A%

Third Edition




CHEMISTRY

A Molecular Approach

Third Edition

NIVALDO J.TRO

Westmont College

PEARSON

Boston Columbus Indianapolis New York San Francisco Upper Saddle River
Amsterdam Cape Town Dubai London Madrid Milan Munich Paris Montréal Toronto
Delhi Mexico City Sdo Paulo Sydney Hong Kong Seoul Singapore Taipei Tokyo



Editor in Chief: Adam Jaworski Production Management: GEX Publishing Services

Senior Acquisitions Editor: Terry Haugen Compositor: GEX Publishing Services
Senior Marketing Manager: Jonathan Cottrell Senior Technical Art Specialist: Connie Long
Project Editor: Jessica Moro Illustrator: Precision Graphics

Assistant Editor: Erin Kneuer Image Lead: Maya Melenchuk

Editorial Assistant: Lisa Tarabokjia Photo Researcher: Eric Schrader

Marketing Assistant: Nicola Houston Text Permissions Manager: Alison Bruckner
Director of Editorial Development: Jennifer Hart Text Permissions Researcher: GEX Publishing Services
Development Editor: Erin Mulligan Design Manager: Mark Ong

Associate Media Producer: Erin Fleming Interior Designer: Emily Friel

Managing Editor, Chemistry and Geosciences: Gina M. Cheselka  Cover Designer: Jana Anderson

Senior Production Project Manager: Beth Sweeten Operations Specialist: Jeffrey Sargent

Cover Image Credit: Nanotube sensor: A carbon nanotube treated with a capture agent, in yellow, can bind with and delect
the purple-colored target protein—this changes the electrical resistance of the nanotube and creates a sensing device.
Artist: Ethan Minot, in Nanotube technology leading to fast, lower-cost medical diagnostics, Oregon State University,

@ 2012, 01 pp., http://www.flickr.com/photos/oregonstateuniversity/6816133738/

Credits and acknowledgments borrowed from other sources and reproduced, with permission, in this textbook appear on
the appropriate page within text or on p. PC-1.

Copyright © 2014, 2011, 2008 Pearson Education, Inc. All rights reserved. Manufactured in the United States of America.
This publication is protected by Copyright, and permission should be obtained from the publisher prior to any prohibited
reproduction, storage in a retrieval system, or transmission in any form or by any means: electronic, mechanical, photocopying,
recording, or likewise. To obtain permission(s) to use material from this work, please submit a written request to Pearson
Education, Inc., Permissions Department, 1 Lake Street, Department 1G, Upper Saddle River, NJ 07458.

Many of the designations used by manufacturers and sellers to distinguish their products are claimed as trademarks. Where
those designations appear in this book, and the publisher was aware of a trademark claim, the designations have been printed
in initial caps or all caps.

Library of Congress Cataloging-in-Publication Data available upon request from Publisher.

123456789 10—CRK—16 15 14 13 12

PEARSON ISBN-10: 0-321-80924-6 / ISBN-13: 978-0-321-80924-7 (Student Edition)
ISBN-10: 0-321-90546-6 / ISBN-13: 978-0-321-90546-8 (Instructor’s Review Copy)



1o Michael, Ali, Kyle, and Kaden

About the Author

IVALDO TRO is a professor of chemistry at Westmont College in

Santa Barbara, California, where he has been a faculty member

since 1990. He received his Ph.D. in chemistry from Stanford
University for work on developing and using optical techniques to study
the adsorption and desorption of molecules to and from surfaces in
ultrahigh vacuum. He then went on to the University of California at
Berkeley, where he did postdoctoral research on ultrafast reaction
dynamics in solution. Since coming to Westmont, Professor Tro has been
awarded grants from the American Chemical Society Petroleum Research
Fund, from Research Corporation, and from the National Science
Foundation to study the dynamics of various processes occurring in thin
adlayer films adsorbed on dielectric surfaces. He has been honored as
Westmont’s outstanding teacher of the year three times and has also
received the college’s outstanding researcher of the year award. Professor
Tro lives in Santa Barbara with his wife, Ann, and their four children,
Michael, Ali, Kyle, and Kaden. In his leisure time, Professor Tro enjoys
mountain biking, surfing, reading to his children, and being outdoors

with his family.



Brief Contents

©W 00 ~N oo g A W DN e

(=Y
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24

Matter, Measurement, and Problem Solving
Atoms and Elements

Molecules, Compounds, and Chemical Equations
Chemical Quantities and Aqueous Reactions
Gases

Thermochemistry

The Quantum-Mechanical Model of the Atom
Periodic Properties of the Elements

Chemical Bonding |: The Lewis Model

Chemical Bonding Il: Molecular Shapes, Valence
Bond Theory, and Molecular Orbital Theory

Liquids, Solids, and Intermolecular Forces
Solutions

Chemical Kinetics

Chemical Equilibrium

Acids and Bases

Aqueous lonic Equilibrium

Free Energy and Thermodynamics
Electrochemistry

Radioactivity and Nuclear Chemistry
Organic Chemistry

Biochemistry

Chemistry of the Nonmetals

Metals and Metallurgy

Transition Metals and Coordination Compounds

Appendix I Common Mathematical Operations in Chemistry

Appendix Il Useful Data
Appendix 11l Answers to Selected Exercises

Appendix IV Answers to In-Chapter Practice Problems

Glossary
Photo and Text Credits
Index

XXXViii
44
86

138
194
246
294
334
380

424
482
544
596
648
696
752
812
860
910
950
1000
1034
1074
1098
A-1
A-5
A-15
A-51
G-1
PC-1
-1



Contents

Preface

1 Matter, Measurement, and
Problem Solving

1.1 Atoms and Molecules

1.2 The Scientific Approach to Knowledge
THE NATURE OF SCIENCE: Thomas S. Kuhn and
Scientific Revolutions

1.3 The Classification of Matter

The States of Matter: Solid, Liquid, and Gas 5
Classifying Matter according to Its Composition:
Elements, Compounds, and Mixtures 7
Separating Mixtures 8

1.4 Physical and Chemical Changes and Physical

and Chemical Properties 9
1.5 Energy: A Fundamental Part of Physical and

Chemical Change 12
1.6 The Units of Measurement 13

The Standard Units 13 The Meter: A Measure of
Length 14 The Kilogram: A Measure of

Mass 14 The Second: A Measure of Time 14
The Kelvin: A Measure of Temperature 15 Prefix
Multipliers 17 Derived Units: Volume and
Density 17 Calculating Density 18

CHEMISTRY AND MEDICINE: Bone Density 20
1.7 The Reliability of a Measurement 20
Counting Significant Figures 22 Exact Numbers 22

Significant Figures in Calculations 23 Precision and
Accuracy 25
CHEMISTRY IN YOUR DAY: Integrity in Data Gathering 26

1.8 Solving Chemical Problems 27

Converting from One Unit to Another 27  General

Problem-Solving Strategy 28  Units Raised to a

Power 30  Order-of-Magnitude Estimations 31

Problems Involving an Equation 32

CHAPTER IN REVIEW 34
Self Assessment Quiz 34 Key Terms 35
Key Concepts 35 Key Equations and
Relationships 36 Key Learning Outcomes 36

EXERCISES 36
Review Questions 36 Problems by Topic 37
Cumulative Problems 41 Challenge Problems 42
Conceptual Problems 42 Answers to Conceptual
Connections 43

2 Atoms and Elements

44
2.1 Imaging and Moving Individual Atoms 45
2.2 Early Ideas about the Building Blocks of Matter 47

2.3 Modern Atomic Theory and the Laws That Led to It

The Law of Conservation of Mass 47  The Law
of Definite Proportions 48 The Law of Multiple
Proportions 49  John Dalton and the Atomic
Theory 50

CHEMISTRY IN YOUR DAY: Atoms and Humans
2.4 The Discovery of the Electron
Cathode Rays 51 Millikan’s Oil Drop Experiment:
The Charge of the Electron 52
2.5 The Structure of the Atom
2.6 Subatomic Particles: Protons, Neutrons, and
Electrons in Atoms
Elements: Defined by Their Numbers of
Protons 56 Isotopes: When the Number of Neutrons
Varies 58 Ions: Losing and Gaining Electrons 59
CHEMISTRY IN YOUR DAY: Where Did Elements
Come From?

47

51

54

56

60



vi

2.7

2.8

2.9

3.1
3.2

3.3

3.4
3.5

3.6

3.7
3.8

3.9

Contents

Finding Patterns: The Periodic Law and the

Periodic Table 61
Ions and the Periodic Table 64
CHEMISTRY AND MEDICINE: The Elements of Life 66

Atomic Mass: The Average Mass of an Element’s Atoms 66

Mass Spectrometry: Measuring the Mass of Atoms
and Molecules 67

CHEMISTRY IN YOUR DAY: Evolving Atomic Masses 69

Molar Mass: Counting Atoms by Weighing Them 70
The Mole: A Chemist’s “Dozen” 70 Converting
between Number of Moles and Number of Atoms 71

Converting between Mass and Amount (Number of
Moles) 71

CHAPTER IN REVIEW 75
Self Assessment Quiz 75 Key Terms 76
Key Concepts 77 Key Equations and
Relationships 77 Key Learning Outcomes 77

EXERCISES 78
Review Questions 78 Problems by Topic 79
Cumulative Problems 82 Challenge Problems 83
Conceptual Problems 84 Answers to Conceptual
Connections 84

Molecules, Compounds, and Chemical

Equations 86
Hydrogen, Oxygen, and Water 86
Chemical Bonds 88

Tonic Bonds 89 Covalent Bonds 89

Representing Compounds: Chemical Formulas and
Molecular Models 90

Types of Chemical Formulas 90
Molecular Models 91
An Atomic-Level View of Elements and Compounds 93
lonic Compounds: Formulas and Names 95
Writing Formulas for Ionic Compounds 96 Naming
Tonic Compounds 97 Naming Binary Ionic
Compounds Containing a Metal That Forms Only One
Type of Cation 97 Naming Binary Ionic
Compounds Containing a Metal That Forms More
Than One Kind of Cation 98 Naming Ionic
Compounds Containing Polyatomic Ions 99
Hydrated Ionic Compounds 100

Molecular Compounds: Formulas and Names 101
Naming Molecular Compounds 101 Naming
Acids 102 Naming Binary Acids 103 Naming
Oxyacids 104
CHEMISTRY IN THE ENVIRONMENT: Acid Rain 104
Summary of Inorganic Nomenclature 105
Formula Mass and the Mole Concept for Compounds 107
Molar Mass of a Compound 107 Using Molar Mass
to Count Molecules by Weighing 107
Composition of Compounds 109

Mass Percent Composition as a Conversion
Factor 110 Conversion Factors from Chemical
Formulas 112

3.10

3.11

3.12

4.1
4.2

4.3

4.4

CHEMISTRY AND MEDICINE: Methylmercury in Fish 114

Determining a Chemical Formula from
Experimental Data
Calculating Molecular Formulas for Compounds 116
Combustion Analysis 117
Writing and Balancing Chemical Equations
How to Write Balanced Chemical Equations 120
Organic Compounds
Hydrocarbons 124 Functionalized
Hydrocarbons 124

CHAPTER IN REVIEW
Self Assessment Quiz 126 Key Terms 127
Key Concepts 128 Key Equations and
Relationships 128 Key Learning Outcomes 129

EXERCISES
Review Questions 130 Problems by Topic 130
Cumulative Problems 134 Challenge Problems 135
Conceptual Problems 136 Answers to Conceptual
Connections 136

114

119

123

126

130

Chemical Quantities and Aqueous
Reactions

Climate Change and the Combustion of Fossil Fuels

Reaction Stoichiometry: How Much Carbon Dioxide?
Making Pizza: The Relationships among
Ingredients 141 Making Molecules: Mole-to-Mole
Conversions 141 Making Molecules: Mass-to-Mass
Conversions 142

Limiting Reactant, Theoretical Yield, and

Percent Yield
Limiting Reactant, Theoretical Yield, and Percent
Yield from Initial Reactant Masses 147

CHEMISTRY IN THE ENVIRONMENT: MTBE in Gasoline 151

Solution Concentration and Solution Stoichiometry 152

Solution Concentration 152 Using Molarity in
Calculations 153  Solution Dilution 154
Solution Stoichiometry 156

138

139
140

145



4.5

4.6
4.7

4.8

4.9

5.1
5.2

53

Types of Aqueous Solutions and Solubility 158

Electrolyte and Nonelectrolyte Solutions 159
The Solubility of Ionic Compounds 160
Precipitation Reactions

Representing Aqueous Reactions: Molecular, lonic, and
Complete lonic Equations
Acid-Base and Gas-Evolution Reactions
Acid-Base Reactions 168
Reactions 173
Oxidation-Reduction Reactions
Oxidation States 176 Identifying Redox
Reactions 179 Combustion Reactions 182
CHEMISTRY IN YOUR DAY: Bleached Blonde
CHAPTER IN REVIEW
Self Assessment Quiz 182 Key Terms 183
Key Concepts 184 Key Equations and
Relationships 184 Key Learning Outcomes 185
EXERCISES
Review Questions 186 Problems by Topic 186
Cumulative Problems 190 Challenge Problems 191

Conceptual Problems 192  Answers to Conceptual
Connections 193

162

166
168

Gas-Evolution

175

181
182

186

194

195
196

Gases

Breathing: Putting Pressure to Work

Pressure: The Result of Molecular Collisions
Pressure Units 197 The Manometer: A Way to
Measure Pressure in the Laboratory 198

CHEMISTRY AND MEDICINE: Blood Pressure

The Simple Gas Laws: Boyle's Law, Charles's Law,

and Avogadro's Law

Boyle's Law: Volume and Pressure 200 Charles's
Law: Volume and Temperature 202

199

199

54
5.5

5.6

5.7

5.8

59
5.10

Contents vii

CHEMISTRY IN YOUR DAY: Extra-Long Snorkels 203

Avogadro's Law: Volume and Amount (in Moles) 205
The Ideal Gas Law

Applications of the Ideal Gas Law:

Molar Volume, Density, and Molar Mass of a Gas
Molar Volume at Standard Temperature and
Pressure 209 Density of a Gas 210
Molar Mass of a Gas 211

Mixtures of Gases and Partial Pressures
Deep-Sea Diving and Partial Pressures 215
Collecting Gases over Water 217

Gases in Chemical Reactions:

Stoichiometry Revisited
Molar Volume and Stoichiometry 221

Kinetic Molecular Theory: A Model for Gases
Kinetic Molecular Theory and the Ideal
Gas Law 224 Temperature and Molecular
Velocities 226

Mean Free Path, Diffusion, and Effusion of Gases

Real Gases: The Effects of Size and
Intermolecular Forces
The Effect of the Finite Volume of Gas Particles 230
The Effect of Intermolecular Forces 232
Van der Waals Equation 233 Real Gases 233
CHAPTER IN REVIEW
Self Assessment Quiz 234 Key Terms 235
Key Concepts 235 Key Equations and
Relationships 236 Key Learning Outcomes 237
EXERCISES
Review Questions 238 Problems by Topic 238
Cumulative Problems 242 Challenge Problems 244
Conceptual Problems 244 Answers to Conceptual
Connections 245

206

209

213

219

222

229

230

234

238




viii

6

6.1
6.2

6.3

6.4
6.5

6.6

6.7
6.8
6.9

6.10

Contents

Thermochemistry 246

Chemical Hand Warmers 247

The Nature of Energy: Key Definitions 248
Units of Energy 250

The First Law of Thermodynamics:

There Is No Free Lunch 250

CHEMISTRY IN YOUR DAY: Redheffer's Perpetual

Motion Machine 251
Internal Energy 251

Quantifying Heat and Work 256
Heat 256 Work: Pressure—Volume Work 260

Measuring AE for Chemical Reactions:

Constant-Volume Calorimetry 262

Enthalpy: The Heat Evolved in a Chemical Reaction

at Constant Pressure 265

Exothermic and Endothermic Processes: A Molecular
View 267 Stoichiometry Involving AH:
Thermochemical Equations 267
Constant-Pressure Calorimetry: Measuring AH,,,
Relationships Involving AH,y,
Determining Enthalpies of Reaction from Standard
Enthalpies of Formation
Standard States and Standard Enthalpy Changes 273
Calculating the Standard Enthalpy Change for
a Reaction 275
Energy Use and the Environment
Energy Consumption 279 Environmental Problems
Associated with Fossil Fuel Use 280
Air Pollution 280 Global Climate Change 281
CHEMISTRY IN THE ENVIRONMENT:
Renewable Energy
CHAPTER IN REVIEW
Self Assessment Quiz 283 Key Terms 284
Key Concepts 285 Key Equations and
Relationships 285 Key Learning Outcomes 286
EXERCISES
Review Questions 287 Problems by Topic 287
Cumulative Problems 291 Challenge

Problems 292 Conceptual Problems 293 Answers
to Conceptual Connections 293

269
271

273

279

282
283

287

7.1
7.2

7.3

7.4

7.5

7.6

.\1'/?»"

|

A 1May
T4

Axoxm D=

The Quantum-Mechanical Model

of the Atom 294
Schrodinger's Cat 295
The Nature of Light 296

The Wave Nature of Light 296 The Electromagnetic
Spectrum 299 Interference and Diffraction 301
CHEMISTRY AND MEDICINE: Radiation Treatment
for Cancer

The Particle Nature of Light 302
Atomic Spectroscopy and the Bohr Model

CHEMISTRY IN YOUR DAY: Atomic Spectroscopy,
a Bar Code for Atoms

The Wave Nature of Matter: The de Broglie Wavelength,
the Uncertainty Principle, and Indeterminacy
The de Broglie Wavelength 310 The Uncertainty
Principle 311 Indeterminacy and Probability
Distribution Maps 313

Quantum Mechanics and the Atom
Solutions to the Schrodinger Equation for the

Hydrogen Atom 315 Atomic Spectroscopy
Explained 318
The Shapes of Atomic Orbitals
s Orbitals (/ =0) 321 p Orbitals (I =1) 325
d Orbitals (/ =2) 325 fOrbitals (I=3) 326
The Phase of Orbitals 326 The Shape of Atoms 327
CHAPTER IN REVIEW
Self Assessment Quiz 327 Key Terms 328
Key Concepts 328 Key Equations and
Relationships 329 Key Learning Outcomes 329

EXERCISES
Review Questions 329 Problems by Topic 330
Cumulative Problems 331 Challenge Problems 332
Conceptual Problems 333 Answers to Conceptual
Connections 333

300

306

308

309

315

321

327

329



8

8.1
8.2
8.3

8.4

8.5

8.6

8.7

8.8

8.9

9

9.1
9.2
9.3

334

335
336

Periodic Properties of the Elements

Nerve Signal Transmission
The Development of the Periodic Table

Electron Configurations: How Electrons

Occupy Orbitals
Electron Spin and the Pauli Exclusion
Principle 338 Sublevel Energy Splitting in
Multielectron Atoms 338 Electron Configurations
for Multielectron Atoms 342

Electron Configurations, Valence Electrons, and

the Periodic Table
Orbital Blocks in the Periodic Table 346 Writing
an Electron Configuration for an Element from Its
Position in the Periodic Table 347 The Transition
and Inner Transition Elements 348

The Explanatory Power of the Quantum-

Mechanical Model

Periodic Trends in the Size of Atoms and
Effective Nuclear Charge
Effective Nuclear Charge 352 Atomic Radii and the
Transition Elements 353
lons: Electron Configurations, Magnetic Properties,
lonic Radii, and lonization Energy
Electron Configurations and Magnetic Properties
of Ions 355 Ionic Radii 357 Ionization
Energy 359 Trends in First Ionization Energy 359
Exceptions to Trends in First lonization Energy 362
Trends in Second and Successive Ionization
Energies 362
Electron Affinities and Metallic Character
Electron Affinity 363 Metallic Character 364

Some Examples of Periodic Chemical Behavior:

The Alkali Metals, the Halogens, and the Noble Gases
The Alkali Metals (Group 1A) 367 The Halogens
(Group 7A) 368

CHEMISTRY AND MEDICINE: Potassium lodide in

Radiation Emergencies
The Noble Gases (Group 8A) 370

CHAPTER IN REVIEW
Self Assessment Quiz 371 Key Terms 372
Key Concepts 372 Key Equations and
Relationships 373 Key Learning Outcomes 373

EXERCISES
Review Questions 374 Problems by Topic 375
Cumulative Problems 377 Challenge Problems 378
Conceptual Problems 379 Answers to Conceptual
Connections 379

337

345

349

350

355

363

366

370

371

374

Chemical Bonding I: The Lewis Model 380

Bonding Models and AIDS Drugs 381
Types of Chemical Bonds 382
Representing Valence Electrons with Dots 384

9.4

9.5

9.6

9.7

9.8

9.9

Contents ix

lonic Bonding: Lewis Symbols and Lattice Energies 384

Ionic Bonding and Electron Transfer 384 Lattice
Energy: The Rest of the Story 386 The Born—Haber
Cycle 386 Trends in Lattice Energies: Ion
Size 388 Trends in Lattice Energies: Ion
Charge 388 Ionic Bonding: Models and Reality 389
CHEMISTRY AND MEDICINE: lonic Compounds
in Medicine
Covalent Bonding: Lewis Structures
Single Covalent Bonds 391 Double and Triple
Covalent Bonds 392 Covalent Bonding: Models and
Reality 392
Electronegativity and Bond Polarity
Electronegativity 394 Bond Polarity, Dipole
Moment, and Percent Ionic Character 396
Lewis Structures of Molecular Compounds
and Polyatomic lons
Writing Lewis Structures for Molecular
Compounds 398 Writing Lewis Structures for
Polyatomic Ions 400
Resonance and Formal Charge
Resonance 400 Formal Charge 403
Exceptions to the Octet Rule: Odd-Electron Species,
Incomplete Octets, and Expanded Octets
Odd-Electron Species 406 Incomplete Octets 406

391
391

394

398

400

406




9.10

9.11

Contents

CHEMISTRY IN THE ENVIRONMENT: Free Radicals
and the Atmospheric Vacuum Cleaner
Expanded Octets 408
Bond Energies and Bond Lengths
Bond Energy 410 Using Average Bond Energies
to Estimate Enthalpy Changes for Reactions 411
Bond Lengths 412
Bonding in Metals: The Electron Sea Model

CHEMISTRY IN THE ENVIRONMENT: The Lewis
Structure of Ozone

CHAPTER IN REVIEW
Self Assessment Quiz 415 Key Terms 416
Key Concepts 416 Key Equations and
Relationships 417 Key Learning Outcomes 418

EXERCISES
Review Questions 418 Problems by Topic 419
Cumulative Problems 421 Challenge Problems 422
Conceptual Problems 423 Answers to Conceptual
Connections 423

407

409

413

414
415

418

1 O Chemical Bonding Il: Molecular

10.1
10.2

10.3

10.4

10.5

10.6

10.7

10.8

Shapes, Valence Bond Theory, and
Molecular Orbital Theory

Artificial Sweeteners: Fooled by Molecular Shape
VSEPR Theory: The Five Basic Shapes

Two Electron Groups: Linear Geometry 426
Three Electron Groups: Trigonal Planar
Geometry 427 Four Electron Groups: Tetrahedral
Geometry 427 Five Electron Groups: Trigonal
Bipyramidal Geometry 429 Six Electron Groups:
Octahedral Geometry 429
VSEPR Theory: The Effect of Lone Pairs
Four Electron Groups with Lone Pairs 430
Five Electron Groups with Lone Pairs 432
Six Electron Groups with Lone Pairs 433
VSEPR Theory: Predicting Molecular Geometries
Representing Molecular Geometries on Paper 437
Predicting the Shapes of Larger Molecules 437
Molecular Shape and Polarity
Vector Addition 440
CHEMISTRY IN YOUR DAY: How Soap Works

Valence Bond Theory: Orbital Overlap as

a Chemical Bond

Valence Bond Theory: Hybridization of Atomic Orbitals
sp® Hybridization 446 sp® Hybridization and Double
Bonds 448

CHEMISTRY IN YOUR DAY: The Chemistry of Vision
sp Hybridization and Triple Bonds 452
sp°d and sp>d® Hybridization 454
Writing Hybridization and Bonding Schemes 455

Molecular Orbital Theory: Electron Delocalization
Linear Combination of Atomic Orbitals
(LCAO) 459 Period Two Homonuclear Diatomic
Molecules 463 Second-Period Heteronuclear
Diatomic Molecules 469 Polyatomic
Molecules 470

424

425
426

430

435

438
442

443
445

452

458

CHAPTER IN REVIEW
Self Assessment Quiz 471 Key Terms 472
Key Concepts 472 Key Equations and
Relationships 473 Key Learning Outcomes 473

EXERCISES
Review Questions 474 Problems by Topic 474
Cumulative Problems 477 Challenge
Problems 479 Conceptual Problems 480 Answers
to Conceptual Connections 480

471

474

1 1 Liquids, Solids, and Intermolecular

11.1
11.2

11.3

482

482
484

Forces

Climbing Geckos and Intermolecular Forces

Solids, Liquids, and Gases: A Molecular Comparison
Changes between States 486

Intermolecular Forces: The Forces That Hold Condensed

States Together

Dispersion Force 487 Dipole-Dipole
Force 490 Hydrogen Bonding 492
Ion-Dipole Force 494

487




CHEMISTRY AND MEDICINE: Hydrogen
Bonding in DNA 496
Intermolecular Forces in Action: Surface Tension, Viscosity,
and Capillary Action 497
Surface Tension 497 Viscosity 498
CHEMISTRY IN YOUR DAY: Viscosity and Motor Oil
Capillary Action 499
Vaporization and Vapor Pressure
The Process of Vaporization 499 The Energetics of
Vaporization 500 Vapor Pressure and Dynamic
Equilibrium 502 The Critical Point: The Transition
to an Unusual State of Matter 508
Sublimation and Fusion
Sublimation 509 Fusion 510 Energetics of
Melting and Freezing 510
Heating Curve for Water
Phase Diagrams
The Major Features of a Phase Diagram 513
Navigation within a Phase Diagram 514
The Phase Diagrams of Other Substances 515
11.9 Water: An Extraordinary Substance
CHEMISTRY IN THE ENVIRONMENT: Water Pollution
11.10 Crystalline Solids: Determining Their Structure by X-Ray
Crystallography
11.11 Crystalline Solids: Unit Cells and Basic Structures
Closest-Packed Structures 524
11.12 Crystalline Solids: The Fundamental Types
Molecular Solids 527 Ionic Solids 527 Atomic
Solids 528
11.13 Crystalline Solids: Band Theory

Doping: Controlling the Conductivity of
Semiconductors 531

CHAPTER IN REVIEW
Self Assessment Quiz 532  Key Terms 533
Key Concepts 533 Key Equations and
Relationships 534 Key Learning Outcomes

EXERCISES
Review Questions 535 Problems by Topic 536
Cumulative Problems 540 Challenge Problems 541
Conceptual Problems 542 Answers to Conceptual
Connections 542

1 2 Solutions

12.1 Thirsty Solutions: Why You Shouldn’t Drink Seawater
12.2  Types of Solutions and Solubility

Nature’s Tendency toward Mixing: Entropy 547

The Effect of Intermolecular Forces 548
Energetics of Solution Formation

Aqueous Solutions and Heats of Hydration 553
Solution Equilibrium and Factors Affecting Solubility

The Temperature Dependence of the Solubility of
Solids 556 Factors Affecting the Solubility of Gases
in Water 557

11.4

498

11.5 499

11.6 509

11.7
11.8

511
513

516
517

518
520

526

530

532

534
535

544

544
546

12.3 551

12.4 555

Contents Xi

12.5

12.6

12.7

12.8

559
560

Expressing Solution Concentration

CHEMISTRY IN THE ENVIRONMENT: Lake Nyos
Molarity 560 Molality 562 Parts by Mass and
Parts by Volume 562 Mole Fraction and Mole
Percent 563

CHEMISTRY IN THE ENVIRONMENT: The Dirty Dozen

Colligative Properties: Vapor Pressure Lowering, Freezing
Point Depression, Boiling Point Elevation, and Osmotic
Pressure
Vapor Pressure Lowering 567 Vapor Pressures of
Solutions Containing a Volatile (Nonelectrolyte)
Solute 571 Freezing Point Depression and Boiling
Point Elevation 574

CHEMISTRY IN YOUR DAY: Antifreeze in Frogs
Osmotic Pressure 577

Colligative Properties of Strong Electrolyte Solutions
Strong Electrolytes and Vapor Pressure 580
Colligative Properties and Medical Solutions 581

Colloids

CHAPTER IN REVIEW
Self Assessment Quiz 585 Key Terms 586
Key Concepts 586 Key Equations and
Relationships 587 Key Learning Outcomes 587

EXERCISES
Review Questions 588 Problems by Topic 588
Cumulative Problems 592 Challenge Problems 593
Conceptual Problems 594 Answers to Conceptual
Problems 594

564

567

577

579

582
585

588



xii

1 3 Chemical Kinetics

13.1
13.2

13.3

13.4

13.5

13.6

13.7

Contents

596
Catching Lizards 597
The Rate of a Chemical Reaction 598
Measuring Reaction Rates 602
The Rate Law: The Effect of Concentration
on Reaction Rate 603
Determining the Order of a Reaction 604
Reaction Order for Multiple Reactants 606
The Integrated Rate Law: The Dependence of
Concentration on Time 607
The Half-Life of a Reaction 612
The Effect of Temperature on Reaction Rate 615

Arrhenius Plots: Experimental Measurements of the
Frequency Factor and the Activation Energy 618

The Collision Model: A Closer Look at the Frequency
Factor 620

Reaction Mechanisms

Rate Laws for Elementary Steps 623
Rate-Determining Steps and Overall Reaction Rate
Laws 623 Mechanisms with a Fast Initial Step 625

Catalysis
Homogeneous and Heterogeneous Catalysis 629
Enzymes: Biological Catalysts 631
CHEMISTRY AND MEDICINE: Enzyme Catalysis and
the Role of Chymotrypsin in Digestion
CHAPTER IN REVIEW
Self Assessment Quiz 633 Key Terms 635
Key Concepts 635 Key Equations and
Relationships 636 Key Learning Outcomes 636
EXERCISES
Review Questions 637 Problems by Topic 638
Cumulative Problems 643 Challenge Problems 645

Conceptual Problems 646 Answers to Conceptual
Connections 647

622

627

632
633

637

1 4 Chemical Equilibrium

141
14.2
14.3

14.4

14.5

14.6

14.7

14.8

14.9

648
Fetal Hemoglobin and Equilibrium 649
The Concept of Dynamic Equilibrium 651
The Equilibrium Constant (K) 653

Expressing Equilibrium Constants for Chemical
Reactions 654 The Significance of the Equilibrium
Constant 655 Relationships between the
Equilibrium Constant and the Chemical Equation 656
CHEMISTRY AND MEDICINE: Life and Equilibrium

Expressing the Equilibrium Constant in Terms of
Pressure
Units of K 660

Heterogeneous Equilibria: Reactions Involving Solids
and Liquids

Calculating the Equilibrium Constant from Measured
Equilibrium Concentrations

The Reaction Quotient: Predicting the Direction of
Change
Finding Equilibrium Concentrations
Finding Equilibrium Concentrations from the
Equilibrium Constant and All but One of the
Equilibrium Concentrations of the Reactants and
Products 668 Finding Equilibrium Concentrations
from the Equilibrium Constant and Initial
Concentrations or Pressures 669  Simplifying
Approximations in Working Equilibrium
Problems 673
Le Chatelier's Principle: How a System at Equilibrium
Responds to Disturbances
The Effect of a Concentration Change on
Equilibrium 678 The Effect of a Volume (or
Pressure) Change on Equilibrium 680 The Effect of
a Temperature Change on Equilibrium 682
CHAPTER IN REVIEW
Self Assessment Quiz 684 Key Terms 685
Key Concepts 685 Key Equations and
Relationships 686 Key Learning Outcomes 686

656

658

661

662

665
667

677

684



EXERCISES 687
Review Questions 687 Problems by Topic 688
Cumulative Problems 692 Challenge Problems 694
Conceptual Problems 694 Answers to Conceptual
Connections 695

1 5 Acids and Bases 696

15.1 Heartburn 697

15.2  The Nature of Acids and Bases 698

15.3 Definitions of Acids and Bases 700
The Arrhenius Definition 700 The Brgnsted—Lowry
Definition 701

15.4  Acid Strength and the Acid lonization Constant (K,) 703
Strong Acids 703 Weak Acids 704 The Acid
Tonization Constant (K,) 705

15.5 Autoionization of Water and pH 706
The pH Scale: A Way to Quantify Acidity and
Basicity 708 pOH and Other p Scales 709

CHEMISTRY AND MEDICINE: Ulcers 710

15.6 Finding the [H30"] and pH of Strong and Weak Acid

Solutions 711
Strong Acids 711 Weak Acids 711 Percent
Ionization of a Weak Acid 716 Mixtures of
Acids 717

15.7 Base Solutions 720
Strong Bases 720 Weak Bases 720 Finding the
[OH ] and pH of Basic Solutions 722
CHEMISTRY AND MEDICINE: What's in My Antacid? 724
15.8 The Acid-Base Properties of lons and Salts 724
Anions as Weak Bases 725 Cations as Weak
Acids 728 Classifying Salt Solutions as Acidic,
Basic, or Neutral 729
15.9 Polyprotic Acids 731
Finding the pH of Polyprotic Acid Solutions 732
Finding the Concentration of the Anions for a Weak
Diprotic Acid Solution 734
15.10 Acid Strength and Molecular Structure 736

Binary Acids 736 Oxyacids 737

Contents Xiii

15.11 Lewis Acids and Bases
Molecules That Act as Lewis Acids 738 Cations
That Act as Lewis Acids 739
15.12 Acid Rain
Effects of Acid Rain 740 Acid Rain Legislation 741
CHAPTER IN REVIEW
Self Assessment Quiz 741 Key Terms 742
Key Concepts 743 Key Equations and
Relationships 744 Key Learning Outcomes 744
EXERCISES
Review Questions 745 Problems by Topic 745
Cumulative Problems 749  Challenge Problems 750
Conceptual Problems 751 Answers to Conceptual
Connections 751

738

739

741

745

752

753
754

1 6 Aqueous lonic Equilibrium

16.1 The Danger of Antifreeze
16.2 Buffers: Solutions That Resist pH Change

Calculating the pH of a Buffer Solution 756

The Henderson—Hasselbalch Equation 757
Calculating pH Changes in a Buffer Solution 760
Buffers Containing a Base and Its Conjugate Acid 764

16.3 Buffer Effectiveness: Buffer Range and Buffer Capacity 765
Relative Amounts of Acid and Base 765 Absolute
Concentrations of the Acid and Conjugate Base 766
Buffer Range 767

CHEMISTRY AND MEDICINE: Buffer Effectiveness
in Human Blood 768
Buffer Capacity 768
16.4 Titrations and pH Curves 769

The Titration of a Strong Acid with a Strong Base 770
The Titration of a Weak Acid with a Strong Base 773
The Titration of a Weak Base with a Strong Acid 779
The Titration of a Polyprotic Acid 779 Indicators:
pH-Dependent Colors 780



Xiv

16.5

16.6

16.7

16.8

Contents

Solubility Equilibria and the Solubility Product Constant 783
Ky, and Molar Solubility 783

CHEMISTRY IN YOUR DAY: Hard Water
K, and Relative Solubility 786 The Effect of a
Common Ion on Solubility 786 The Effect of pH
on Solubility 788

Precipitation
Selective Precipitation 790

Qualitative Chemical Analysis
Group 1: Insoluble Chlorides 793  Group 2: Acid-
Insoluble Sulfides 793 Group 3: Base-Insoluble
Sulfides and Hydroxides 794  Group 4: Insoluble
Phosphates 794  Group 5: Alkali Metals and
NH,~ 794

Complex lon Equilibria
The Effect of Complex Ion Equilibria on
Solubility 797 The Solubility of Amphoteric Metal
Hydroxides 798

CHAPTER IN REVIEW
Self Assessment Quiz 799 Key Terms 800
Key Concepts 801 Key Equations and
Relationships 801 Key Learning Outcomes 801

EXERCISES
Review Questions 803 Problems by Topic 803
Cumulative Problems 808 Challenge Problems 809
Conceptual Problems 810 Answers to Conceptual
Connections 810

785

789

792

795

799

803

1 7 Free Energy and

17.1

17.2
17.3

17.4

Thermodynamics 812

Nature’s Heat Tax: You Can’t Win and

You Can’t Break Even

Spontaneous and Nonspontaneous Processes

Entropy and the Second Law of Thermodynamics
Entropy 818 The Entropy Change Associated with
a Change in State 822

Heat Transfer and Changes in the Entropy of

the Surroundings

The Temperature Dependence of AS,,,, 825
Quantifying Entropy Changes in the
Surroundings 826

813
814
817

824

17.5

17.6

17.7

17.8

17.9

1 8 Electrochemistry

18.1
18.2
18.3

18.4

18.5

18.6

Gibbs Free Energy 828

The Effect of AH, AS, and T on Spontaneity 829
Entropy Changes in Chemical Reactions:
Calculating AS%,

Standard Molar Entropies (S°) and the Third Law

of Thermodynamics 832
Free Energy Changes in Chemical Reactions:
Calculating AGy,

Calculating Standard Free Energy Changes with

AGy, = AHY, — TASY,, 836 Calculating AGyy,

with Tabulated Values of Free Energies of

Formation 838
CHEMISTRY IN YOUR DAY: Making a Nonspontaneous
Process Spontaneous

Calculating A Gy, for a Stepwise Reaction from

the Changes in Free Energy for Each of the

Steps 840 Why Free Energy Is “Free” 841
Free Energy Changes for Nonstandard States:

The Relationship between AGp, and AGy,

The Free Energy Change of a Reaction under

Nonstandard Conditions 843
Free Energy and Equilibrium: Relating AGyy,
to the Equilibrium Constant (K)

The Temperature Dependence of the Equilibrium

Constant 847
CHAPTER IN REVIEW

Self Assessment Quiz 848 Key Terms 849

Key Concepts 850 Key Equations and

Relationships 850 Key Learning Outcomes 851
EXERCISES

Review Questions 852 Problems by Topic 852

Cumulative Problems 855 Challenge Problems 857

Conceptual Problems 858 Answers to Conceptual
Connections 858

832

836

840

842

845

848

852

860

861
862

Pulling the Plug on the Power Grid

Balancing Oxidation-Reduction Equations

Voltaic (or Galvanic) Cells: Generating Electricity from

Spontaneous Chemical Reactions
Electrochemical Cell Notation 869

Standard Electrode Potentials 870
Predicting the Spontaneous Direction of an Oxidation—
Reduction Reaction 874 Predicting Whether a Metal
Will Dissolve in Acid 877

Cell Potential, Free Energy, and the

Equilibrium Constant
The Relationship between AG® and Eg; 878
The Relationship between Eg,; and K 880

Cell Potential and Concentration
Concentration Cells 884

CHEMISTRY AND MEDICINE: Concentration Cells

in Human Nerve Cells

865

877

881

886



18.7 886

Batteries: Using Chemistry to Generate Electricity
Dry-Cell Batteries 886 Lead—Acid Storage
Batteries 887 Other Rechargeable
Batteries 888 Fuel Cells 889

CHEMISTRY IN YOUR DAY: The Fuel-Cell Breathalyzer 890

Electrolysis: Driving Nonspontaneous Chemical Reactions
with Electricity 890
Predicting the Products of Electrolysis 893
Stoichiometry of Electrolysis 897
Corrosion: Undesirable Redox Reactions
Preventing Corrosion 900
CHAPTER IN REVIEW
Self Assessment Quiz 900 Key Terms 901
Key Concepts 902 Key Equations and
Relationships 902 Key Learning Outcomes 903
EXERCISES
Review Questions 903 Problems by Topic 904
Cumulative Problems 907 Challenge Problems 908
Conceptual Problems 909 Answers to Conceptual
Connections 909

18.8

18.9 898

900

903

1 9 Radioactivity and Nuclear
Chemistry

Diagnosing Appendicitis

The Discovery of Radioactivity

Types of Radioactivity
Alpha (a) Decay 914 Beta (8) Decay 915
Gamma (y) Ray Emission 915 Positron
Emission 916 Electron Capture 916

The Valley of Stability: Predicting the

Type of Radioactivity
Magic Numbers 919 Radioactive Decay Series 920

910

911
912
913

19.1
19.2
19.3

19.4
918

Contents XV

19.5 Detecting Radioactivity 920
19.6 The Kinetics of Radioactive Decay and
Radiometric Dating 921

The Integrated Rate Law 923 Radiocarbon Dating:
Using Radioactivity to Measure the Age of Fossils and
Artifacts 924
CHEMISTRY IN YOUR DAY: Radiocarbon Dating and
the Shroud of Turin
Uranium/Lead Dating 926
The Discovery of Fission:
The Atomic Bomb and Nuclear Power
Nuclear Power: Using Fission to Generate
Electricity 930
Converting Mass to Energy: Mass Defect and Nuclear
Binding Energy
Mass Defect 933
19.9 Nuclear Fusion: The Power of the Sun
19.10 Nuclear Transmutation and Transuranium Elements
19.11 The Effects of Radiation on Life

Acute Radiation Damage 937 Increased Cancer
Risk 938 Genetic Defects 938 Measuring
Radiation Exposure 938
19.12 Radioactivity in Medicine and Other Applications

Diagnosis in Medicine 940 Radiotherapy in
Medicine 941 Other Applications 941

CHAPTER IN REVIEW
Self Assessment Quiz 942 Key Terms 942
Key Concepts 943 Key Equations and
Relationships 944 Key Learning Outcomes 944

EXERCISES
Review Questions 945 Problems by Topic 945
Cumulative Problems 947 Challenge Problems 948
Conceptual Problems 948 Answers to Conceptual
Connections 949

926

19.7
928

19.8

932

935
936
937

940

942

945




xvi

2 O Organic Chemistry

20.1
20.2

Contents

Fragrances and Odors

Carbon: Why It Is Unique

CHEMISTRY IN YOUR DAY: Vitalism and the Perceived
Difference between Organic and Inorganic
Hydrocarbons: Compounds Containing Only

Carbon and Hydrogen

Drawing Hydrocarbon Structures 954
Stereoisomerism and Optical Isomerism 957

Alkanes: Saturated Hydrocarbons
Naming Alkanes 961
Alkenes and Alkynes

Naming Alkenes and Alkynes 965 Geometric
(Cis—Trans) Isomerism in Alkenes 968

Hydrocarbon Reactions
Reactions of Alkanes 969 Reactions of Alkenes
and Alkynes 970

Aromatic Hydrocarbons

Naming Aromatic Hydrocarbons 972  Reactions of
Aromatic Compounds 974

Functional Groups

Alcohols
Naming Alcohols 976  About Alcohols 976
Alcohol Reactions 977

20.10 Aldehydes and Ketones

Naming Aldehydes and Ketones 979 About
Aldehydes and Ketones 979 Aldehyde and Ketone
Reactions 980

20.11 Carboxylic Acids and Esters

Naming Carboxylic Acids and Esters 981 About
Carboxylic Acids and Esters 981 Carboxylic Acid
and Ester Reactions 982

20.12 Ethers

Naming Ethers 983 About Ethers 984
20.13 Amines

Amine Reactions 984

20.3

20.4

20.5

20.6

20.7

20.8
20.9

20.14 Polymers

950

951
952

953

954

960

964

969

972

975
976

978

981

983

984

985

CHAPTER IN REVIEW
Self Assessment Quiz 987 Key Terms 988
Key Concepts 988 Key Equations and
Relationships 989 Key Learning Outcomes 990

EXERCISES

Review Questions 991 Problems by Topic 992

987

991

Cumulative Problems 997 Challenge Problems 998

Conceptual Problems 999 Answers to Conceptual
Connections 999

2 1 Biochemistry

21.1 Diabetes and the Synthesis of Human Insulin
21.2 Lipids
Fatty Acids 1002 Fats and Oils 1004
Other Lipids 1005
Carbohydrates
Simple Carbohydrates: Monosaccharides and
Disaccharides 1007 Complex Carbohydrates 1009
Proteins and Amino Acids
Amino Acids: The Building Blocks of Proteins 1010
Peptide Bonding between Amino Acids 1013
Protein Structure
Primary Structure 1016 Secondary Structure 1016
Tertiary Structure 1017 Quaternary Structure 1018
Nucleic Acids: Blueprints for Proteins
The Basic Structure of Nucleic Acids 1018
The Genetic Code 1020
DNA Replication, the Double Helix, and
Protein Synthesis
DNA Replication and the Double Helix 1022
Protein Synthesis 1023
CHEMISTRY AND MEDICINE: The Human
Genome Project
CHAPTER IN REVIEW

Self Assessment Quiz 1025 Key Terms 1026
Key Concepts 1026 Key Learning Outcomes 1027

21.3

21.4

21.5

21.6

21.7

1000

1001
1002

1006

1010

1014

1018

1022

1024
1025



2 2 Chemistry of the Nonmetals

221
22.2

22.3

22.4

22.5

22.6

22.7

22.8

22.9

EXERCISES
Review Questions 1028 Problems by Topic 1028
Cumulative Problems 1031 Challenge
Problems 1032 Conceptual Problems 1033
Answers to Conceptual Connections 1033

1028

1034

1035
1036

Insulated Nanowires

The Main-Group Elements: Bonding and Properties
Atomic Size and Types of Bonds 1036

Silicates: The Most Abundant Matter in Earth’s Crust 1037
Quartz and Glass 1038 Aluminosilicates 1038
Individual Silicate Units, Silicate Chains, and
Silicate Sheets 1039

Boron and Its Remarkable Structures

Elemental Boron 1042 Boron-Halogen
Compounds: Trihalides 1042 Boron—-Oxygen
Compounds 1043 Boron-Hydrogen Compounds:
Boranes 1043

Carbon, Carbides, and Carbonates 1044
Carbon 1044 Carbides 1047 Carbon Oxides 1048
Carbonates 1049

Nitrogen and Phosphorus: Essential Elements for Life 1050

Elemental Nitrogen and Phosphorus 1050
Nitrogen Compounds 1051 Phosphorus
Compounds 1054

Oxygen
Elemental Oxygen 1056 Uses for Oxygen 1057
Oxides 1057 Ozone 1058

Sulfur: A Dangerous but Useful Element

Elemental Sulfur 1059 Hydrogen Sulfide and
Metal Sulfides 1060 Sulfur Dioxide 1061
Sulfuric Acid 1061

1042

1056

1058

Halogens: Reactive Elements with
High Electronegativity

Elemental Fluorine and Hydrofluoric Acid 1063
Elemental Chlorine 1064 Halogen Compounds 1064

1062

xvii

Contents

2 3 Metals and Metallurgy

23.1
23.2

23.3

23.4

235

CHAPTER IN REVIEW
Self Assessment Quiz 1066 Key Terms 1067
Key Concepts 1068 Key Learning Outcomes 1068
EXERCISES
Review Questions 1069 Problems by Topic 1069
Cumulative Problems 1071 Challenge
Problems 1072 Conceptual Problems 1072
Answers to Conceptual Connections 1073

1066

1069

1074

Vanadium: A Problem and an Opportunity 1075

The General Properties and Natural
Distribution of Metals
Metallurgical Processes

Separation 1077 Pyrometallurgy 1078

Hydrometallurgy 1079 Electrometallurgy 1079
Powder Metallurgy 1081

Metal Structures and Alloys
Alloys 1082 Substitutional Alloys 1082

Alloys with Limited Solubility 1083
Interstitial Alloys 1085

Sources, Properties, and Products of

Some of the 3d Transition Metals
Titanium 1086 Chromium 1087
Manganese 1088 Cobalt 1089
Copper 1089 Nickel 1090 Zinc 1091

CHAPTER IN REVIEW
Self Assessment Quiz 1091 Key Terms 1093
Key Concepts 1093 Key Equations and
Relationships 1093 Key Learning Outcomes 1094
EXERCISES
Review Questions 1094 Problems by Topic 1094
Cumulative Problems 1096 Challenge
Problems 1096 Conceptual Problems 1097
Answers to Conceptual Connections 1097

1076
1077

1081

1086

1091

1094



Xviii Contents

2 4 Transition Metals and

Coordination Compounds

24.1 The Colors of Rubies and Emeralds
24.2  Properties of Transition Metals
Electron Configurations 1100 Atomic
Size 1102 Ionization Energy 1102
Electronegativity 1103 Oxidation States 1103
Coordination Compounds
Naming Coordination Compounds 1107
Structure and Isomerization
Structural Isomerism 1109  Stereoisomerism 1110
Bonding in Coordination Compounds
Valence Bond Theory 1113 Crystal Field
Theory 1114 Octahedral Complexes 1114
The Color of Complex Ions and Crystal Field
Strength 1115 Magnetic Properties 1117
Tetrahedral and Square Planar Complexes 1118
Applications of Coordination Compounds
Chelating Agents 1119 Chemical Analysis 1119
Coloring Agents 1120 Biomolecules 1120
CHAPTER IN REVIEW
Self Assessment Quiz 1122  Key Terms 1123
Key Concepts 1123 Key Equations and
Relationships 1124 Key Learning Outcomes 1124
EXERCISES
Review Questions 1124  Problems by Topic 1125
Cumulative Problems 1126 Challenge
Problems 1127 Conceptual Problems 1127
Answers to Conceptual Connections 1128

1098

1099
1100

24.3 1104

24.4 1109

24.5 1113

24.6 1119

1122

1124

Appendix I: Common Mathematical Operations in Chemistry ~ A-1
Appendix Il: Useful Data A-5
Appendix Ill: Answers to Selected Exercises A-15
Appendix IV: Answers to In-Chapter Practice Problems A-51
Glossary G-1
Photo and Text Credits PC-1
Index I-1



Preface

To the Student

As you begin this course, I invite you to think about your rea-
sons for enrolling in it. Why are you taking general chemistry?
More generally, why are you pursuing a college education? If
you are like most college students taking general chemistry,
part of your answer is probably that this course is required for
your major and that you are pursuing a college education so
you can get a good job some day. While these are good rea-
sons, I would like to suggest a better one. I think the primary
reason for your education is to prepare you to live a good life.
You should understand chemistry—not for what it can get
you—but for what it can do to you. Understanding chemistry, I
believe, is an important source of happiness and fulfillment.
Let me explain.

Understanding chemistry helps you to live life to its fullest
for two basic reasons. The first is intrinsic: through an under-
standing of chemistry, you gain a powerful appreciation for just
how rich and extraordinary the world really is. The second
reason is extrinsic: understanding chemistry makes you a more
informed citizen—it allows you to engage with many of the
issues of our day. In other words, understanding chemistry
makes you a deeper and richer person and makes your country
and the world a better place to live. These reasons have been the
foundation of education from the very beginnings of civilization.

How does chemistry help prepare you for a rich life and con-
scientious citizenship? Let me explain with two examples. My
first one comes from the very first page of Chapter 1 of this book.
There, I ask the following question: What is the most important
idea in all of scientific knowledge? My answer to that question is
this: the behavior of matter is determined by the properties of
molecules and atoms. That simple statement is the reason I love
chemistry. We humans have been able to study the substances
that compose the world around us and explain their behavior by
reference to particles so small that they can hardly be imagined.
If you have never realized the remarkable sensitivity of the world
we can see to the world we cannot, you have missed out on a
fundamental truth about our universe. To have never encountered
this truth is like never having read a play by Shakespeare or seen
a sculpture by Michelangelo—or, for that matter, like never hav-
ing discovered that the world is round. It robs you of an amazing
and unforgettable experience of the world and the human ability
to understand it.

My second example demonstrates how science literacy
helps you to be a better citizen. Although I am largely sympa-
thetic to the environmental movement, a lack of science literacy
within some sectors of that movement, and the resulting
anti-environmental backlash, creates confusion that impedes
real progress and opens the door to what could be misinformed
policies. For example, I have heard conservative pundits say
that volcanoes emit more carbon dioxide—the most significant
greenhouse gas—than does petroleum combustion. I have also
heard a liberal environmentalist say that we have to stop using
hairspray because it is causing holes in the ozone layer that will

lead to global warming. Well, the claim about volcanoes
emitting more carbon dioxide than petroleum combustion can
be refuted by the basic tools you will learn to use in Chapter 4
of this book. We can easily show that volcanoes emit only
1/50th as much carbon dioxide as petroleum combustion. As
for hairspray depleting the ozone layer and thereby leading to
global warming, the chlorofluorocarbons that deplete ozone
have been banned from hairspray since 1978, and ozone deple-
tion has nothing to do with global warming anyway. People
with special interests or axes to grind can conveniently distort
the truth before an ill-informed public, which is why we all
need to be knowledgeable.

So this is why I think you should take this course. Not just
to satisfy the requirement for your major, and not just to get a
good job some day, but to help you to lead a fuller life and to
make the world a little better for everyone. I wish you the best
as you embark on the journey to understand the world around
you at the molecular level. The rewards are well worth
the effort.

To the Professor

First and foremost, thanks to all of you who adopted this book
in its first and second editions. You helped to make this book
one of the most popular general chemistry textbooks in the
world. I am grateful beyond words. Second, I have listened
carefully to your feedback on the previous edition. The changes
you see in this edition are the direct result of your input, as
well as my own experience using the book in my general
chemistry courses. If you have acted as a reviewer or have
contacted me directly, you will likely see your suggestions
reflected in the changes I have made. Thank you.

In spite of the changes I just mentioned, the goal of the
book remains the same: fo present a rigorous and accessible
treatment of general chemistry in the context of relevance.
Teaching general chemistry would be much easier if all of our
students had exactly the same level of preparation and ability.
But alas, that is not the case. Even though I teach at a relatively
selective institution, my courses are populated with students
with a range of backgrounds and abilities in chemistry. The
challenge of successful teaching, in my opinion, is therefore
figuring out how to instruct and challenge the best students
while not losing those with lesser backgrounds and abilities.
My strategy has always been to set the bar relatively high, while
at the same time providing the motivation and support neces-
sary to reach the high bar. That is exactly the philosophy of this
book. We do not have to compromise away rigor in order to
make chemistry accessible to our students. In this book, I have
worked hard to combine rigor with accessibility—to create a
book that does not dilute the content, yet can be used and
understood by any student willing to put in the necessary effort.

Chemistry: A Molecular Approach is first and foremost a
student-oriented book. My main goal is to motivate students
and get them to achieve at the highest possible level. As we all
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know, many students take general chemistry because it is a
requirement; they do not see the connection between chemistry
and their lives or their intended careers. Chemistry: A Molecular
Approach strives to make those connections consistently and
effectively. Unlike other books, which often teach chemistry as
something that happens only in the laboratory or in industry,
this book teaches chemistry in the context of relevance. It
shows students why chemistry is important to them, to their
future careers, and to their world.

Chemistry: A Molecular Approach is secondly a
pedagogically driven book. In seeking to develop problem-
solving skills, a consistent approach (Sort, Strategize, Solve,
and Check) is applied, usually in a two- or three-column
format. In the two-column format, the left column shows the
student how to analyze the problem and devise a solution
strategy. It also lists the steps of the solution, explaining the
rationale for each one, while the right column shows the imple-
mentation of each step. In the three-column format, the left
column outlines the general procedure for solving an important
category of problems that is then applied to two side-by-side
examples. This strategy allows students to see both the general
pattern and the slightly different ways in which the procedure
may be applied in differing contexts. The aim is to help
students understand both the concept of the problem (through
the formulation of an explicit conceptual plan for each
problem) and the solution to the problem.

Chemistry: A Molecular Approach is thirdly a visual book.
Wherever possible, images are used to deepen the student’s
insight into chemistry. In developing chemical principles, mul-
tipart images help to show the connection between everyday
processes visible to the unaided eye and what atoms and mole-
cules are actually doing. Many of these images have three parts:
macroscopic, molecular, and symbolic. This combination helps
students to see the relationships between the formulas they
write down on paper (symbolic), the world they see around
them (macroscopic), and the atoms and molecules that com-
pose that world (molecular). In addition, most figures are
designed to teach rather than just to illustrate. They are rich
with annotations and labels intended to help the student grasp
the most important processes and the principles that underlie
them. The resulting images are rich with information but also
uncommonly clear and quickly understood.

Chemistry: A Molecular Approach is fourthly a “big
picture” book. At the beginning of each chapter, a short para-
graph helps students to see the key relationships between the
different topics they are learning. Through a focused and
concise narrative, I strive to make the basic ideas of every
chapter clear to the student. Interim summaries are provided
at selected spots in the narrative, making it easier to grasp
(and review) the main points of important discussions. And
to make sure that students never lose sight of the forest for
the trees, each chapter includes several Conceptual
Connections, which ask them to think about concepts and
solve problems without doing any math. I want students to
learn the concepts, not just plug numbers into equations to
churn out the right answer.

Chemistry: A Molecular Approach is lastly a book that
delivers the depth of coverage faculty want. We do not have to

cut corners and water down the material in order to get our
students interested. We simply have to meet them where they
are, challenge them to the highest level of achievement, and
then support them with enough pedagogy to allow them to
succeed.

I hope that this book supports you in your vocation of
teaching students chemistry. I am increasingly convinced of the
importance of our task. Please feel free to email me with any
questions or comments about the book.

Nivaldo J. Tro
tro@westmont.edu

What’s New in This Edition?

The book has been extensively revised and contains more small
changes than can be detailed here. I have detailed the most sig-
nificant changes to the book and its supplements below.

* | have added a 10-15 question multiple-choice end-of-
chapter Self Assessment Quiz to each chapter. Since many
colleges and universities utilize multiple-choice exams,
and because standardized final exams are often multiple
choice, these quizzes are meant for students to self test
their basic knowledge and skills for each chapter.

¢ I have added approximately 50 new Conceptual Connec-
tion questions throughout the book. I have also moved the
answers to all Conceptual Connections from within the
chapter to the end-of-chapter material.

* [ have updated all data throughout the book to reflect the
most recent measurements available. These updates
include Figure 4.2 Carbon Dioxide in the Atmosphere;
Figure 4.3 Global Temperatures, Figure 4.25 U.S. Energy
Consumption; Table 13.4 Change in Pollutant Levels;
Figure 13.19 Ozone Depletion in the Antarctic Spring;
Figure 15.15 Sources of U.S. Energy, Figure 15.16 Acid
Rain; and Figure 15.18 U.S. Sulfur Dioxide Pollutant
Levels.

e | have added a new Chemistry in Your Day: Evolving
Atomic Masses box to Section 2.9 to address the recent
changes in [UPAC atomic masses. I have modified the
atomic masses of Li, S, and Ge throughout the book to
reflect these changes.

* | have added new material in which students must inter-
pret mass spectra to Section 2.8. This material includes a
new unnumbered figure and new end-of-chapter problems.

e I have added a new section (Section 3.7 Summary of
Inorganic Nomenclature) that includes a new in-chapter
figure (Figure 3.10) and a new example (Example 3.11).
This new material summarizes nomenclature and allows
the student to learn how to name a compound without the
compound being pre-classified.

* | have added a new example (Example 3.24) on balancing
chemical equations containing ionic compounds with
polyatomic ions.

* I have replaced Section 7.1 with a new chapter opener
entitled Schrodinger’s Cat. The opener includes new art
depicting Erwin Schrodinger’s desk.



* [ have expanded and clarified the description of the photo-
electric effect and the particle nature of light in Section 7.2,
including a new figure (Figure 7.9) that depicts a graph of
the rate of electron ejection from a metal versus the
frequency of light used.

*] have moved the introduction of the fourth quantum
number, my, the spin quantum number, from Chapter 8 to
Section 7.5.

* | have added a new example to Chapter 9 (Example 9.9).

e ] have changed the wedge notation used to draw 3D struc-
tures (first introduced in Section 10.4) to reflect current
trends in this notation.

* I have added electrostatic potential maps for a number of
molecules in Chapter 11 to help students better visualize
polarity and interactions between polar molecules.

* ] have updated all of the energy statistics in Section 15.12.

I have added information about the Fukushima nuclear
accident added to Section 19.7. I have also updated the
content about the proposed nuclear waste storage facility
in Yucca Mountain, Nevada.

* | have revised the Key Concepts end-of-chapter material
so that it is now in a bulleted list format for all chapters for
easy student review.

* [ have added or modified approximately 60 end-of-chapter
problems.

* [ have enlarged many key figures throughout text.

Supplements
For the Instructor

MasteringChemistry® is the best adaptive-learning online
homework and tutorial system. Instructors can create online
assignments for their students by choosing from a wide range of
items, including end-of-chapter problems and research-enhanced
tutorials. Assignments are automatically graded with up-to-date
diagnostic information, helping instructors pinpoint where
students struggle either individually or as a class as a whole.

Instructor Resource DVD (0-321-81363-4) This DVD provides
an integrated collection of resources designed to help instruc-
tors make efficient and effective use of their time. It features
four pre-built PowerPoint™ presentations. The first presentation
contains all the images/figures/tables from the text embedded
within the PowerPoint slides, while the second includes a com-
plete modifiable lecture outline. The final two presentations
contain worked “in-chapter” sample exercises and questions to
be used with Classroom Response Systems. This DVD also
contains movies and animations, as well as the TestGen version
of the Test Bank, which allows instructors to create and tailor
exams to their needs.

Solutions Manual (0-321-81376-6) Prepared by MaryBeth
Kramer of the University of Delaware and Kathleen Thrush
Shaginaw, this manual contains step-by-step solutions to all
complete, end-of-chapter exercises. The Solutions Manual to
accompany the second edition has been extensively revised.
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All problems have been accuracy checked and the design has
been upgraded to improve clarity and ease of use. With
instructor permission, this manual may be made available
to students.

Instructor Resource Manual (0-321-81354-5) Organized by
chapter, this useful guide includes objectives, lecture outlines, ref-
erences to figures and solved problems, as well as teaching tips.

Printed Test Bank (0-321-81367-7) Prepared by Christine
Hermann of Radford University. The printed test bank contains
more than 2000 multiple choice, true/false, and short-answer
questions. The third edition also contains more than 1400 algo-
rithmic questions.

Blackboard® and WebCT® All test questions are available for-
matted for either Blackboard or WebCT. These are available for
download at www.pearsonhighered.com/chemistry.

For the Student

MasteringChemistry® provides students with two learning
systems: an extensive self-study area with an interactive eBook
and the most widely used chemistry homework and tutorial
system (if an instructor chooses to make online assignments
part of the course).

Pearson eText The integration of Pearson eText within
MasteringChemistry® gives students, with new books, easy
access to the electronic text when they are logged into
MasteringChemistry. Pearson 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, view in single-page
or two-page view, etc.

Selected Solutions Manual (0-321-81364-2) Prepared by
MaryBeth Kramer of the University of Delaware and Kathleen
Thrush Shaginaw, this manual for students contains complete,
step-by-step solutions to selected odd-numbered end-of-chapter
problems. The Selected Solutions Manual to accompany the
third edition has been extensively revised. All problems have
been accuracy checked and the design has been upgraded to
improve clarity and ease of use.

Study Guide (0-321-81362-6) Prepared by Jennifer Shanoski of
Merritt College. This Study Guide was written specifically to
assist students using the third edition of Chemistry: A Molecular
Approach. 1t presents the major concept, theories, and
applications discussed in the text in a comprehensive and
accessible manner for students. It contains learning objectives,
chapter summaries, and outlines, as well as examples, self test,
and concept questions.

Laboratory Manual (0-321-81377-4) Prepared by John B.
Vincent and Erica Livingston, both of the University of
Alabama. This manual contains 29 experiments with a focus
on real-world applications. Each experiment contains a set of
pre-laboratory questions, an introduction, a step-by-step
procedure (including safety information), and a report section
featuring post-laboratory questions. Additional features
include a section on laboratory safety rules, an overview on
general techniques and equipment, and a detailed tutorial on
graphing data in Excel.
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DR. TRO’S hallmark
problem-solving approach is
reinforced through interactive
media that incorporates
worked examples accessible
on mobile devices via QR
code on the back cover of your textbook, via links within the
eText, and also in the study area of MasteringChemistry.® He
makes chemistry relevant to your everyday life, your future career,

and the world around you through expanded coverage on the

latest developments in chemistry.

.

‘ ‘ | was compelled to tell you how great your book is. Thank you for
providing enough clear information, examples, applications of content,
and even personal connections in every chapter. | find myself actually

thinking and using my brain rather than just memorizing material. ,,

—Matthew Joshua Buhr, Student, University of South Dakota



Chemistry is relevant to every process occurring around us, at every second.
Niva Tro helps you understand this connection by weaving specific, vivid examples
throughout the text that tell the story of chemistry. Every chapter begins with a
brief story showing chemistry is relevant to all people, at every moment.

1 Matter, Measurement,
and Problem Solving

Molecules,
Compounds, and
Chemical Equations

The Quantum-Mechanical
Model of the Atom




Relevant Stories and Examples

Tro opens each chapter by giving a specific example of the concept to grab
students’ attention, stepping back to make a more general and relatable analogy,
and then going back into specifics. This style is reinforced by both his own
classroom experiences and other successful science writers.

Liquids, Solids, and
Intermolecular Forces

= 1 9 Radioactivity and
Nuclear Chemistry

19.1 Diagnosing Appendicitis

i



Problem Solving Reinforced by

A consistent step-by-step framework encourages thinking logically through the
problem-solving process rather than simply memorizing formulas.

NEW! 40 Interactive Worked Examples have been created for viewing on mobile
devices. Interactive examples instruct you in breaking down problems with Tro’s
proven ‘Sort, Strategize, Solve, and Check” technique and include questions
asking students to predict the outcome.

Two-Column Example

The left column ————® EXAMPLE 6.5 Measuring AF,,, in a Bomb Calorimeter P> *— Icons appear next to

expiains how the When 1.010 g of sucrose (Cy:Hz0y; ) undergoes combustion in a bomb calorimeter, the examples indicating that a
, 33°C. - o Tor the combastion of sucrose s z ; E

prObIem is solved. in klfmwal sucrose. The heat copacity of the bomb calorimeter, determined in a separate dlgllal version is available.

experiment, is 4.90 kIFC. (You can ignore the heat capacity of the small sample of
sucrose because it is negligible compared to the heat capacity of the calorimeter.)

A fouf-part —eee® SORT You are given the mass of suctose, the heat capacity of the | GIVEN: 1.010 g C3H:0y,, T, = 24.92°C,
calorimeter, and the initial and final temperatures, You are asked

See the ways to access
listed on the facing page.

structure ':u SOH. to find the change in internal energy for the reaction. T2 2800 0 G ST A0 K/ G
Strategize, FIND: AE,,
Solve, Check”) STRATEGIZE The conceptual plan has three parts_ In the first part, | CONCEPTUAL PLAN @ Many problems
. . s¢ the temperature change and the heat capacity of the .
provides you with e B I 2 T — ) are solved with a
a framework for e = g AT conceptual plan that
analyzing and provides a visual outline
. In the second part, use g 10 et gp, (which just involves chang- .
solving problems. ing the sign). Since the bomb calarimeter ensursi consiant vol- L e of the steps leading from
UME, pyy 15 equivalent 1o AE,,, for the amount of sucrose burned ey R T ) the given information to
o the solution.

In the third par, divide g, by the number of moles of sucrose to | AE, -
get AE,, per mole of sucrose, mol Cj2H0y

RELATIONSHIPS USED
Pead = r“..I X AT = e

molar mass Cy:Hx0), = 342.3 gimol
SOWVE Gather the necessary quantities in the cormect units and SOLUTION
suthstitute these into the equation 1o calculate gy, AT=T,-T,
2833°C — 2492°C = 3.41°C e— The right column

o = Con % AT shows the

i 4_.,{..__55__ % 5415 = 16710 implementation of the
Find g, by 1aking the negative of gy Yo Feal 16Tk 51‘395 GXD|EII ned in thE

o [ e left column.

Find AE,,, per mole of sucrose by dividing g,,, by the number of | A

| . ~
: : mol € zHuO),
males of sucrose (caleulated from the given mass of sucrose and s

—16.7 kJ
its molar mass). =

1010 .C g0y x 01 CubnOyy
TREETE S 33 gl s,
-5.66 % 107 kifmol C):Hy 0y
CHECK The units of the answer (k1) are comect for a change in intemal energy. The
sign of AE,_ is negative, as it should be for a combustion reaction that gives off energy.
Every Worked ————® ForPRAcTICE 6.5
When 1.550 g of liquid hexane (CgH,; ) undergoes combustion in a bomb calorime-

Exa mple IS ter. the temperature rises from 25.87 °C 1o 38.13 °C. Find AE,, for the reaction
followed by “For klimol hexane. The heat capacity of the bomb calorimeter, determined in a separate
Practice” Problems experiment, is 5.73 kIFC

FOR MORE PRACTICE 6.5
that you can try to “The combustion of toluene has a AE.y, of —3.91 % 10° klfmol, When 1.55 g of tolu-
solve on your own. ene (CyHy) undergoes combustion in a bomb calori » the temy rises from

23.12 °C 10 37.57 °C. Find the heat capacity of the bomb calorimeter.

Answers to "For
Practice” Problems
are in Appendix IV.



Interactive Worked Examples

Four Ways for Students to Access Digital Worked Examples!

¢ Via QR code on the back cover of your textbook
e Located in the Study Area in MasteringChemistry®

® |nstructors can access these via the Instructor Resource DVD
(IR-DVD) and Instructor Resource Center for in-class use
(www.pearsonhighered.com/irc)

* Via links within the eText

Example |9 Unit Conversions Involving Units Raised to a Fower 2
L — mL — ccm? — ind

I mL | em? (Il ny?
103 L | mL (254 em)?
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Scan this QR code (located on
the back cover of the textbook)
with your smartphone t £ss
the Digital Worked Examples.




A Consistent Problem-solving Strategy

A consistent approach to problem solving is used throughout
the book and helps students understand the logic and purpose
of each step in the problem-solving process.

Three-Column Example

Problem-solving ——s PROCEDURE FOR...
Procedure Boxes
for important
categories of
problems enable
you to see how the
same reasoning
applies to different
problems.

Predicting Molecular
Geometries

1. Draw the Lewis structure for the
molecule.

The general ———=
procedure is

shown in the left
column.

2. Determine the total number of
electron groups around the central
atom. Lone pairs, single bonds,
double bonds, triple bonds, and single
electrons each count as one group.

. Determine the number of bonding
groups and the number of lone
pairs around the central atom.
These should sum to your result from
step 2. Bonding groups include single
bonds, double bonds, and triple
bonds.

e

Refer to Table 10.1 to determine the
electron geometry and molecular
geometry. If no lone pairs are

present around the central atom, the
bond angles will be that of the ideal
geometry. If lone pairs are present, the
bond angles may be smaller than the
ideal geometry.

=

EXAMPLE 10.2

>

Predicting

Molecular

Geometries

Predict the geometry and bond

angles of PCly.
& 3

PCI; has 26 valence electrons

The central atom (P) has four

clectron groups.

HeH

Cl:

iCi—p-
Lone pair —/

Three of the four electron groups
around P are bonding groups and
one is a lone pair.

The electron geometry is tetrahedral
(four electron groups) and the
molecular geometry—the shape of
the molecule—is trigonal pyramidal
(three bond roups and one lone
i f the presence of a
lone pair, the bond angles are less
than 109.5°.

O

<109.5"

Trigonal pyramidal

FOR PRACTICE 10.2

Predict the molecular geometry and
bond angle of CINO.

EXAMPLE 10.3

*— Two Worked

Predicting Molecular Examples, side by

Geometries side, make it easy to
Predict the geometry and bond angles see how differences
of ICI, .

are handled.

IC1; has 36 valence electrons.

groups,

Lone pairs

:Cl:
\l/ .
- { -Gk

e

Four of the six electron groups around
I are bonding groups and two are
lone pairs,

The electron geometry is octahedral
(six electron groups) and the molecular
geometry—the shape of the molecule—
is sguare planar (four bonding groups
and two lone pairs). Even though lone
pairs are present, the bond angles

are 90° because the lone pairs are
symmetrically arranged and do not
compress the [—C1 bond angles.

Square planar

FOR PRACTICE 10.3
Predict the molecular geometry of 1y .



Conceptual Connections are strategically
placed to reinforce conceptual understanding
of the most complex concepts.

Each chapter includes several
EUHCEBQKP Conceptual Connections, in which
nection 1.3 chemical and Physical Changes students are asked to think about
The dm“mm on the left represents liquid water molecules in a pan. Which of the three concepts and solve problems without
diagrams (a, b or ¢) best represents the water molecules after they have been vaporized by doing any math.

the boiling of liquid water?

Q &
23 e ¥
»)

o | @ @ o ¢

| Cuncept(\ )

C[IIlI]EiZtIDI'I 4.1 stoichiometry
Under certain conditions sodium can react with oxygen to form sodium oxide according
. to the reaction:
. 4 Na(s) + 0,(g) — 2 NayO(s)

. A flask contains the amount of oxygen represented by the diagram at left.
Which image below best represents the amount of sodium required to completely
react with all of the oxygen in the flask according to the equation?

(d)

Cunceptr L)

Comnection 5.5 pressure and Number of Moles

Nitrogen and hydrogen react to form ammonia according to the following equation:
Na(g) + 3 Hi(g) == 2 NHilg)

Consider the following representations of the initial mixture of reactants and the resulting
mixture after the reaction has been allowed to react for some time:

NEW! Approximately 50
Conceptual Connections have
been added, including many that
involve visualization and drawing.

If the volume is kept constant, and nothing is added to the reaction mixture, what
happens to the total pressure during the course of the reaction?
(a) the pressure increases
(b) the pressure decreases
(¢) the pressure does not change



Visualizing and Understanding Chemistry

With Chemistry: A Molecular Approach, Tro introduced his revolutionary multipart
images that include macroscopic, molecular, and symbolic perspectives with the
goal of connecting you to what you see and experience (the macroscopic world)
with the molecules responsible for that world (molecular) and with the way chemists
represent those molecules (symbolic). This is, after all, what chemistry is all about.

Annotated Molecular Art

Oxidation-Reduction Reaction

P FIGURE 4.22 Oxidation-Reduction 3 “
Reaction The hydrogen in the balloon 2Hy(g) + Oy(g) —> 2 H,0(g)
reacts with oxygen upon ignition to

form gaseous water (which is L Hydrogen and oxygen react to form gaseous water.

dispersed in the flame).

wJ 0;

o’ 5%
Lo va 9
wies eYe

2H)g + Op)

2 H,0(g)

Many illustrations have three parts: what

you can see with your eyes (macroscopic)
what the molecules are doing (molecular)
and how chemists represent the process

with equations (symbolic).



The end-of-chapter review section helps you study the chapter’s concepts
and skills in a systematic way that is ideal for test preparation.

CHAPTER IN REVIEW

Self Assessment Quiz

QL. pnpomnd o yoxi et 10 b schebie b octane
H by CHr o HO d) NHy
QL An aquoces salution is sabwrated in both potassium chlorase a B/mol Bl 388 g/mol
and carbon diotide pan €1 293 10 gimol d) 147 g/mol
Q1L The cashalpy of sobution for NaOH ks —44.46 LI fmod
&) e all of e potassium chioride
carbon dioxide remain diswcdved in sodation. B A ) > LA
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a 157g 651070 o 004g
o 3 2
Calculate the van't Hoff factor (1) for MX; o this
t concentration
a) 262 a) 28 b) 83 € 073 010
Q5 A solstion contssm 224 g glucose (CoHy L) dissolved Q14 A solution is an equinols mixiure of two volatile
0,500 L of waser, What is the molality of the solution? components A and B Pure A has  vapor peessure of
i Assume & density of 100 g/fmL for water.} T
A 028w b} HEw 0249w d) 403 m
06 NaNO, by mass snd has o
e molarity of the solution.
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vepor preasire of pure waer o 23 °C s 238 by sre mraler thas those between particles of A and those

a) 352 b 22700m o Lidton d) 203 o

I, both of which are volatile. The mole fracsion of sanaance

Ais (135, AL X2 °C the of purc A s 57 meng
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o 110 mmig ) 309 mmblg

€ 993 mmilg dp TR mmblg

Q9. What mass of ghucoss (CoH 20y sboubd be dissolved

A 0023kg By Alkg o Odlkg )
QIB. Which of these agecous solathons has the bighest

poin?

a) 125 M CH, 20,

Bl 125 M KNO,

€ 125 M CaNOy),

d) Nome of the above (they all have the same boiliag pole)
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End-of-Chapter Review

® KeyTerms list all of the chapter’s boldfaced terms,
organized by section in order of appearance, with
page references. Definitions are found in the Glossary.

® The Key Concepts section summarizes the chapter's
most important ideas.

® The Key Equations and Relationships section lists
each of the key equations and important guantitative
relationships from the chapter.

® NEW! Key Learning Objectives list the concepts that
you should know after reading the chapter and are
linked to in-chapter and end-of-chapter examples that
show mastery of those skills.

NEW! Chapter Self Assessment Quiz at
the end of each chapter consists of 10-15
multiple-choice questions that are similar to
those on other standardized exams and will
also be assignable in MasteringChemistry.

Key Learning Outcomes

MNEW! Learning Outcomes have been added at the
chapter level and are also emphasized graphically.
These goals correlate with the end-of-chapter
problems in the text and in MasteringChemistry®

Chapter Objectives

Using VSEPR Theory to Predict the
Basic Shapes of Molecules (10.2) W—o

180°

Predicting Malecular Geometries Using VSEPR Thecry and

the Effects of Lone Pairs (10.4)
Predicting the Shapes of Larger Molecules (10.4)

Using Molecular Shape to Determine
Polarity of a Molecule (10.5) (
i

Writing Hybeidization and Bonding Schemes Using
Valence Bond Theory (10.7)

Drawing Maolecular Orbital Diagrams

to Predict Bond Order and
Magnetism of a Diatomic
Molecule (10.8)

[-R#% 9
-

Assessment

Example 10,1 For Practice 10,1 Exercises 31-32

Examples 10.2-103  For Practice 102103 Exercises 35-36

Example 104 For Practice 10,4  Exerciscs 41-42, 4546

Example 105 For Practice 105 Exercises 49-52

Examples 10.6-10.8  For Practice 10.6-10.8
For More Practice 108 Exercises 61-66

9-10.11  For Practice 10.9-10.11
ice 10L10  Exercises 71-72, 75-78, 81-82




AA—

Chemistry® for Students

www.masteringchemistry.com

MasteringChemistry tutorials guide students through the most challenging
topics while helping them make connections between related chemical concepts.
Immediate feedback and tutorial assistance help students understand and master
concepts and skills in chemistry—allowing them to retain more knowledge and
perform better in this course and beyond.

Chemistry® Aembernoer | CoctsMaoeost | Unerbsnecer |tk | LoeoOu

ringChemistry

The Bohr Equation
Part A

The electron from a hydrogen atom drops from an How much eneegy does the electron have initially in the n=4 sxcited state?
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MasteringChemistry is the only system to provide
instantaneous feedback specific to the most common
wrong answers. Students can submit an answer and i
receive immediate, errorspecific feedback. Simpler
sub-problems—hints—are provided upon request.

Math Remediation links found in selected tutorials MasteringChemistry”
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mastery of math skills. Math Remediation exercises
provide additional practice and free up class and
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MasteringChemistry brings chemistry to life by
illustrating key topics in general chemistry.

What will happen when we place a
silver wire into a Cu(NO3); solution?

Tha sitvar wira will bo reduced by the coppar

nitrate solufion.

MasteringChemistry*
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NEW! 15 Pause and Predict Video Quizzes
ask students to predict the outcome of
experiments and demonstrations as they
watch the videos; a set of multiple-choice
questions challenges students to apply the
concepts from the video to related scenarios.
These videos are also available in web and
mobile-friendly formats through the Study
Area of MasteringChemistry and in the
Pearson eText.

NEW! 15 Simulations, assignable in
MasteringChemistry, include those

developed by the PhET Chemistry Group,
and the leading authors in the simulation
development covering some of the most

difficult chemistry concepts.




Chemistry® for Instructors
www.masteringchemistry.com

The Mastering platform was developed by scientists for science students
and instructors. Mastering has been refined from data-driven insights derived
from over a decade of real-world use by faculty and students.
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Xxxviii

Matter, Measurement,
and Problem Solving

The most incomprehensible thing about the universe is that it

is comprehensible.
—Albert Einstein (1879-1955)

1.1 Atoms and Molecules 1

1.2 The Scientific Approach to Knowledge 3

1.3 The Classification of Matter 5

1.4 Physical and Chemical Changes and Physical and Chemical Properties 9
1.5 Energy: A Fundamental Part of Physical and Chemical Change 12

1.6 The Units of Measurement 13

1.7 The Reliability of a Measurement 20

1.8 Solving Chemical Problems 27

Key Learning Outcomes 36

course, many possible answers to this question—some practical, some philosophical, and

some scientific. If we limit ourselves only to scientific answers, mine would be this:
the properties of matter are determined by the properties of atoms and molecules. Atoms
and molecules determine how matter behaves—if they were different, matter would be different.
The properties of water molecules determine how water behaves, the properties of sugar
molecules determine how sugar behaves, and the properties of the molecules that compose our
bodies determine how our bodies behave. The understanding of matter at the molecular level
gives us unprecedented control over that matter. For example, our understanding of the details of
the molecules that compose living organisms has revolutionized biology over the last 50 years.

WHAT DO YOU THINK is the most important idea in all of human knowledge? There are, of



Hemoglobin (depicted in blue and green) is the oxygen-carrying protein in blood. Hemoglobin normally binds oxygen,
but it can also bind carbon monoxide molecules (the linked red and black spheres).

1.1 Atoms and Molecules

The air over most U.S. cities, including my own, contains at least some pollution. A
significant component of that pollution is carbon monoxide, a colorless gas emitted in
the exhaust of cars and trucks. Carbon monoxide gas is composed of carbon monoxide
molecules, each of which contains a carbon atom and an oxygen atom held together by
a chemical bond. Atoms are the submicroscopic particles that constitute the fundamen-
tal building blocks of ordinary matter. Free atoms are rare in nature; instead they bind
together in specific geometrical arrangements to form molecules.

The properties of the substances around us depend on the atoms and molecules that
compose the substances, so the properties of carbon monoxide gas depend on the proper-
ties of carbon monoxide molecules. Carbon monoxide molecules happen to be just the
right size and shape, and happen to have just the right chemical properties, to fit neatly
into cavities within hemoglobin molecules in blood that normally carry oxygen mole-
cules (Figure 1.1»). Consequently, carbon monoxide diminishes the oxygen-carrying
capacity of blood. Breathing air containing too much carbon monoxide (greater than
0.04% by volume) can lead to unconsciousness and even death because not enough

Carbon monoxide molecule

Carbon Oxygen
atom atom
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Carbon monoxide can bind
to the site on hemoglobin
that normally carries oxygen.

Hemoglobin, the oxygen-carrying
molecule in red blood cells

A FIGURE 1.1 Binding of Oxygen and Carbon Monoxide to Hemoglobin Hemoglobin, a large protein
molecule, is the oxygen carrier in red blood cells. Each subunit of the hemoglobin molecule contains
an iron atom to which oxygen binds. Carbon monoxide molecules can take the place of oxygen, thus
reducing the amount of oxygen reaching the body’s tissues.

oxygen reaches the brain. Carbon monoxide deaths can occur as a result of running an
automobile in a closed garage or using a propane burner in an enclosed space for too
long. In smaller amounts, carbon monoxide causes the heart and lungs to work harder

Carbon dioxide molecule and can result in headaches, dizziness, weakness, and confusion.
Oxygen Oxygen Cars and.t.rucks emit another closs:ly related mole.cule, called carbon d10x1de,-1n far
atom atom greater quantities than carbon monoxide. The only difference between carbon dioxide

and carbon monoxide is that carbon dioxide molecules contain two oxygen atoms instead
of just one. However, this extra oxygen atom dramatically affects the properties of the
gas. We breathe much more carbon dioxide—which composes 0.04% of air, and is a
product of our own respiration as well—than carbon monoxide, yet it does not kill us.
Why? Because the presence of the second oxygen atom prevents carbon dioxide from
Carbon binding to the oxygen-carrying site in hemoglobin, making it far less toxic. Although
atom high levels of carbon dioxide (greater than 10% of air) can be hazardous for other rea-
sons, lower levels can enter the bloodstream with no adverse effects. Such is the molecu-
lar world. Any differences between molecules—such as the extra oxygen atom in carbon
monoxide—results in differences between the substances that the molecules compose.
As another example, consider two other closely related molecules, water and hydro-
gen peroxide:

Water molecule Hydrogen peroxide molecule

Oxygen

Oxygen
atoms

atom

In the study of chemistry, atoms are often
portrayed as colored spheres, with each
color representing a different kind of atom.
For example, a black sphere represents a
carhon atom, a red sphere represents an
oxygen atom, and a white sphere represents
a hydrogen atom. For a complete color code
of atoms, see Appendix lIA.

Hydrogen Hydrogen
atoms atoms

A water molecule is composed of one oxygen atom and two hydrogen atoms. A hydrogen

peroxide molecule is composed of fwo oxygen atoms and two hydrogen atoms. This

seemingly small molecular difference results in a huge difference in the properties of

water and hydrogen peroxide. Water is the familiar and stable liquid we all drink and

bathe in. Hydrogen peroxide, in contrast, is an unstable liquid that, in its pure form,

burns the skin on contact and is used in rocket fuel. When you pour water onto your
The hydragen peroxide we use as hair, your hair simply becomes wet. However, if you put diluted hydrogen peroxide on
an antiseptic or bleaching agent is your hair—which you may have done if you have ever bleached your hair—a chemical
considerably diluted. reaction occurs that strips your hair of its color.
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The details of how specific atoms bond to form a molecule—in a straight line, at a
particular angle, in a ring, or in some other pattern—as well as the type of atoms in the
molecule, determine everything about the substance that the molecule composes. If we
want to understand the substances around us, we must understand the atoms and mole-
cules that compose them—this is the central goal of chemistry. A good simple definition
of chemistry is

Chemistry—the science that seeks to understand the behavior of matter by
studying the behavior of atoms and molecules.

1.2 The Scientific Approach to Knowledge

Throughout history, humans have approached knowledge about the physical world in dif-
ferent ways. For example, the Greek philosopher Plato (427-347 B.c.) thought that the best
way to learn about reality was not through the senses, but through reason. He believed that
the physical world was an imperfect representation of a perfect and transcendent world (a
world beyond space and time). For him, true knowledge came not through observing the
real physical world, but through reasoning and thinking about the ideal one.

The scientific approach to knowledge, however, is exactly the opposite of Plato’s.
Scientific knowledge is empirical—it is based on observation and experiment. Scientists
observe and perform experiments on the physical world to learn about it. Some observa-
tions and experiments are qualitative (noting or describing how a process happens), but
many are quantitative (measuring or quantifying something about the process). For
example, Antoine Lavoisier (1743—1794), a French chemist who studied combustion (or
burning), made careful measurements of the mass of objects before and after burning
them in closed containers. He noticed that there was no change in the total mass of mate-
rial within the container during combustion. In doing so, Lavoisier made an important
observation about the physical world.

Observations often lead scientists to formulate a hypothesis, a tentative interpreta-
tion or explanation of the observations. For example, Lavoisier explained his observa-
tions on combustion by hypothesizing that when a substance burns, it combines with a
component of air. A good hypothesis is falsifiable, which means that it makes predictions
that can be confirmed or refuted by further observations. Scientists test hypotheses by
experiments, highly controlled procedures designed to generate observations that may
confirm or refute a hypothesis. The results of an experiment may support a hypothesis or
prove it wrong—in which case the scientist must modify or discard the hypothesis.

In some cases, a series of similar observations leads to the development of a
scientific law, a brief statement that summarizes past observations and predicts future
ones. Lavoisier summarized his observations on combustion with the law of conservation
of mass, which states, “In a chemical reaction, matter is neither created nor destroyed.”
This statement summarized his observations on chemical reactions and predicted the
outcome of future observations on reactions. Laws, like hypotheses, are also subject to
experiments, which can support them or prove them wrong.

Scientific laws are not laws in the same sense as civil or governmental laws. Nature
does not follow laws in the way that we obey the laws against speeding or running a stop
sign. Rather, scientific laws describe how nature behaves—they are generalizations
about what nature does. For that reason, some people find it more appropriate to refer to
them as principles rather than laws.

One or more well-established hypotheses may form the basis for a scientific theory.
A scientific theory is a model for the way nature is and tries to explain not merely what
nature does but why. As such, well-established theories are the pinnacle of scientific
knowledge, often predicting behavior far beyond the observations or laws from which
they were developed. A good example of a theory is the atomic theory proposed by
English chemist John Dalton (1766—1844). Dalton explained the law of conservation of
mass, as well as other laws and observations of the time, by proposing that matter is
composed of small, indestructible particles called atoms. Since these particles are merely
rearranged in chemical changes (and not created or destroyed), the total amount of mass
remains the same. Dalton’s theory is a model for the physical world—it gives us insight
into how nature works and, therefore, explains our laws and observations.

The term atoms in this definition can he
interpreted loosely to include atoms that
have lost or gained electrons.

Although some Greek philosophers, such
as Aristotle, did use observation to attain
knowledge, they did not emphasize experi-
ment and measurement to the extent that
modern science does.

A A painting of the French chemist
Antoine Lavoisier with his wife,
Marie, who helped him in his work by
illustrating his experiments and trans-
lating scientific articles from English.
Lavoisier, who also made significant
contributions to agriculture, industry,
education, and government administra-
tion, was executed during the French
Revolution. (The Metropolitan
Museum of Art)

In Dalton’s time, people thought atoms were
indestructible. Today, because of nuclear
reactions, we know that atoms can he broken
apart into their smaller components.
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The Scientific Method

l Observations JI
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Confirm

(or revise law) ( Law
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A FIGURE 1.2 The Scientific Approach to Knowledge

Finally, the scientific approach returns to observation to test theories. For example,
scientists can test the atomic theory by trying to isolate single atoms or by trying to
image them (both of which, by the way, have already been accomplished). Theories are
validated by experiments; however, theories can never be conclusively proven because
some new observation or experiment always has the potential to reveal a flaw. Notice
that the scientific approach to knowledge begins with observation and ends with observa-
tion. An experiment is in essence a highly controlled procedure for generating critical
observations designed to test a theory or hypothesis. Each new set of observations has
the potential to refine the original model. Figure 1.2 A summarizes one way to map the
scientific approach to knowledge. Scientific laws, hypotheses, and theories are all sub-
ject to continued experimentation. If a law, hypothesis, or theory is proved wrong by an
experiment, it must be revised and tested with new experiments. Over time, the scientific
community eliminates or corrects poor theories and laws, and valid theories and laws—
those consistent with experimental results—remain.

Established theories with strong experimental support are the most powerful pieces
of scientific knowledge. You may have heard the phrase “That is just a theory,” as if
theories are easily dismissible. Such a statement reveals a deep misunderstanding of the
nature of a scientific theory. Well-established theories are as close to truth as we get in
science. The idea that all matter is made of atoms is “just a theory,” but it has over
200 years of experimental evidence to support it. It is a powerful piece of scientific
knowledge on which many other scientific ideas have been built.

One last word about the scientific approach to knowledge: some people wrongly
imagine science to be a strict set of rules and procedures that automatically lead to inar-
guable, objective facts. This is not the case. Even our diagram of the scientific approach
to knowledge is only an idealization of real science, useful to help us see the key distinc-
tions of science. Real science requires hard work, care, creativity, and even a bit of luck.
Scientific theories do not just arise out of data—men and women of great genius and
creativity craft theories. A great theory is not unlike a master painting, and many see a
similar kind of beauty in both. (For more on this aspect of science, see the box entitled
Thomas S. Kuhn and Scientific Revolutions.)

c"“c‘*pt@al?nection 1.1 Laws and Theories

Which statement best explains the difference between a law and a theory?

(a) A law is truth; a theory is mere speculation.

(b) A law summarizes a series of related observations; a theory gives the underlying
reasons for them.

(¢) A theory describes what nature does; a law describes why nature does it.
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Thomas S. Kuhn and Scientific Revolutions

hen scientists talk about science, they often talk in ways that

imply that their theories are “true.” Further, they talk as if they
arrive at theories in logical and unbiased ways. For example, a
theory central to chemistry that we have discussed in this chapter
is John Dalton’s atomic theory—the idea that all matter is com-
posed of atoms. Is this theory “true”? Was it reached in logical,
unbiased ways? Will this theory still be around in 200 years?

The answers to these questions depend on how we view sci-
ence and its development. One way to view science—Ilet’s call
it the traditional view—is as the continual accumulation of
knowledge and the building of increasingly precise theories. In
this view, a scientific theory is a model of the world that reflects
what is actually in nature. New observations and experiments
result in gradual adjustments to theories. Over time, theories get
better, giving us a more accurate picture of the physical world.

In the twentieth century, a different view of scientific
knowledge began to develop. A book by Thomas Kuhn,
published in 1964 and entitled The Structure of Scientific
Revolutions, challenged the traditional view. Kuhn’s ideas
came from his study of the history of science, which, he
argued, does not support the idea that science progresses in a

smooth cumulative way. According to Kuhn, science goes
through fairly quiet periods that he called normal science. In
these periods, scientists make their data fit the reigning theory,
or paradigm. Small inconsistencies are swept aside during
periods of normal science. However, when too many inconsis-
tencies and anomalies develop, a crisis emerges. The crisis
brings about a revolution and a new reigning theory. Accord-
ing to Kuhn, the new theory is usually quite different from the

old one; it not only helps us to make sense of new or
anomalous information, but also enables us to see
accumulated data from the past in a dramatically new way.
Kuhn further contended that theories are held for reasons that
are not always logical or unbiased, and that theories are not true
models—in the sense of a one-to-one mapping—of the physical
world. Because new theories are often so different from the ones
they replace, he argued, and because old theories always make
good sense to those holding them, they must not be “True” with
a capital T; otherwise “truth” would be constantly changing.
Kuhn’s ideas created a controversy among scientists and
science historians that continues to this day. Some, especially
postmodern philosophers of science, have taken Kuhn’s ideas
one step further. They argue that scientific knowledge is
completely biased and lacks any objectivity. Most scientists,
including Kuhn, would disagree. Although Kuhn pointed out
that scientific knowledge has arbitrary elements, he also said,
“Observation ... can and must drastically restrict the range of
admissible scientific belief, else there would be no science.” In
other words, saying that science contains arbitrary elements is
quite different from saying that science itself is arbitrary.

Question

In his book, Kuhn stated, “A new theory ... is seldom or never
Jjust an increment to what is already known.” Can you think of
any examples that support Kuhn’s statement from your
knowledge of the history of science? Do you know of any
instances in which a new theory or model was drastically
different from the one it replaced?

1.3 The Classification of Matter

Matter is anything that occupies space and has mass. This book, your desk, your chair,
and even your body are all composed of matter. Less obviously, the air around you is also
matter—it too occupies space and has mass. We call a specific instance of matter—such
as air, water, or sand—a substance. We can classify matter according to its state (its
physical form) and its composition (the basic components that make it up).

The States of Matter: Solid, Liquid, and Gas

Matter can exist in three different states: solid, liquid, and gas. In solid matter, atoms or
molecules pack close to each other in fixed locations. Although the atoms and molecules
in a solid vibrate, they do not move around or past each other. Consequently, a solid has a
fixed volume and rigid shape. Ice, aluminum, and diamond are good examples of solids.
Solid matter may be crystalline, in which case its atoms or molecules are in patterns
with long-range, repeating order (Figure 1.3»), or it may be amorphous, in which case
its atoms or molecules do not have any long-range order. Table salt and diamond are
examples of crystalline solids; the well-ordered geometric shapes of salt and diamond
crystals reflect the well-ordered geometric arrangement of their atoms (although this is
not the case for all crystalline solids). Examples of amorphous solids include glass and
plastic. In liguid matter, atoms or molecules pack about as closely as they do in solid

The state of matter changes from solid to
liquid to gas with increasing temperature.

Glass and other amorphous solids can

be thought of, from one point of view, as
intermediate hetween solids and liquids.
Their atoms are fixed in position at room
temperature, but they have no long-range
structure and do not have distinct
melting points.
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P> In a solid, the atoms or molecules
are fixed in place and can only vibrate.
In a liquid, although the atoms or mol-
ecules are closely packed, they can
move past one another, allowing the
liquid to flow and assume the shape of
its container. In a gas, the atoms or
molecules are widely spaced, making
gases compressible as well as fluid
(able to flow).

Crystalline Solid:
Regular
three-dimensional pattern

Diamond
C (s, diamond)

A FIGURE 1.3 Crystalline Solid
Diamond is a crystalline solid
composed of carbon atoms arranged in
a regular, repeating pattern.

P> FIGURE 1.4 The Compressibility of
Gases Gases can be compressed—
squeezed into a smaller volume—
because there is so much empty space
between atoms or molecules in the
gaseous state.

Solid matter Liquid matter

matter, but they are free to move relative to each other, giving liquids a fixed volume but
not a fixed shape. Liquids assume the shape of their container. Water, alcohol, and gaso-
line are all substances that are liquids at room temperature.

In gaseous matter, atoms or molecules have a lot of space between them and are free
to move relative to one another, making gases compressible (Figure 1.4v). When you
squeeze a balloon or sit down on an air mattress, you force the atoms and molecules into
a smaller space so that they are closer together. Gases always assume the shape and
volume of their container. Substances that are gases at room temperature include helium,
nitrogen (the main component of air), and carbon dioxide.

Solid—not compressible Gas—compressible



Classifying Matter according to Its Composition: Elements,

Compounds, and Mixtures
In addition to classifying matter according to its state, we can classify it according to its
composition, as shown in the following chart:

Variabl ition?
Nof— ariable composition —NYes

1.3 The Classification of Matter

Separable into simpler

EolNc—

Helium Pure water Wet sand

The first division in the classification of matter is between a pure substance and a
mixture. A pure substance is made up of only one component and its composition is
invariant (it does not vary from one sample to another). The components of a pure sub-
stance can be individual atoms or groups of atoms joined together. For example, helium,
water, and table salt (sodium chloride) are all pure substances. Each of these substances
is made up of only one component: helium is made up of helium atoms, water is made up
of water molecules, and sodium chloride is made up of sodium chloride units. The com-
position of a pure sample of any one of these is always exactly the same (because you
can’t vary the composition of a substance made up of only one component).

A mixture, by contrast, is composed of two or more components in proportions that
can vary from one sample to another. For example, sweetened tea, composed primarily of
water molecules and sugar molecules (with a few other substances mixed in), is a mixture.
We can make tea slightly sweet (a small proportion of sugar to water) or very sweet
(a large proportion of sugar to water) or any level of sweetness in between.

We can categorize pure substances themselves into two types—elements and
compounds—depending on whether or not they can be broken down (or decomposed)
into simpler substances. Helium, which we just noted is a pure substance, is also a good
example of an element, a substance that cannot be chemically broken down into simpler
substances. Water, also a pure substance, is a good example of a compound, a substance
composed of two or more elements (in this case hydrogen and oxygen) in a fixed, definite
proportion. On Earth, compounds are more common than pure elements because most
elements combine with other elements to form compounds.

We can also categorize mixtures into two types—heterogeneous and homogeneous—
depending on how uniformly the substances within them mix. Wet sand is a heterogeneous
mixture, one in which the composition varies from one region of the mixture to another.

i ?
substances? _NYes Nof_ Uniform throughout? tes

Tea with sugar

7
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V FIGURE 1.5 Separating Substances

by Distillation When a liquid mixture is
heated, the component with the lowest

boiling point vaporizes first, leaving

behind less volatile liquids or dissolved

solids. The vapor is then cooled,
condensing it back to a liquid,
and collected.

Distillation

Sweetened tea is a homogeneous mixture, one with the same composition throughout.
Homogeneous mixtures have uniform compositions because the atoms or molecules that
compose them mix uniformly. Heterogeneous mixtures are made up of distinct regions
because the atoms or molecules that compose them separate. Here again we see that the
properties of matter are determined by the atoms or molecules that compose it.

Classifying a substance according to its composition is not always obvious and
requires that we either know the true composition of the substance or are able to test it in
a laboratory. For now, we will focus on relatively common substances that you are likely
to have encountered. Throughout this course, you will gain the knowledge to understand
the composition of a larger variety of substances.

Conce 1@{? :
P N Connection 1.2 Pure Substances and Mixtures

Let a small circle represent an atom of one type of element and a small square represent at
atom of a second type of element. Make a drawing of (a) a pure substance (a compound)
composed of the two elements (in a one-to-one ratio), (b) a homogenous mixture com-
posed of the two elements, and (c) a heterogeneous mixture composed of the two elements.

Separating Mixtures

Chemists often want to separate a mixture into its components. Such separations can be
easy or difficult, depending on the components in the mixture. In general, mixtures are
separable because the different components have different physical or chemical prop-
erties. We can use various techniques that exploit these differences to achieve separa-
tion. For example, we can separate a mixture of sand and water by decanting—carefully
pouring off—the water into another container. A homogeneous mixture of liquids can
usually be separated by distillation, a process in which the mixture is heated to boil off
the more volatile (easily vaporizable) liquid. The volatile liquid is then recondensed in a
condenser and collected in a separate flask (Figure 1.5 v). If a mixture is composed of an
insoluble solid and a liquid, we can separate the two by filtration, in which the mixture
is poured through filter paper in a funnel (Figure 1.6 v).

V FIGURE 1.6 Separating Substances by

Filtration A solid and liquid mixture can be

boils first.

Most volatile component

separated by pouring the mixture through a
funnel containing filter paper designed to
allow only the liquid to pass.

&£ 2 Cooling

awater out
—— Mixture of liquids

with different
boiling points

- Filtration

| Stirring rod

g
| \
Condenser | Mixture of liquid

and solid

Cooling |
water in E |

Funnel

Filter paper
traps solid.

Liquid component
passes through
and is collected.

Vapor collected
as pure liquid
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1.4 Physical and Chemical Changes and
Physical and Chemical Properties

Every day we witness changes in matter: ice melts, iron rusts, gasoline burns, fruit
ripens, and water evaporates. What happens to the molecules or atoms that compose
these samples of matter during such changes? The answer depends on the type
of change. Changes that alter only state or appearance, but not composition, are
physical changes. The atoms or molecules that compose a substance do not change
their identity during a physical change. For example, when water boils, it changes its
state from a liquid to a gas, but the gas remains composed of water molecules, so this
is a physical change (Figure 1.7 v).

In contrast, changes that alter the composition of matter are chemical changes.
During a chemical change, atoms rearrange, transforming the original substances into
different substances. For example, the rusting of iron is a chemical change. The atoms
that compose iron (iron atoms) combine with oxygen molecules from air to form iron
oxide, the orange substance we call rust (Figure 1.8 v). Some other examples of physical
and chemical changes are shown in Figure 1.9».

Physical and chemical changes are manifestations of physical and chemical
properties. A physical property is a property that a substance displays without
changing its composition, whereas a chemical property is a property that a sub-
stance displays only by changing its composition via a chemical change. The smell
of gasoline is a physical property—gasoline does not change its composition when
it exhibits its odor. The flammability of gasoline, in contrast, is a chemical
property—gasoline does change its composition when it burns, turning into com-
pletely new substances (primarily carbon dioxide and water). Physical properties
include odor, taste, color, appearance, melting point, boiling point, and density.
Chemical properties include corrosiveness, flammability, acidity, toxicity, and other
such characteristics.

Water molecules change from liquid
to gaseous state: physical change.

A FIGURE 1.7 Boiling, a Physical Change When water boils, it turns into a gas but does not alter its
chemical identity—the water molecules are the same in both the liquid and gaseous states. Boiling is
thus a physical change, and the boiling point of water is a physical property.

A physical change results in a different
form of the same substance, while a
chemical change results in a completely
different substance.

In Chapter 19 we will also discuss nuclear
changes, which can involve atoms of

one element changing into atoms of a
different element.

Iron atoms

Iron oxide
(rust)

A FIGURE 1.8 Rusting, a Chemical
Change When iron rusts, the iron
atoms combine with oxygen atoms to
form a different chemical substance,
the compound iron oxide. Rusting is
therefore a chemical change, and

the tendency of iron to rust is a
chemical property.





