undergo
a change in composition under stated conditions.

Zinc reacts with hydrochloric acid solution to produce hydrogen gas and a
solution of zinc chloride in water (Fig. 1-3). This reaction is one of zinc’s distinc-
tive chemical properties, just as the inability of gold to react with hydrochloric
acid is one of gold’s chemical properties. Sodium reacts not only with hydrochlo-
ric acid but also with water. In some of their physical properties, zinc, gold, and
sodium are similar. For example, each is malleable and a good conductor of heat
and electricity. In most of their chemical properties, though, zinc, gold, and
sodium are quite different. Knowing these differences helps us to understand
why zinc, which does not react with water, is used in roofing nails, roof flashings,
and rain gutters, and sodium is not. Also, we can appreciate why gold, because
of its chemical inertness, is prized for jewelry and coins: It does not tarnish or
rust. In our study of chemistry, we will see why substances differ in properties
and how these differences determine the ways in which we use them.

1-3 Classification of Matter
Matter is made up of very tiny units called atoms. Each different type of atom is
the building block of a different chemical element. Presently, the International
Union of Pure and Applied Chemistry (IUPAC) recognizes 118 elements, but
four do not yet have names or symbols. The known elements range from com-
mon substances, such as carbon, iron, and silver, to uncommon ones, such as
lutetium and thulium. About 90 of the elements can be obtained from natural
sources. The remainder do not occur naturally and have been created only in
laboratories. On the inside front cover you will find a complete listing of the ele-
ments and also a special tabular arrangement of the elements known as the
periodic table. The periodic table is the chemist’s directory of the elements. We
will describe it in Chapter 2 and use it throughout most of the text.

Chemical compounds are substances comprising atoms of two or more ele-
ments joined together. Scientists have identified millions of different chemical
compounds. In some cases, we can isolate a molecule of a compound. A molecule
is the smallest entity having the same proportions of the constituent atoms as
does the compound as a whole. A molecule of water consists of three atoms: two
hydrogen atoms joined to a single oxygen atom. A molecule of hydrogen perox-
ide has two hydrogen atoms and two oxygen atoms; the two oxygen atoms are
joined together and one hydrogen atom is attached to each oxygen atom. By con-
trast, a molecule of the blood protein gamma globulin is made up of 19,996 atoms,
but they are of just four types: carbon, hydrogen, oxygen, and nitrogen.

▲ FIGURE 1-3
A chemical property of
zinc and gold: reaction
with hydrochloric acid
The zinc-plated (galvanized)
nail reacts with hydrochloric
acid, producing the bubbles
of hydrogen gas seen on its
surface. The gold bracelet is
unaffected by hydrochloric
acid. In this photograph, the
zinc plating has been
consumed, exposing the
underlying iron nail. The
reaction of iron with
hydrochloric acid imparts
some color to the acid
solution.

The International Union of
Pure and Applied Chemistry
(IUPAC) is recognized as the
world authority on chemical
nomenclature, terminology,
standardized methods for
measurement, atomic 
mass, and more. Along 
with many other activities,
IUPAC publishes journals,
technical reports, and
chemical databases, most of
which are available at www
.iupac.org.

▲

The identity of an atom
is established by a feature
called its atomic number (see
Section 2-3). Characterizing
“superheavy” elements is a
daunting challenge; they are
produced only a few atoms at
a time and the atoms disinte-
grate almost instantaneously.

▲
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▲ Structures of water, hydrogen peroxide, and gamma globulin.
Gamma globulin consists of three subunits (shown in different colors).
Each subunit consists of carbon, hydrogen, oxygen, and nitrogen.
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6 Chapter 1 Matter: Its Properties and Measurement

It is composition, particu-
larly its variability, that helps
us distinguish the several
classifications of matter.

▲

The composition and properties of an element or a compound are uniform
throughout a given sample and from one sample to another. Elements and
compounds are called substances. (In the chemical sense, the term substance
should be used only for elements and compounds.) A mixture of substances
can vary in composition and properties from one sample to another. One that
is uniform in composition and properties throughout is said to be a
homogeneous mixture or a solution. A given solution of sucrose (cane sugar)
in water is uniformly sweet throughout the solution, but the sweetness of
another sucrose solution may be rather different if the sugar and water are
present in different proportions. Ordinary air is a homogeneous mixture of
several gases, principally the elements nitrogen and oxygen. Seawater is a solu-
tion of the compounds water, sodium chloride (salt), and a host of others.
Gasoline is a homogeneous mixture or solution of dozens of compounds.

In heterogeneous mixtures—sand and water, for example—the compo-
nents separate into distinct regions. Thus, the composition and physical prop-
erties vary from one part of the mixture to another. Salad dressing, a slab of
concrete, and the leaf of a plant are all heterogeneous. It is usually easy to dis-
tinguish heterogeneous from homogeneous mixtures. A scheme for classifying
matter into elements and compounds and homogeneous and heterogeneous
mixtures is summarized in Figure 1-4.

Separating Mixtures
A mixture can be separated into its components by appropriate physical
means. Consider again the heterogeneous mixture of sand in water. When we
pour this mixture into a funnel lined with porous filter paper, the water passes
through and sand is retained on the paper. This process of separating a solid
from the liquid in which it is suspended is called filtration (Fig. 1-5a). You will
probably use this procedure in the laboratory. Conversely, we cannot separate
a homogeneous mixture (solution) of copper(II) sulfate in water by filtration
because all components pass through the paper. We can, however, boil the
solution of copper(II) sulfate and water. In the process of distillation, a pure
liquid is condensed from the vapor given off by a boiling solution. When all

Solutions can be gaseous
and liquids as described here,
but they can also be solids.
Some alloys are examples of
solid solutions.

▲

Can it be
separated by

physical means?

No Yes

All matter

Can it be
decomposed by a
chemical process?

Yes YesNo No

Substance

Compound Element Homogeneous Heterogeneous

Is it
uniform

throughout?

Mixture

▲ FIGURE 1-4
A classification scheme for matter
Every sample of matter is either a single substance (an element or compound) or a
mixture of substances. At the molecular level, an element consists of atoms of a single
type and a compound consists of two or more different types of atoms, usually joined
into molecules. In a homogeneous mixture, atoms or molecules are randomly mixed
at the molecular level. In heterogeneous mixtures, the components are physically
separated, as in a layer of octane molecules (a constituent of gasoline) floating on a
layer of water molecules.

▲ Is it homogeneous or
heterogeneous? When viewed
through a microscope,
homogenized milk is seen
to consist of globules of fat
dispersed in a watery
medium. Homogenized milk
is a heterogeneous mixture.
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1-3 Classification of Matter 7

(a)

(c)

(b)

(d)

FIGURE 1-5
Separating mixtures: a physical process
(a) Separation of a heterogeneous mixture by filtration:
Solid copper(II) sulfate is retained on the filter paper,
while liquid hexane passes through. (b) Separation of a
homogeneous mixture by distillation: Copper(II) sulfate
remains in the flask on the left as water passes to
the flask on the right, by first evaporating and then
condensing back to a liquid. (c) Separation of the
components of ink by using chromatography: A dark
spot of black ink can be seen just above the water line as
water moves up the paper. (d) Water has dissolved the
colored components of the ink, and these components
are retained in different regions on the paper according
to their differing tendencies to adhere to the paper.

(a) Carey B. Van Loon; (b) Carey B. Van Loon; (c) Richard Megna/Fundamental Photographs; 

(d) Richard Megna/Fundamental Photographs

▲

the water has been removed by boiling a solution of copper(II) sulfate in
water, solid copper(II) sulfate remains behind (Fig. 1-5b).

Another method of separation available to modern chemists depends on
the differing abilities of compounds to adhere to the surfaces of various solid
substances, such as paper and starch. The technique of chromatography relies on
this principle. The dramatic results that can be obtained with chromatography
are illustrated by the separation of ink on a filter paper (Fig. 1-5c, d).

Decomposing Compounds
A chemical compound retains its identity during physical changes, but it can be
decomposed into its constituent elements by chemical changes. The decomposition
of compounds into their constituent elements is a more difficult matter than the
mere physical separation of mixtures. The extraction of iron from iron oxide ores
requires a blast furnace. The industrial production of pure magnesium from mag-
nesium chloride requires electricity. It is generally easier to convert a compound
into other compounds by a chemical reaction than it is to separate a compound
into its constituent elements. For example, when heated, ammonium dichromate
decomposes into the substances chromium(III) oxide, nitrogen, and water. This
reaction, once used in movies to simulate a volcano, is illustrated in Figure 1-6.

States of Matter
Matter is generally found in one of three states: solid, liquid, or gas. In a solid,
atoms or molecules are in close contact, sometimes in a highly organized
arrangement called a crystal. A solid has a definite shape. In a liquid, the atoms
or molecules are usually separated by somewhat greater distances than in a
solid. Movement of these atoms or molecules gives a liquid its most distinctive
property—the ability to flow, covering the bottom and assuming the shape of
its container. In a gas, distances between atoms or molecules are much greater

▲ FIGURE 1-6
A chemical change:
decomposition of
ammonium dichromate
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8 Chapter 1 Matter: Its Properties and Measurement

Nonnumerical information
is qualitative, such as the color
blue.

▲

than in a liquid. A gas always expands to fill its container. Depending on con-
ditions, a substance may exist in only one state of matter, or it may be present in
two or three states. Thus, as the ice in a small pond begins to melt in the spring,
water is in two states: solid and liquid (actually, three states if we also consider
water vapor in the air above the pond). The three states of water are illustrated
at two levels in Figure 1-7.

The macroscopic level refers to how we perceive matter with our eyes,
through the outward appearance of objects. The microscopic level describes
matter as chemists conceive of it—in terms of atoms and molecules and their
behavior. In this text, we will describe many macroscopic, observable proper-
ties of matter, but to explain these properties, we will often shift our view to
the atomic or molecular level—the microscopic level.

1-4 Measurement of Matter: SI (Metric) Units
Chemistry is a quantitative science, which means that in many cases we can
measure a property of a substance and compare it with a standard having a
known value of the property. We express the measurement as the product of a
number and a unit. The unit indicates the standard against which the measured
quantity is being compared. When we say that the length of the playing field in
football is 100 yd, we mean that the field is 100 times as long as a standard of
length called the yard (yd). In this section, we will introduce some basic units
of measurement that are important to chemists.

The scientific system of measurement is called the Système Internationale
d’Unités (International System of Units) and is abbreviated SI. It is a modern
version of the metric system, a system based on the unit of length called a
meter (m). The meter was originally defined as of the distance from
the equator to the North Pole and translated into the length of a metal bar kept
in Paris. Unfortunately, the length of the bar is subject to change with tempera-
ture, and it cannot be exactly reproduced. The SI system substitutes for the 

1>10,000,000

The definition of the meter,
formerly based on the atomic
spectrum of was changed
to the speed of light in 1983.
Effectively, the speed of light
is now defined as
2.99792458 * 108 m>s.

86Kr,

▲

(a)

(b)

(c)

▲ FIGURE 1-7
Macroscopic and microscopic views of matter
The picture shows a block of ice on a heated surface and the three states of water. The
circular insets show how chemists conceive of these states microscopically, in terms of
molecules with two hydrogen atoms joined to one of oxygen. In ice (a), the molecules
are arranged in a regular pattern in a rigid framework. In liquid water (b), the molecules
are rather closely packed but move freely. In gaseous water (c), the molecules are
widely separated.
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1-4 Measurement of Matter: SI (Metric) Units 9

TABLE 1.1 SI Base Quantities

Physical Quantity Unit Symbol

Length metera m
Mass kilogram kg
Time second s
Temperature kelvin K
Amount of substance moleb mol
Electric currentc ampere A
Luminous intensityd candela cd

aThe official spelling of this unit is “metre,” but we will use the American spelling.
bThe mole is introduced in Section 2-7.
cElectric current is described in Appendix B and in Chapter 19.
dLuminous intensity is not discussed in this text.

standard meter bar an unchanging, reproducible quantity: 1 meter is the dis-
tance traveled by light in a vacuum in of a second. Length is one
of the seven fundamental quantities in the SI system (see Table 1.1). All other
physical quantities have units that can be derived from these seven. SI is a
decimal system. Quantities differing from the base unit by powers of ten are
noted by the use of prefixes. For example, the prefix kilo means “one thousand”

times the base unit; it is abbreviated as k. Thus 
or The SI prefixes are listed in Table 1.2.

Most measurements in chemistry are made in SI units. Sometimes we must
convert between SI units, as when converting kilometers to meters. At other
times we must convert measurements expressed in non-SI units into SI units,
or from SI units into non-SI units. In all these cases, we can use a conversion 
factor or a series of conversion factors in a scheme called a conversion path-
way. Later in this chapter, we will apply conversion pathways in a method of
problem solving known as dimensional analysis. The method itself is described
in some detail in Appendix A.

Mass
Mass describes the quantity of matter in an object. In SI the standard of mass
is 1 kilogram (kg), which is a fairly large unit for most applications in chem-
istry. More commonly we use the unit gram (g).

Weight is the force of gravity on an object. It is directly proportional to mass,
as shown in the following mathematical expressions.

(1.1)

An object has a fixed mass (m), which is independent of where or how the mass
is measured. Its weight (W), however, may vary because the acceleration caused
by gravity (g) varies slightly from one point on Earth to another. Thus, an object
that weighs 100.0 kg in St. Petersburg, Russia, weighs only 99.6 kg in Panama
(about 0.4% less). The same object would weigh only about 17 kg on the moon.
Although the weight of an object varies from place to place, its mass is the same
in all locations. The terms weight and mass are often used interchangeably, but
only mass is a measure of the quantity of matter. A common laboratory device for
measuring mass is called a balance. A balance is often called, incorrectly, a scale.

The principle used in a balance is that of counteracting the force of gravity
on an unknown mass with a force of equal magnitude that can be precisely
measured. In older two-pan beam balances, the object whose mass is being
determined is placed on one pan and counterbalancing is achieved through the
force of gravity acting on weights, objects of precisely known mass, placed on
the other pan. In the type of balance most commonly seen in laboratories
today—the electronic balance—the counterbalancing force is a magnetic force
produced by passing an electric current through an electromagnet. First, an ini-
tial balance condition is achieved when no object is present on the balance pan. 

W r m and W = g * m

1 km = 1000 m.
1 kilometer = 1000 meters,11032

1>299,792,458

It is a good idea to memorize
the most common SI prefixes
(such as G, M, k, d, c, m, n,
and p) because you can’t sur-
vive in a world of science
without knowing these SI
prefixes.

m,

▲

TABLE 1.2 SI Prefixes

Multiple Prefix

1018 exa (E)
1015 peta (P)
1012 tera (T)
109 giga (G)
106 mega (M)
103 kilo (k)
102 hecto (h)
101 deka (da)
10-1 deci (d)
10-2 centi (c)
10-3 milli (m)
10-6 micro a(m)
10-9 nano (n)
10-12 pico (p)
10-15 femto (f)
10-18 atto (a)
10-21 zepto (z)
10-24 yocto (y)
aThe Greek letter 
(pronounced “mew”).

m

The symbol r means
“proportional to.” It can be
replaced by an equality sign
and a proportionality
constant. In expression (1.1),
the constant is the accelera-
tion caused by gravity, g. (See
Appendix B.)

▲
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