1Sdld SWOLV

—_—

John E. McMurry
Robert C. Fay



GENERAL
CHEMISTRY

ATOMS FIRST

SECOND EDITION

JOHN E. McMURRY

Cornell University

ROBERT C. FAY

Cornell University

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 Sao Paulo Sydney HongKong Seoul Singapore Taipei Tokyo



Editor in Chief: Adam Jaworski

Senior Acquisitions Editor: Terry Haugen

Senior Marketing Manager: Jonathan Cottrell

Director of Development, Chemistry and Geosciences: Jennifer Hart
Project Editor: Jessica Moro

Assistant Editor: Coleen Morrison

Development Editor: Carol Pritchard-Martinez

Editorial Assistant/Assistant Editor: Erin Kneuer

Marketing Assistant: Nicola Houston

Executive Editorial Media Producer: Deb Perry

Managing Editor, Chemistry and Geosciences: Gina M. Cheselka
Senior Production Project Manager: Beth Sweeten

Production Management: Greg Johnson, PreMediaGlobal

Compositor: PreMediaGlobal

Mlustrator: Precision Graphics

Image Lead: Maya Melenchuk

Photo Researcher: Eric Schrader

Text Permissions Manager: Alison Bruckner

Text Permissions Researcher: Jen Roach, PreMediaGlobal
Design Manager: Marilyn Perry

Interior Designer: Cenveo

Cover Designer: Elise Lansdon Design

Operations Specialist: Jeffrey Sargent

Cover Image Credit: Molecular Chair, Design by Antonio Pio Saracino —
WWW.antoniopiosaracino.com

Credits and acknowledgments borrowed from other sources and reproduced, with permission, in this textbook appear on the appropriate page within the

text or on p. C-1.

Copyright © 2014, 2010 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 from the Publisher upon request.

12345678910—CRK—161514 13 12

ISBN 10: 0-321-80926-2
ISBN 13: 978-0-321-80926-1



Brief Contents

=
mrOOVWoOONOOOTbhWDNERLO

NNDNDNDN R R REB R 2D 2 =
W N O OOONOOOThWDN

Preface «xi
Supplements  xv

Chemical Tools: Experimentation and Measurement 2
The Structure and Stability of Atoms 26

Periodicity and the Electronic Structure of Atoms 60
Atoms and lonic Bonds 98

Atoms and Covalent Bonds 136

Covalent Bonds and Molecular Structure 168
Chemical Arithmetic: Stoichiometry 200

Reactions in Aqueous Solution 236

Thermochemistry: Chemical Energy 274

Gases: Their Properties and Behavior 316

Liquids, Solids, and Phase Changes 354

Solutions and Their Properties 400

The Rates and Mechanisms of Chemical Reactions 442
Chemical Equilibrium: The Extent of Chemical Reactions 504
Aqueous Equilibria: Acids and Bases 550

Applications of Aqueous Equilibria 600
Thermodynamics: Entropy, Free Energy, and Equilibrium 654
Electrochemistry 696

Hydrogen, Oxygen, and Water 746

The Main-Group Elements 774

Transition Elements and Coordination Chemistry 814
Metals and Solid-State Materials 866

Nuclear Chemistry 904

Organic and Biological Chemistry 926

Appendix A Mathematical Operations A-1

Appendix B Thermodynamic Properties at 25 °C  A-10
Appendix C Equilibrium Constants at 25 °C  A-15
Appendix D Standard Reduction Potentials at 25 °C  A-19
Appendix E Properties of Water A-21

Answers to Selected Problems A-22
Glossary G-1

Index |1

Photo Credits C-1

iii



Contents

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0.10
0.11

FYI

1.1
1.2
1.3

1.4
1.5
1.6
1.7
1.8

1.9
1.10

FYI

iv

Preface xi

Supplements xv

Chemical Tools:
Experimentation and
Measurement 2

Experiment — Hypothesis — Theory: Approaching
Chemistry 3

Experimentation and Measurement in Chemistry 4
Fundamental Units: Measuring Mass 5
Fundamental Units: Measuring Length 6
Fundamental Units: Measuring Temperature 7
Derived Units: Measuring Volume 8

Derived Units: Measuring Density 10

Derived Units: Measuring Energy 11

Accuracy, Precision, and Significant Figures in
Measurement 12

Rounding Numbers 14

Converting Measurements from One Unit to Another 16

The Risks and Benefits of Chemicals 20
Summary ¢ Key Words ¢ Key Equations e Learning

Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems

The Structure and Stability
of Atoms 2

Chemistry and the Elements 26

Elements and the Periodic Table 28

Some Common Groups of Elements and Their
Properties 31

A Bit of History: The Conservation of Mass and the Law
of Definite Proportions 34

More History: The Law of Multiple Proportions and
Dalton’s Atomic Theory 36

The Structure of Atoms: Electrons 38

The Structure of Atoms: Protons and Neutrons 40
Atomic Numbers 43

Atomic Masses, Atomic Weights, and the Mole 45
Nuclear Chemistry: The Change of One Element into
Another 49

Nuclear Change and Radioactivity 50

The Origin of Chemical Elements 53

Summary ¢ Key Words ¢ Learning Outcomes o
Conceptual Problems e Section Problems
Chapter Problems

2.1

2.2

2.3

2.4
2.5

2.6

2.7
2.8

2.9

Periodicity and the
Electronic Structure of
Atoms 6o

The Nature of Radiant Energy and the Electromagnetic
Spectrum 61

The Interaction of Radiant Energy with Atoms: Balmer’s
Equation 64

Particlelike Properties of Radiant Energy: The
Photoelectric Effect and Planck’s Postulate 67
Wavelike Properties of Matter: De Broglie’s Hypothesis 70
The Quantum Mechanical Model of the Atom:
Heisenberg’s Uncertainty Principle 71

The Quantum Mechanical Model of the Atom: Orbitals
and the Three Quantum Numbers 72

Orbitals and Their Shapes 75

A Fourth Quantum Number: Electron Spin and Pauli’s
Exclusion Principle 78

The Quantum Mechanical Model and Atomic Line
Spectra 79




2.10
2.1
2.12
2.13
2.14

FYI

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.1
3.12

3.13
3.14

FYI

4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8

4.9
4.10

FYI

Orbital Energy Levels in Multielectron Atoms 80
Electron Configurations of Multielectron Atoms 81
Some Anomalous Electron Configurations 85

Electron Configurations and the Periodic Table 85
Electron Configurations and Periodic Properties: Atomic
Radii 87

Saving Energy with Atomic Line Spectra 89

Summary e Key Words ¢ Key Equations e Learning

Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems e Multiconcept Problems

Atoms and Ionic Bonds s

lons, Molecules, and Chemical Bonds 98

Naming lonic Compounds 102

Electron Configurations of lons 107

lonic Radii 109

Removing an Electron from an Atom: lonization Energy 110
Higher lonization Energies 112

Adding an Electron to an Atom: Electron Affinity 114
The Octet Rule for Main-Group Atoms 116

lonic Bonds and the Formation of lonic Solids 118
Lattice Energies in lonic Solids 120

Some Chemistry of the Alkali Metals (Group 1A) 123
Some Chemistry of the Alkaline-Earth Metals

(Group 2A) 125

Some Chemistry of the Halogens (Group 7A) 126
Some Chemistry of the Noble Gases (Group 8A) 127

Salt 128
Summary ¢ Key Words e Learning Outcomes ¢ Conceptual

Problems e Section Problems e Chapter Problems e
Multiconcept Problems

Atoms and Covalent
Bonds 136

Comparing lonic and Molecular Compounds 137
Covalent Bond Formation 138

Strengths of Covalent Bonds 140

Polar Covalent Bonds: Electronegativity 141
Naming Molecular Compounds 144
Electron-Dot Structures 145

Electron-Dot Structures of Compounds Containing Only
Hydrogen and Second-Row Elements 149
Electron-Dot Structures of Compounds Containing
Elements Below the Second Row 152
Electron-Dot Structures and Resonance 155
Electron-Dot Structures and Formal Charge 157

Free Radicals and Your Health 160

Summary e Key Words ¢ Key Equations ¢ Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems e Multiconcept Problems

5.1
5.2
5.3
5.4
5.5
5.6

5.7

FYI

6.1
6.2
6.3
6.4

Covalent Bonds and
Molecular Structure 1es

Molecular Shape: The VSEPR Model 168

Valence Bond Theory 176

Hybridization and sp® Hybrid Orbitals 177

Other Kinds of Hybrid Orbitals 179

Molecular Orbital Theory: The Hydrogen Molecule 184
Molecular Orbital Theory: Other Diatomic

Molecules 187

Combining Valence Bond Theory and Molecular Orbital
Theory 190

Molecular Shape, Handedness, and Drugs 191

Summary e Key Words e Learning Outcomes e
Conceptual Problems e Section Problems e Chapter
Problems ¢ Multiconcept Problems

Chemical Arithmetic:
Stoichiometry 200

Chemical Symbols on Different Levels 200

Balancing Chemical Equations 201

Stoichiometry: The Arithmetic of Chemical Reactions 204
Yields of Chemical Reactions 209



vi

6.5
6.6

6.7

6.8
6.9
6.10
6.11

FYI

7.1
7.2
7.3
7.4
7.5
7.6
7.7

Contents

Reactions with Limiting Amounts of Reactants 211
Percent Composition and Empirical Formulas of
Compounds 214

Determining Empirical Formulas by Elemental

Analysis 217

Concentrations of Reactants in Solution: Molarity 219
Diluting Concentrated Solutions 222

Reaction Stoichiometry in Solutions 223

Finding the Concentration of a Solution: Titration 224

Did Ben Franklin Have Avogadro’s Number? 226

Summary e Key Words ¢ Key Equations e Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems ¢ Multiconcept Problems

Reactions in Aqueous
Solution 236

Electrolytes in Aqueous Solution 236

Some Ways That Chemical Reactions Occur 239
Aqueous Reactions and Net lonic Equations 240
Precipitation Reactions and Solubility Guidelines 241
Acids, Bases, and Neutralization Reactions 244
Oxidation-Reduction (Redox) Reactions 248
Identifying Redox Reactions 251

7.8
7.9

7.10
7.11

FYI

8.1
8.2
8.3
8.4
8.5

8.6
8.7
8.8
8.9

8.10

8.11
8.12
8.13

FYI

9.1
9.2
9.3
924
9.5
9.6
9.7
9.8
9.9

FYI

The Activity Series of the Elements 253
Balancing Redox Reactions by the Half-Reaction
Method 257

Redox Titrations 261

Some Applications of Redox Reactions 263

Can Chemical Reactions Be Green? 264

Summary ¢ Key Words e Learning Outcomes ¢ Conceptual
Problems e Section Problems e Chapter Problems e
Multiconcept Problems

Thermochemistry:
Chemical Energy 27

Energy and Its Conservation 274

Internal Energy of Molecules: State Functions 277
Expansion Work Done by Reactions 279

Internal Energy and Enthalpy of Molecules 281
Measuring Heat Transfer: Calorimetry and Heat
Capacity 283

The Thermodynamic Standard State 286

Enthalpies of Physical and Chemical Change 288
Calculating Enthalpy Changes Using Hess's Law 290
Calculating Enthalpy Changes Using Standard Heats of
Formation 293

Calculating Enthalpy Changes Using Bond Dissociation
Energies 296

Fossil Fuels and Heats of Combustion 297

An Introduction to Entropy 299

An Introduction to Free Energy 302

Biofuels 305
Summary ¢ Key Words ¢ Key Equations e Learning

Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems ¢ Multiconcept Problems

Gases: Their Properties and
Behavior 36

Gases and Gas Pressure 316

The Gas Laws 321

The Ideal Gas Law 326

Stoichiometric Relationships with Gases 329

Mixtures of Gases: Partial Pressure and Dalton’s Law 332
The Kinetic—-Molecular Theory of Gases 335

Gas Diffusion and Effusion: Graham’s Law 338

The Behavior of Real Gases 340

The Earth’s Atmosphere 341

How Do Inhalational Anesthetics Work? 344

Summary ¢ Key Words ¢ Key Equations ¢ Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems ¢ Multiconcept Problems



10

10.1
10.2
10.3
10.4
10.5
10.6
10.7

10.8
10.9
10.10
10.11

FYI

11

1.1
11.2
11.3
11.4
11.5
11.6
11.7

11.8
11.9
11.10

FYI

12

12.1
12.2
12.3
12.4
12.5
12.6

Liquids, Solids, and Phase
Changes 3sa

Polar Covalent Bonds and Dipole Moments
Kinds of Intermolecular Forces 358

Some Properties of Liquids 365

Phase Changes Between Solids, Liquids, and Gases 366
Evaporation, Vapor Pressure, and Boiling Point 369
Kinds of Solids 373

Probing the Structure of Solids: X-Ray
Crystallography 375

The Packing of Spheres in Crystalline Solids: Unit Cells
Structures of Some lonic Solids 383

Structures of Some Covalent Network Solids 385
Phase Diagrams 387

355

377

Liquids Made of lons? 390

Summary ¢ Key Words ¢ Key Equations e Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems e Multiconcept Problems

Solutions and Their
Properties o0

Solutions 400

Energy Changes and the Solution Process 401
Concentration Units for Solutions 406

Some Factors That Affect Solubility 411

Physical Behavior of Solutions: Colligative Properties 415
Vapor-Pressure Lowering of Solutions: Raoult’'s Law 415
Boiling-Point Elevation and Freezing-Point Depression of
Solutions 422

Osmosis and Osmotic Pressure 426

Some Uses of Colligative Properties 428

Fractional Distillation of Liquid Mixtures 429

Kidney Failure, Hemodialysis, and Colligative
Properties 432

Summary ¢ Key Words e Key Equations e Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems e Multiconcept Problems

The Rates and Mechanisms
of Chemical Reactions 4

Rates of Chemical Reactions 443

Rate Laws and Reaction Order 447

Determining a Rate Law: The Method of Initial Rates 450
First-Order Reactions: The Integrated Rate Law 454
First-Order Reactions: Half-Life 458

First-Order Reactions: Radioactive Decay 460

12.7
12.8
12.9

12.10
12.1
12.12
12.13
12.14
12.15

FYI

463
467

Second-Order Reactions
Zeroth-Order Reactions
Reaction Rates and Temperature: Collision Theory and
the Arrhenius Equation 468

Using the Arrhenius Equation 471

Reaction Mechanisms 474

Rate Laws for Elementary Reactions
Rate Laws for Overall Reactions 479
Catalysis 484

Homogeneous and Heterogeneous Catalysts 487

477

How Do Enzymes Work? 490

Summary ¢ Key Words ¢ Key Equations ¢ Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems ¢ Multiconcept Problems

13 Chemical Equilibrium:

13.1
13.2
13.3

13.4

The Extent of Chemical
Reactions sos

The State of Chemical Equilibrium 505

The Equilibrium Constant K. 507

The Link between Chemical Equilibrium and Chemical
Kinetics 511

The Equilibrium Constant K, 513



viii
13.5
13.6
13.7
13.8
13.9

13.10

13.11
FYI

Contents

Heterogeneous Equilibria 516

Using the Equilibrium Constant 518

Factors That Alter the Composition of an Equilibrium
Mixture: Le Chatelier’s Principle 526

The Effect of Concentration Changes on an Equilibrium
Mixture 527

The Effect of Pressure and Volume Changes on an
Equilibrium Mixture 531

The Effect of Temperature Changes on an Equilibrium
Mixture 533

The Effect of a Catalyst on Equilibrium 536

How Does Equilibrium Affect Oxygen Transport in the
Bloodstream? 537

Summary e Key Words ¢ Key Equations e Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems e Multiconcept Problems

14 Aqueous Equilibria: Acids

14.1
14.2
14.3
14.4
14.5
14.6

and Bases sso

Acid-Base Concepts: The Bronsted—-Lowry Theory 550
Acid Strength and Base Strength 554

Factors That Affect Acid Strength 557

Dissociation of Water
The pH Scale 562
Measuring pH 564

560

14.7
14.8
14.9

14.10
14.11
14.12
14.13
14.14
14.15

FYI

The pH in Solutions of Strong Acids and Strong Bases
Equilibria in Solutions of Weak Acids 567
Calculating Equilibrium Concentrations in Solutions of
Weak Acids 569

Percent Dissociation in Solutions of Weak Acids
Equilibria in Solutions of Polyprotic Acids 574
Equilibria in Solutions of Weak Bases 577
Relation between K, and K,, 579

Acid-Base Properties of Salts 580

Lewis Acids and Bases 585

573

What Is Acid Rain, and What Are Its Effects? 588

Summary ¢ Key Words ¢ Key Equations ¢ Learning
Outcomes  Conceptual Problems e Section Problems e
Chapter Problems ¢ Multiconcept Problems

15 Applications of Aqueous

15.1
15.2
15.3
15.4
15.5
15.6
15.7
15.8
15.9
15.10
15.11
15.12
15.13
15.14
15.15

FYI

Equilibria soo

Neutralization Reactions 600

The Common-lon Effect 604

Buffer Solutions 608

The Henderson-Hasselbalch Equation 612

pH Titration Curves 615

Strong Acid-Strong Base Titrations 616

Weak Acid-Strong Base Titrations 618

Weak Base-Strong Acid Titrations 621
Polyprotic Acid-Strong Base Titrations 623
Solubility Equilibria for lonic Compounds 626
Measuring K, and Calculating Solubility from K, 627
Factors That Affect Solubility 631

Precipitation of lonic Compounds 638
Separation of lons by Selective Precipitation 639
Qualitative Analysis 640

How Does Fluoride lon Help to Prevent Dental
Cavities? 642

Summary ¢ Key Words ¢ Key Equations e Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems ® Multiconcept Problems

16 Thermodynamics:

16.1
16.2

16.3
16.4
16.5

16.6

Entropy, Free Energy, and
Equilibrium ess

Spontaneous Processes 654

Enthalpy, Entropy, and Spontaneous Processes: A Brief
Review 656

Entropy and Probability 660

Entropy and Temperature 663

Standard Molar Entropies and Standard Entropies of
Reaction 665

Entropy and the Second Law of Thermodynamics 667

564



16.7

16.8
16.9
16.10

16.11
FYI

17 Electrochemistry ess

17.1
17.2
17.3

17.4
17.5
17.6

17.7
17.8
17.9
17.10
17.1
17.12
17.13
17.14

FYI

18 Hydrogen, Oxygen, and

18.1
18.2
18.3
18.4
18.5
18.6
18.7
18.8
18.9
18.10
18.11
18.12
18.13

Free Energy and the Spontaneity of Chemical

Reactions 670

Standard Free-Energy Changes for Reactions 673
Standard Free Energies of Formation 675

Free-Energy Changes for Reactions under Nonstandard-
State Conditions 678

Free Energy and Chemical Equilibrium 680

Does Entropy Prevent the Evolution of Biological
Complexity? 683

Summary ¢ Key Words ¢ Key Equations e Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems e Multiconcept Problems

Galvanic Cells 696

Shorthand Notation for Galvanic Cells 702

Cell Potentials and Free-Energy Changes for Cell
Reactions 704

Standard Reduction Potentials 706

Using Standard Reduction Potentials 709

Cell Potentials Under Nonstandard-State Conditions: The
Nernst Equation 712

Electrochemical Determination of pH 715

Standard Cell Potentials and Equilibrium Constants 716
Batteries 719

Fuel Cells 723 FYI What Role for Hydrogen in Our Energy Future? 766
Corrosion 724 Summary ¢ Key Words e Learning Outcomes
Electrolysis and Electrolytic Cells 726 Conceptual Problems e Section Problems
Commercial Applications of Electrolysis 729 Chapter Problems ¢ Multiconcept Problems

Quantitative Aspects of Electrolysis 732

Why Are Some Metal Objects Brightly Colored? 735 1 9 The ]_V_[aj_n_ Group

Summary ¢ Key Words ¢ Key Equations ¢ Learning
Outcomes ¢ Conceptual Problems e Section Problems e Elements 774
Chapter Problems ¢ Multiconcept Problems 19.1 A Review of General Properties and Periodic Trends 775

19.2 Distinctive Properties of the Second-Row Elements 777
19.3 The Group 3A Elements 779
19.4 Boron 780

Water 7ss 195 Aluminum 782

19.6 The Group 4A Elements 782
19.7 Carbon 783

19.8 Silicon 786

19.9 The Group 5A Elements 790
19.10 Nitrogen 792

19.11 Phosphorus 795

19.12 The Group 6A Elements 798
19.13 Sulfur 799

Hydrogen 746

Preparation and Uses of Hydrogen 748
Reactivity of Hydrogen 749

Binary Hydrides 750

Oxygen 754

Preparation and Uses of Oxygen 755
Reactivity of Oxygen 755

OXIde_S 757 . 19.14 The Halogens: Oxoacids and Oxoacid Salts 803
Peroxides and Superoxides 760

Hydrogen Peroxide 761 FYI How Do Laser Printers Work? 804

Ozone 763 Summary ¢ Key Words ¢ Learning Outcomes
Water 764 Conceptual Problems e Section Problems
Hydrates 765 Chapter Problems  Multiconcept Problems



Contents

20 Transition Elements and

20.1
20.2
20.3
20.4
20.5
20.6
20.7
20.8
20.9
20.10
20.11
20.12

FYI

21

21.1
21.2
21.3
21.4
21.5
21.6
21.7

Coordination Chemistry s

Electron Configurations 816
Properties of Transition Elements 818
Oxidation States of Transition Elements 821

Chemistry of Selected Transition Elements 823
Coordination Compounds 828

Ligands 830

Naming Coordination Compounds 833
Isomers 836

Enantiomers and Molecular Handedness 842

Color of Transition Metal Complexes 845
Bonding in Complexes: Valence Bond Theory 846
Crystal Field Theory 850

How Do Living Things Acquire Nitrogen? 855

Summary ¢ Key Words ¢ Key Equations e Learning
Outcomes ¢ Conceptual Problems e Section Problems e
Chapter Problems e Multiconcept Problems

Metals and Solid-State
Materials ses

Sources of the Metallic Elements 867
Metallurgy 869

Iron and Steel 872

Bonding in Metals 874
Semiconductors 878

Semiconductor Applications 881
Superconductors

885

21.8
21.9

FYI

888
892

Ceramics
Composites

Will the Next Big Thing Be Really Small? 893

Summary e Key Words e Learning Outcomes e Conceptual
Problems e Section Problems e Chapter Problems e
Multiconcept Problems

22 Nuclear Chemistry soa

22.1
22.2
22.3
22.4
22.5
22.6

FYI

Nuclear Stability 905

Energy Changes during Nuclear Reactions
Nuclear Fission and Fusion 911

Nuclear Transmutation 915

Detecting and Measuring Radioactivity 916
Some Applications of Nuclear Chemistry 918

907

Naturally Occurring Nuclear Reactors 921

Summary ¢ Key Words e Learning Outcomes ¢ Conceptual
Problems e Section Problems e Chapter Problems e
Multiconcept Problems

23 Organic and Biological

Chemistry oz

23.1 Organic Molecules and Their Structures: Alkanes 926

23.2 Families of Organic Compounds: Functional Groups 930

23.3 Naming Organic Compounds 932

23.4 Unsaturated Organic Compounds: Alkenes and
Alkynes 935

23.5 Cyclic Organic Compounds 939

23.6 Aromatic Compounds 941

23.7 Alcohols, Ethers, and Amines 943

23.8 Carbonyl Compounds 945

23.9 An Overview of Biological Chemistry 950

23.10 Amino Acids, Peptides, and Proteins 952

23.11 Carbohydrates 956

23.12 Lipids 958

23.13 Nucleic Acids 960

FYI  Which Is Better, Natural or Synthetic? 965
Summary ¢ Key Words e Learning Outcomes ¢ Conceptual
Problems e Section Problems e Chapter Problems e
Multiconcept Problems

Appendix A Mathematical Operations A-1

Appendix B Thermodynamic Properties at 25 °C A-10

Appendix C Equilibrium Constants at 25 °C  A-15

Appendix D Standard Reduction Potentials at 25 °C  A-19

Appendix E Properties of Water A-21

Answers to Selected Problems A-22

Glossary G-1

Index

I-1

Photo Credits C-1



Preface

Our primary purpose in writing this book has been to fashion a clear and cohesive intro-
duction to chemistry, covering both important principles and important facts. We write to
explain chemistry to students today the way we wish it had been explained to us years ago
when we were students ourselves. We can’t claim that learning chemistry will always be easy,
but we can promise that we have done our best in planning, writing, and illustrating this book
to make the learning process as smooth as possible.

Perhaps the first thing you will notice about this book is that its organization is differ-
ent from that of other general chemistry textbooks. Rather than follow the typical ordering
of topics, in which stoichiometry and aqueous reactions come first, this book takes what has
come to be called an atoms-first approach. Instead of launching immediately into stoichiom-
etry, we start at the logical beginning of the chemical story by discussing atoms—their history,
stability, electronic structure, and consequent periodicity. This approach makes it possible to
tell a cohesive story about chemistry that follows an intuitive logic in progressing from the
simplest building blocks to successively more complex concepts.

Once atoms have been fully described in Chapters 1 and 2, we proceed next to discuss
how and why atoms bond together to make chemical compounds. Ion formation and ionic
bonding come first, in Chapter 3, followed by covalent bonding and the structures of mol-
ecules in Chapters 4 and 5. This organization takes students immediately into real chemistry
rather than making them first spend time with chemical arithmetic. Only then, when all the
fundamental pieces are in place, are chemical reactions and stoichiometric mass relationships
introduced in Chapters 6 and 7.

At this point in the narrative, the ordering of topics becomes more familiar, starting with
thermochemistry and chemical energy (Chapter 8), moving to bulk properties of pure sub-
stances (Chapters 9-10), and continuing with the properties of solutions (Chapter 11) and with
all the topics necessary for a study of chemical transformations: kinetics, equilibrium, thermo-
dynamics, and electrochemistry (Chapters 12—17). Then, in Chapters 18-21, the concepts
described in earlier chapters are applied to discussing the chemistry of main-group and transi-
tion elements, metals, and modern solid-state materials. The book ends with a chapter devoted
to nuclear transformations followed by a brief look at organic and biological chemistry.

It’s important to note that our atoms-first approach is not the same thing as ‘theory first.’
Science nearly always begins with observation and experiment, and only later are theories
developed to explain observations. While we begin with atoms and move on logically to in-
creasing complexity, we do not put theory before experiment. For instance, we do not put
the kinetic-molecular theory before the gas laws or the collision theory before rate laws. Our
objective throughout is to present chemistry in the way that science actually works.

To help students succeed in learning chemistry, we have put extraordinary effort into
this book. Transitions between topics are smooth, explanations are lucid, and reminders of
earlier material are frequent. Insofar as possible, distractions within the text are minimized.
Each chapter is broken into numerous sections to provide frequent breathers, and each section
has a consistent format. Sections generally begin with an explanation of their subject, move
to a Worked Example that shows how to solve problems, and end with one or more Prob-
lems for the reader to work through. Each chapter ends with a brief FYI (including five that
are new to this edition) that describes an interesting application or extension of the chapter
topic. Throughout the book, every attempt has been made to explain chemistry in a visual and
intuitive way so that it can be understood by all who give it an honest effort.

NEW TO THE SECOND EDITION

In preparing this second edition, we have reworked the entire book at the sentence level and
made many hundreds of alterations, updates, and reviewer-requested reorganizations to
make it as easy as possible for our readers to understand and learn chemistry. In addition, a
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number of more substantial changes and rewrites have been made. Among the more impor-
tant are the following:

e Chapter 0 — Chemical Tools; Experimentation and Measurement One of the most com-
monly voiced complaints about General Chemistry texts is that they begin with a chapter
on units and measurement. Many students, however, learned this material in high school
and are immediately bored, while many others have to struggle. This book takes a new
approach to the problem by beginning with the eye-catching number, Chapter 0. Chap-
ter 0 is a real chapter like any other, but its numbering clearly lets people know that it
covers preliminary material to bring students who need it up to speed while letting others
bypass it if they choose.

o Chapter 1 — The Structure and Stability of Atoms  This first chemical chapter in the book
is completely focused on covering atoms. It contains introductory material about ele-
ments, the periodic table, atomic structure, and atomic weights. Nuclear Chemistry is also
briefly introduced in Chapter 1 and followed with a thorough treatment in Chapter 22.

o Chapter 4 — Atoms and Covalent Bonds and Chapter 5 — Covalent Bonds and Molecular
Structure Coverage of covalent bonding and molecular structure has been broken into
two chapters in this new edition to make the subject less intimidating and slow the pace
of the discussion.

o Chapter 18 — Hydrogen, Oxygen and Water The chapter has been streamlined through-
out, and the former Sections 18.2 and 18.14 on hydrogen isotopes and the reactivity of
water have been deleted in this second edition.

e Chapter 19 — Main-Group Elements The chapter has been shortened by removing the
former Section 19.9 on germanium, tin, and lead and eliminating the previous coverage
of polyphosphoric acids.

e Chapter 22 — Nuclear Chemistry This new chapter has been added to the second edi-
tion at the request of users. It provides a cohesive discussion of nuclear reactions, fission,
fusion, nuclear transmutation, and applications of nuclear chemistry, building on the
brief introduction to nuclear chemistry provided in Chapter 1.

e Chapter 23 — Organic and Biological Chemistry The former Chapter 22 on organic
chemistry in the first edition has been tightened in its previous coverage and expanded
to provide new coverage of the major classes of biomolecules—amino acids, peptides,
proteins, carbohydrates, lipids, and nucleic acids.

e The art in this new edition has been improved in many ways to make the numbered
figures more self-contained, informative, and easily read:

e Numbered figures are placed in an unobtrusive shadow box to make them more
clearly distinguished.

e Figure and Table references in the text are called out in bold color so that it’s easy
to find the text corresponding to a given figure or table.

e Internal art captions in figures are set off in a different font from art labels so that
students can more readily grasp the main points of each illustration.

e Numerous small explanations are placed directly on the relevant parts of the
figures themselves instead of having long captions beneath figures. The effect is to
make the text flow naturally into the figures and thereby entice readers to spend
more time understanding those figures.

e Important text within the illustrations is color-coded to focus attention on it.

e More than 250 NEW problems have been added throughout the text to help build
students’ problem-solving skills and conceptual understanding of chemistry.

e Remember... notes are placed in the margin to help students connect concepts from
previous chapters to current material. In addition, important forward references are
also called out, with the subject described in the adjacent margin under the heading
Looking Ahead...

e Lists of Learning Outcomes keyed to problem numbers and relevant Key Equations have
been added to every chapter.



e Just as important as the addition of new material and features is that the best features of
the previous edition have been retained:

e The design remains spacious, readable, and unintimidating.
e The writing style remains clear and concise.

e Worked problems are identified by subject and are immediately followed by a
similar problem for students to solve.

e Each chapter ends with a summary, a list of key words with accompanying page
references, and a large set of end-of-chapter problems.

e Most end-of-chapter problems are classified by text section and paired by topic.
These are followed by a group of unclassified Chapter Problems and a final set of
Multiconcept Problems, which draw on and connect concepts from several chapters.

e Extensive use of visual, non-numerical, Conceptual Problems continues, both
within and at the ends of chapters. These Conceptual Problems, which test the
understanding of principles rather than the ability to put numbers into a formula,
have been a hallmark of this text since the first edition. Don’t make the mistake
of thinking that these problems are simple just because they don’t have numbers.
Many are real challenges that will test the ability of any student.

e Ballpark Checks follow many of the Worked Examples to reinforce students’ conceptual
understanding and give them confidence that they have arrived at the right answer.

We sincerely hope that this new edition will meet the goals we have set for it and that both stu-
dents and faculty will find it to be friendly, accessible, and above all effective in teaching chemistry.
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Supplements

FOR THE STUDENT

MasteringChemistry® with Pearson eText. MasteringChemistry® from Pearson has been
designed and refined with a single purpose in mind: to help educators create that moment of
understanding with their students. The Mastering online homework and tutoring system delivers
self-paced tutorials that provide individualized coaching, focus on your course objectives, and
are responsive to each student’s progress. The Mastering system helps instructors maximize class
time with customizable, easy-to-assign, and automatically graded assessments that motivate stu-
dents to learn outside of class and arrive prepared for lecture. By complementing their teaching
with our engaging technology and content, instructors can be confident their students will arrive
at that moment—the moment of true understanding.

Student Solutions Manual (0321813324) by Joseph Topich, Virginia Commonwealth Uni-
versity. This manual for students contains solutions to all in-chapter problems and even-
numbered end-of-chapter problems.

Lab Manual (0321813375) by Stephanie Dillon, Florida State University, and Sandra Chimon-
Peszek, DePaul University. This laboratory manual contains experiments written specifically
to correspond with the Second Edition of General Chemistry: Atoms First by McMurry/Fay.
Each experiment covers one or more topics discussed within a chapter of the textbook, with
the dual goal of 1) helping students understand the underlying concepts covered in the lecture
course, and 2) staying true to an atoms-first approach. This manual contains 31 experiments
with a focus on real-world applications and a dedication to the atoms-first approach. Each
experiment contains a set of pre-laboratory questions (also assignable in MasteringChemis-
try), an introduction, a background section explaining concepts that each student is expected
to master for a full understanding of the experimental results, a step-by-step procedure
(including safety information), and a report section featuring post-laboratory questions.

FOR THE INSTRUCTOR

MasteringChemistry® with Pearson eText. MasteringChemistry® from Pearson has been
designed and refined with a single purpose in mind: to help educators create that moment of
understanding with their students. The Mastering online homework and tutoring system delivers
self-paced tutorials that provide individualized coaching, focus on your course objectives, and
are responsive to each student’s progress. The Mastering system helps instructors maximize class
time with customizable, easy-to-assign, and automatically graded assessments that motivate stu-
dents to learn outside of class and arrive prepared for lecture. By complementing their teaching
with our engaging technology and content, instructors can be confident their students will arrive
at that moment—the moment of true understanding.

MasteringChemistry® updates include:

e NEW! 15 Pause and Predict Video Quizzes bring chemistry to life with lab demon-
strations illustrating key topics in general chemistry. Students are asked to predict the
outcome of experiments as they watch the videos; a set of multiple-choice questions
challenges students to apply the concepts from the video to related scenarios.

o NEW! 10 PhET tutorials have been developed around interactive applets that foster con-
ceptual understanding and active learning. Topics include acid—base solutions, balancing
chemical equations, and molecular polarity.

e Multiple-choice Reading Questions are provided for each chapter, making it easy
to hold students accountable for doing assigned readings before lecture.
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e Approximately 500 end-of-chapter questions are new or revised and are supported
by the tutorial questions in MasteringChemistry. The overall number of algorithmic
and randomized problems has also been increased for the new edition.

e All tutorials, end-of-chapter questions, reading quizzes, and test bank questions
have been tagged to learning outcomes.

o A set of new and revised MasteringChemistry tutorials has been developed to
support the authors’” atoms-first philosophy

e NEW! A dedicated atoms-first lab manual with pre-lab/post-lab question has been
added to allow successful implementation of this approach with assignable questions
in MasteringChemistry,

Instructor Solutions Manual (0321813057) by Joseph Topich, Virginia Commonwealth
University. This solutions manual provides worked-out solutions to all in-chapter and end-
of-chapter questions and problems. With instructor’s permission, this manual may be made
available to students.

Test Bank (download only) (0321813049) by Lee Don Bienski, Blinn College. The test bank
is downloadable directly from the Intstructor Resource Center in either Microsoft Word or
TestGen formats and contains nearly 4000 multiple-choice questions

Instructor Resource Manual (0321813359) by Dennis Taylor, Clemson University. This
Manual contains teaching tips, a list of common misconceptions, lecture outlines, and sug-
gested chapter learning goals for students, as well as lecture/laboratory demonstrations and
literature references. It also describes various resources, such as printed test bank questions,
animations, and movies that are available to instructors.

Instructor’s Resource DVD (0321813332). This IRDVD provides an integrated collection
of resources designed to enhance your classroom lectures. The IRDVD contains all illustra-
tions, tables and photos from the text in JPEG and PDF format. The DVD also includes four
pre-built PowerPoint™ Presentations (lecture, worked examples, images, clicker questions),
the Instructor Resource Manual, and interactive animations, movies and 3D molecules. Also
included are word files and the TestGen computerized software with the TestGen version of
the test bank.

Instructor Manual to the Lab Manual (0321813693) by Stephanie Dillon, Florida State Uni-
versity, and Sandra Chimon-Peszek, DePaul University. The Instructor Manual guides the
instructor through the process of planning, setting up, and teaching each laboratory exercise.
For each exercise, instructors can quickly and easily reference a master list of materials for
ordering supplies, an approximate time frame for completing each exercise, a series of tips on
preparation, and an answer key for all of the student activities and questions within the text.
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Understanding the Cohesive Story of Chemistry:

Friends,

O Ur primary purpose in writing this text is to explain chemistry to The gI' e at adv ant age

students today the way we wish it had been explained to us years ago,
when we were students.

of an atoms-first

The great advantage of an atoms-first organization is that it allows us to start
at the logical beginning of the chemical story by discussing atoms—

their history, stability, electronic structure, and consequent periodicity—and O]_’g' anlz at]_on ]_S
then continue on to bonding and reactions.
We are particularly grateful to the many instructors with experience teaching that ]_t a]_]_OWS us

from our book who took the time to tell us how they adjusted to the organization
of an atoms-first text and helped their students appreciate connections

between topics. tO StaIt a.t the

= The second edition begins with Chapter 0 Chemical Tools: . . .
Experimentation and Measurement to bring students with widely ]_O g]_ Ca]_ beg]_nn]_ng Of
diverse backgrounds up to speed on the topics of units and measurements
so that Chapter 1 can focus entirely on atoms and elements. th .

e chemical story b

= Chapter 2 then presents atomic structure and periodicity, which y y

allows for a seamless transition to learning in Chapters 3-b.

discussing atoms—

= Chapters 3-b show how atoms join to form chemical compounds. As a result,
students come to see the various kinds of bonding as a continuum of atomic

interactions. Our coverage of bonding models is distinguished by many well- thelr hlStOIY, Stab].].].ty,

received molecular drawings and conceptual problems.

= Chapters 6 and 7 introduce reaction chemistry in response to requests e]-e Ctron]-c St]:u Cture,

from coordinators of accompanying laboratory courses.

The changes to the Second Edition have been made with the goal of creating a and C Onsequent

unified thread of ideas that helps students build a better foundation and

gain a deeper understanding of the chapters that follow. perlo d.].C].ty_ and

As you strive to help your students establish an appreciation and

understanding of general chemistry, we hope you will consider using then C Ontlnue On -to

this book in your endeavors.

Sincerely,

John McMurry and Bob Fay bOIldlIlg aﬂd IeaCthTlS .

Annotated Table of Contents
Chapters 1- 7: Atoms-First Chapters

Chapter 4 Atoms and Covalent Bonds
Chapter 5 Covalent Bonds and Molecular Structure

Chapter 1 The Structure and Stability of Atoms

Chapter 2 Periodicity and the Electronic Structure
Atomic Structure Chapter 6 Chemical Arithmetic: Stoichiometry

Chapter 3 Atoms and Ionic Bonds Chapter 7 Reactions in Aqueous Solution




CHAPTER

Atoms and
Covalent Bonds

‘e saw in the previous chapter that a bond between a metal
Wand a reactive nonmetal is typically formed by the transfer
of electrons between atoms. The metal atom loses one or
more electrons and becomes a cation, while the reactive nonmetal
atom gains one or more electrons and becomes an anion. The oppo-
sitely charged ions are held together by the electrostatic attractions
that we call ionic bonds.
How, though, do bonds form between atoms of the same or simi-
lar elements? How can we describe the bonds in such substances as H,,
Cl,, CO,, and the tens of millions of other nonionic compounds? Sim-
ply put, the answer is that the bonds in such compounds are formed by
the sharing of electrons between atoms rather than by the transfer of
electrons from one atom to another. As we saw in Section 3.1, a bond
later in life. Fortunately, skin contains a formed by the sharing of electrons between atoms is called a covalent bond, and the unit of
Protecting chemical to minimize the dam- matter held together by one or more covalent bonds is called a molecule. We’ll explore the
age, as we'll see in the FYI at the end of nature of covalent bonding and the structure of the resultant molecules in this chapter and
this chapter. the next.

Ao 488 .
The results may look good now, but ultra-
violet tanning rays can lead to skin cancer

{P Covalent Bond A bond that results from the sharing of electrons between atoms ]

(P Molecule The unit of matter held together by covalent bonds ]

. Chapter Openers employ a conceptual approach by
telling the story of chemistry. Openers are followed by
learning objectives that focus students on key concepts.

LABORATORY MANUAL

Stephanie Dillon
Sandra Peszek

4. NEW! Author-written lab manual
reflects the text’s atoms-first approach
with 28 experiments focusing on real-
world applications.
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Seeing chemical concepts in contex

umerous example types are incorporated throughout
the text to help build students’ problem-solving skills
and a conceptual understanding of chemistry.

0 n=o0
-525 z 5th shell (z = 5)
—82.0 T 4th shell (n = 4)
—146 3rd shell (# = 3)
Balmer series
—328 2nd shell (n = 2)
(ultraviolet)
)
(mfrared) Balmer series
(visible) —1312 1st shell (n = 1)
When an electron falls from a higher-energy outer-shell The different spectral series correspond to electronic transitions
orbital to a lower-energy inner-shell orbital, it emits from outer-shell orbitals to different inner-shell orbitals.
electromagnetic energy whose frequency corresponds
to the energy difference between the orbitals. J

4. (Clear quantitative examples help
students make the connection between
chemical reasoning and math.

4 Looking Ahead feature helps
REMEMBER... students more logically link key
< concepts, while Remember...
margin notes jog their
memories on related topics
from previous chapters.

Lattice energy (U) is the amount of energy
that must be supplied to break an ionic solid
into its individual gaseous ions and is thus a
measure of the strength of the solid’s ionic
bonds. (Section 3.10)

LOOKING AHEAD...

The bulk materials we see in everyday life are
usually solids or liquids rather than gases.

In Chapter 10, we'll look at the forces that
operate between molecules to hold them in
close contact and at the resultant melting
and boiling processes that happen when

the forces are overcome.
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A multi-layered approach to problem solving

Worked Conceptual Examples follow many worked
examples to emphasize the conceptual nature of
problem solving, often using molecular illustrations.

| Worked Example 6.5

Converting Mass to Moles

How many moles of sucrose are in a tablespoon of sugar containing 2.85 g? (The molar mass
of sucrose, Cj,H,,0;;, was calculated in Worked Example 6.4 to be 342.0 g/mol)

STRATEGY

The problem gives the mass of sucrose and asks for a mass-to-mole conversion. Use the
molar mass of sucrose as a conversion factor, and set up an equation so that the unwanted
unit cancels.

SOLUTION

1 mol sucrose

342.0 g suerose

= 0.008 33 mol sucrose

2.85 g sucrose X

= 8.33 X 10 mol sucrose
Sucrose
v BALLPARK CHECK
Because the molecular weight of sucrose is 342.0, 1 mol of sucrose has a mass of 342.0 g. Thus,
2.85 g of sucrose is a bit less than one-hundredth of a mole, or 0.01 mol. The estimate agrees
with the detailed solution.

Ballpark Checks follow many worked
examples to reinforce students’
conceptual understanding of the
concept just expressed numerically. (a) O or O (b) Oors (©) Feor Fe™* () HorH-

P PROBLEM 3.11  Which atom or ion in each of the following pairs would you expect to be
larger? Explain.

b (CONCEPTUAL PROBLEM 3.12 ) Which of the following spheres represents a K™ ion, which
a K atom, and which a Cl™ ion?

Q O o

> j Identify each ot; (:16 following sets of hybrid orbitals: =227 pm r=184 pm r=133pm
&

@)
' v ‘ ?' ' Non-numerical Concept Problems

measure understanding of principles

P (CONCEPTUAL PROBLEM 5.12) The following ball-and-stick molecular model is a

P ion of ibup a nonprescription drug used for minor pain and inflammation. rather than the ablhty to Slmply plug
Only the connections between atoms are shown, not whether the bonds are single, double, or .
triple (red = O, gray = C, ivory = H). numbers into a formula.

(a) Indicate the positions of the multiple bonds and lone pairs in ibuprofen.
(b) What is the geometry around each carbon atom?
(c) What is the hybridization of each carbon atom?

Ibuprofen
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Chemistry®

MasteringChemistry provides dynamic, engaging experiences that
personalize and activate learning for each student, delivering self-paced
tutorials that provide students with individualized coaching set to your
course objectives. MasteringChemistry helps students arrive better prepared

for lecture and lab.

Engaging Experiences

MasteringChemistry®

- Chemistry Simulations : Electrolysis

Help

You will note the timer does
not run in actual time.

" While the timer is running,
click on the Microscopic View
button.

Csoion 29 N sionssossoctonporenins ) 62 )

v MasteringChemistry®

Oxdiation-Reduction Reactions in Aqueous Solutions

What will happen when we place a copper
wire into an AgNO3 solution?

» The copper wire will be oxidized by the
silver ions.

» The copper wire will be be reduced
by the silver ions.

» No reaction will occur.

Visualizations are tutorials that enable
students to make connections between real-life
phenomena and the underlying chemistry that
explains such phenomena. The tutorials increase
students’ understanding of chemistry and
clearly illustrate cause-and-effect relationships
and include Interactive Simulations.

15 Pause and Predict Video Quizzes
bring chemistry to life with lab demonstrations
illustrating key topics in general chemistry.
Students are asked to predict the outcome of
experiments as they watch the videos; a set
of multiple-choice questions challenges
students to apply the concepts from the video
to related scenarios.
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MasteringChemistry®

17 Elechrochemistyy ) 4 Introduction {o Electroplating

4 NEW! MasteringChemistry tutorials
have all been evaluated and in many cases
edited, revised or rewritten by an advisory

\

ltem Type: Tutorial | Difficulty: 2 | Time: 10m | Manage this ltem: | Standard

+ Introduction fo Electroplating iron nails that have in to prevent rusti

e board of expert chemists, all teaching with
Learning Goal: or a large batch of nails, 10l coverage.
TR o s . ~ the atoms-first approach, to ensure the
T e -, reinforcement of this approach.
electrolysis, use the le:i:ﬂ .-uﬁmni;’uA
rge. in coulombs (C), per ( —
o) 47.4 mol

1A=1C/s (Submit | Hints MyAnswers GiveUp Review Part
Ancther unit o charge is the faraday (F), which is squal to a

‘mole of electrons and is related to charge in coulombs as.
follows:
1F=1mol o™ =96,500C

ny of ch il

solid zinc?

MasteringChemistry® 4 NEW! Multiple-choice Reading Questions

are provided for each chapter, making it easy to
hold students accountable for doing assigned
readings before lecture.

10, Liquids, Salids, and Phase Changes » Chapter 10 Reading Quiz Question 2

|
Item Type: Reading Questions | Difficulty: 1 | Time: 1m | Contact the Publisher Manage this ltem: |Standard View  [+]

Chapter 10 Reading Quiz Question 2

R i i i y i 717241 &hintC |

What kind of intermolecular force(s) exist in PHa?

Hint 1. Is the molecule polar or nonpolar?

© dipole-dipole and dispersion forces Determine what kind of molecule PHz is and then determine the intermolecular forces.

© dispersion forces and hydragen bonds

© ion-dipole and dipole-dipole forces oo | @ tntemet| Protected Mode On (G- m00% -
© dispersion forces

Submit Hints My Answers Give Up Review Part

Try Again

Although containing H, PHs doss not form hydrogen bonds. Hydrogen bonds involve a hydrogen atom bonded to N, O, and F




he new atoms-first lab manual is integrated with
MasteringChemistry through assignable pre-laboratory

questions for each experiment.

200000200200200200200022220000)

Lasoratory manvar  { VEW! A dedicated atoms-first lab manual written by authors teaching

Stephanie Dillon

with this approach reflects the changes needed to successfully integrate the

Sandra Peszek lab with the course. Each experiment covers one or more topics discussed

Approach.

within a chapter of the textbook, helping students understand the underlying
concepts covered in the lecture course and staying true to an Atoms First

The lab manual features 28 experiments that focus on real-world
applications. Experiments include an introduction, a background section
explaining concepts that each student is expected to master for a full
understanding of the experimental results, a step-by-step procedure (including

safety information), and a report section featuring post-laboratory questions.

MasteringChemistry®

+ Reaction Rates

|

ltem Type: Tutorial | Difficulty: 1 | Time: Bm | Leaming Outcomes v | Contact the Publisher

Now consider the following reaction and data

To measure the speed of a car, we use miles per hour
(miles/hour or mph). To measure the rate of a
reaction we use molar concentration per second

es and include the appropriate units.

Do your students need math remediation for success in Chemistry?

NEW! MyReadinessTest™ Math Prep for Chemistry

Math Remediation links found in
selected tutorials launch algorithmically
generated math exercises that give
students unlimited opportunity for
practice and mastery of math skills. Math
Remediation exercises provide additional
practice and free up class and office-hour
time to focus on the chemistry. Exercises
include guided solutions, sample
problems, and learning aids for extra
help, and offer helpful feedback when
students enter incorrect answers.
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Calendar Features

The Course Home default page now
features a Calendar View displaying

upcoming assignments and due dates.
@ Create Assignment

= [nstructors can schedule assignments
by dragging and dropping the

assignment onto a date in the calendar.
7 8 If the due date of an assignment needs
] . to change, instructors can drag the
assignment to the new due date and
7 2 change the “available from and to
o . dates” accordingly.

= The calendar view gives students a
syllabus-style overview of due dates,
making it easy to see all assignments
due in a given month.
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Gradebook
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STUDENTS — PLEASE READ. REALLY.

chapter is unimportant. In fact, it’s very important because it gives you some tools
that you must know how to use before beginning your study of chemistry. The
problem is that you and your classmates, who typically take Introductory Chemistry in the first
year of college, are so diverse in your backgrounds and preparations that many of you will have

Who ever heard of beginning a book with Chapter 0? It’s not that the material in this

CHAPTER

Chemical Tools:
Experimentation
and Measurement

previously recorded span of human history. The Earth’s popula-
tion has increased sevenfold since 1800, from about 1 billion to
7 billion, and life expectancy has nearly doubled because of our ability
to control diseases, increase crop yields, and synthesize medicines.
Methods of transportation have changed from horses and buggies to
automobiles and airplanes because of our ability to harness the energy
in petroleum. Many goods are now made of polymers and ceramics
instead of wood and metal because of our ability to manufacture mate-
rials with properties unlike any found in nature.

In one way or another, all these changes involve chemistry, the
study of the composition, properties, and transformations of matter.
, Chemistry is deeply involved in both the changes that take place in
Accurate measurements, such as those nature and the profound social changes of the past two centuries. In

I ife has changed more in the past two centuries than in all the

obtained on this 300-year-old Persian addition, chemistry is central to the current revolution in molecular
balance, have always been a crucial part of biology that is now exploring the details of how life is genetically controlled. No educated

scientific experiments. person today can understand the modern world without a basic knowledge of chemistry.



already taken a chemistry Advanced Placement course in high school while many others of you
will have had either no high school background in chemistry or at best a one-semester introduc-
tion. Thus, some of you will have already learned the material in this chapter and will be comfort-
able using it, while others of you will have to carefully brush up on it or learn it for the first time.

The choice about whether you need to learn, brush up on, or move quickly past the
material in Chapter 0 is yours (or your professor’s). But be careful in making your choice.
You do need to master and feel comfortable with this chapter before going on.
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0.1 EXPERIMENT — HYPOTHESIS — THEORY:
APPROACHING CHEMISTRY

By opening this book, you have already decided that you need to know more about chem-
istry. Perhaps you want to learn how medicines are made, how genes can be sequenced and
manipulated, how fertilizers and pesticides work, how living organisms function, how new
high-temperature ceramics are used in space vehicles, or how microelectronic circuits are
etched onto silicon chips. How do you approach chemistry?

One way to approach chemistry or any other science is to look around you and try to
think of logical explanations for what you see. You would certainly observe, for instance, that
different substances have different forms and appearances. Some substances are gases, some
are liquids, and some are solids; some are hard and shiny, but others are soft and dull. You’d
also observe that different substances behave differently: Iron rusts but gold does not; copper
conducts electricity but sulfur doesn’t. How can these and a vast number of other observa-
tions be explained?

P Gold, one of the most valuable of elements, has been prized since antiquity
for its beauty and resistance to corrosion.
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In fact, the natural world is far too complex to be understood by looking and thinking
alone, so a more active approach is needed. Specific questions must be asked and experiments
must be carried out to find their answers. Only when the results of many experiments are
known can we devise a tentative interpretation, or hypothesis, that explains the results. The
hypothesis, in turn, can be used to make more predictions and to suggest more experiments
until a consistent explanation, or theory, is finally arrived at.

Experiments and observations come first in chemistry or any other science, and theo-
ries to explain those observations come later after much hard work and a lot of thought.
Nevertheless, it’s important to keep in mind that scientific theories are not laws of nature
and can never be absolutely proven. There’s always the chance that a new experiment might
give results that can’t be explained by present theory. All a theory can do is to represent the
best explanation that we can come up with at any given time. If new experiments uncover
results that present theories can’t explain, the theories will have to be modified or perhaps
even replaced.

0.2 EXPERIMENTATION AND

MEASUREMENT IN CHEMISTRY

Chemistry is an experimental science. But if our experiments are to be reproducible, we
must be able to describe fully the substances we’re working with—their amounts, volumes,
temperatures, and so forth. Thus, one of the most important requirements in chemistry is
that we have a way to measure things.

Under an international agreement concluded in 1960, scientists throughout the world
now use the International System of Units for measurement, abbreviated SI for the French
Systéme Internationale d’Unités. Based on the metric system, which is used in all countries
except the United States, Liberia, and Myanmar, the SI system has seven fundamental units
(Table 0.1). These seven fundamental units, along with others derived from them, suffice
for all scientific measurements. We’ll look at three of the most commonly used units in
this chapter—those for mass, length, and temperature—and will discuss others as the need
arises in later chapters.

TABLE-0.-1—The Seven Fundamental SI-Units-of Measure

Physical Quantity Name of Unit Abbreviation
Mass kilogram kg
Length meter m
Temperature kelvin K
Amount of substance mole mol

Time second s

Electric current ampere A
Luminous intensity candela cd

One problem with any system of measurement is that the sizes of the units often turn
out to be inconveniently large or small. For example, a chemist describing the diameter of a
sodium atom (0.000 000000372 m) would find the meter (m) to be inconveniently large, but
an astronomer describing the average distance from the Earth to the Sun (150,000,000,000 m)
would find the meter to be inconveniently small. For this reason, SI units are modified by
using prefixes when they refer to either smaller or larger quantities. For example, the prefix
milli- means one-thousandth, so a millimeter (mm) is 1/1000 of 1 meter. Similarly, the prefix
kilo- means one thousand, so a kilometer (km) is 1000 meters. [Note that the SI unit for mass
(kilogram) already contains the kilo- prefix.] A list of prefixes is shown in Table 0.2, with the
most commonly used ones in red.
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TABLE-0.2—Some-Prefixes-for Multiples-of ST Units

Factor Prefix Symbol Example
1,000,000,000,000 = 10" tera T 1 teragram (Tg) = 102 g
1,000,000,000 = 10° giga G 1 gigameter (Gm) = 10’ m
1,000,000 = 10° mega M 1 megameter (Mm) = 10°m
1,000 = 10° kilo k 1 kilogram (kg) = 10°g
100 = 102 hecto h 1 hectogram (hg) = 100 g
10 = 10! deka da 1 dekagram (dag) = 10 g
0.1 = 10! deci d 1 decimeter (dm) = 0.1 m

O

0.01 = 1072 centi 1 centimeter (cm) = 0.01 m

0.001 = 107° milli m 1 milligram (mg) = 0.001 g
*0.000001 = 107° micro u 1 micrometer (um) = 10 °m
*0.000000001 = 107° nano n 1 nanosecond (ns) = 1077s
*0.000000000001 = 10”2 pico p 1 picosecond (ps) = 107125
*0.000000000000001 = 107>  femto f 1 femtomole (fmol) = 10™'° mol

*It is becoming common in scientific work to leave a thin space every three digits to the right of the decimal point
in very small numbers, analogous to the comma placed every three digits to the left of the decimal point in large
numbers.

Notice how numbers that are either very large or very small are indicated in Table 0.2
using an exponential format called scientific notation. For example, the number 55,000 is
written in scientific notation as 5.5 X 10% and the number 0.003 20 as 3.20 X 107 °. Review
Appendix A if you are uncomfortable with scientific notation or if you need to brush up on
how to do mathematical manipulations on numbers with exponents.

Notice also that all measurements contain both a number and a unit label. A number alone
is not much good without a unit to define it. If you asked a friend how far it was to the nearest
tennis court, the answer “3” alone wouldn’t tell you much. 3 blocks? 3 kilometers? 3 miles?

PROBLEM 0.1 Express the following quantities in scientific notation:
(a) The diameter of a sodium atom, 0.000 000000372 m
(b) The distance from the Earth to the Sun, 150,000,000,000 m

PROBLEM 0.2 What units do the following abbreviations represent?
(a) ug (b) dm (c) ps (d) kA (e) mmol

0.3 FUNDAMENTAL UNITS: MEASURING MASS

Let’s look in more detail at the measurement of some common quantities in chem-
istry, beginning with mass. Mass is defined as the amount of matter in an object.
Matter, in turn, is a catchall term used to describe anything with a physical presence—
anything you can touch, taste, or smell. (Stated more scientifically, matter is anything
that has mass.) Mass is measured in SI units by the kilogram (kg; 1 kg = 2.205 U.S. Ib).
Because the kilogram is too large for many purposes in chemistry, the metric gram
(g 1g = 0.001 kg), the milligram (mg; 1 mg = 0.001 g = 10~ °kg), and the microgram
(g 1 ug = 0.001 mg = 10" °g = 10~ °kg) are more commonly used. One gram is a bit
less than half the mass of a new U.S. dime.

1kg = 1000 g = 1,000,000 mg = 1,000,000,000 pg (2.2051b)

1g = 1000 mg = 1,000,000 ug (0.03527 0z) A The mass of a U.S. dime is approximately
1 mg = 1000 pg 2.27 g. How many milligrams is this?
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FIGURE 0.1

Some balances used for measuring mass
in the laboratory.

A The bacteria on the tip of this pin have
alength of about 5 X 10”7 m. How many
nanometers is this?

The standard kilogram is defined as the mass of the international prototype kilogram,
a cylindrical bar of platinum-iridium alloy stored in a vault in a suburb of Paris, France.
There are 40 original copies of this bar distributed throughout the world, with two (Numbers
K4 and K20) stored at the U.S. National Institute of Standards and Technology near
Washington, D.C.

The terms “mass” and “weight,” although often used interchangeably, have quite dif-
ferent meanings. Mass is a measure of the amount of matter in an object, whereas weight
is a measure of the force that gravity exerts on an object. Mass is independent of an object’s
location: Your body has the same amount of matter whether you’re on Earth or on the Moon.
Weight, however, does depend on an object’s location. If you weigh 140 Ib on Earth, you
would weigh only about 23 1b on the Moon, which has a lower gravity than Earth.

At the same location on Earth, two objects with identical masses experience an identical
pull of Earth’s gravity and have identical weights. Thus, the mass of an object can be measured
by comparing its weight to the weight of a reference standard of known mass. Much of the con-
fusion between mass and weight is simply due to a language problem. We speak of “weighing”
when we really mean that we are measuring mass by comparing two weights. Figure 0.1 shows
two types of balances normally used for measuring mass in the laboratory.

0.4 FUNDAMENTAL UNITS: MEASURING LENGTH

The meter (m) is the standard unit of length in the SI system. Although originally defined
in 1790 as being 1 ten-millionth of the distance from the equator to the North Pole, the
meter was redefined in 1889 as the distance between two thin lines on a bar of platinum-
iridium alloy stored near Paris, France. To accommodate an increasing need for precision,
the meter was redefined again in 1983 as equal to the distance traveled by light through a
vacuum in 1/299,792,458 second. Although this new definition isn’t as easy to grasp as the
distance between two scratches on a bar, it has the great advantage that it can’t be lost or
damaged.

One meter is 39.37 inches, about 10% longer than an English yard and much too
large for most measurements in chemistry. Other, more commonly used measures of
length are the centimeter (cm; 1 cm = 0.01 m, a bit less than half an inch), the milli-
meter (mm; 1 mm = 0.001 m, about the thickness of a U.S. dime), the micrometer
(um; 1um = 10 °m), the nanometer (nm;1nm = 10" °m), and the picometer
(pm; 1 pm = 10~ "2 m). Thus, a chemist might refer to the diameter of a sodium atom as
372 pm (3.72 X 10" m).

Im = 100 cm = 1000 mm = 1,000,000 um = 1,000,000,000 nm (1.0936 yd)
lcm = 10 mm = 10,000 um = 10,000,000 nm (0.3937 in.)
I mm = 1000 pm = 1,000,000 nm
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0.5 FUNDAMENTAL UNITS: MEASURING TEMPERATURE

Just as the kilogram and the meter are slowly replacing the pound and the yard as common units
for mass and length measurement in the United States, the degree Celsius (°C) is slowly replacing
the degree Fahrenheit (°F) as the common unit for temperature measurement. In scientific work,
however, the kelvin (K) has replaced both. (Note that we say only “kelvin,” not “degree kelvin.”)

For all practical purposes, the kelvin and the degree Celsius are the same size—both are
one-hundredth of the interval between the freezing point of water and the boiling point of water
at standard atmospheric pressure. The only real difference between the two units is that the
numbers assigned to various points on the scales differ. Whereas the Celsius scale assigns a
value of 0 °C to the freezing point of water and 100 °C to the boiling point of water, the Kelvin
scale assigns a value of 0 K to the coldest possible temperature, —273.15 °C, sometimes called
absolute zero. Thus, 0 K = —273.15 °C and 273.15K = 0 °C. For example, a warm spring day
with a Celsius temperature of 25 °C has a Kelvin temperature of 25° + 273.15° = 298 K.

Temperature in K = Temperature in °C + 273.15°

Temperature in °C = Temperature in K — 273.15°

In contrast to the Kelvin and Celsius scales, the common Fahrenheit scale specifies an
interval of 180° between the freezing point (32 °F) and the boiling point (212 °F) of water.
Thus, it takes 180 degrees Fahrenheit to cover the same range as 100 degrees Celsius (or
kelvins) so a degree Fahrenheit is only 100/180 = 5/9 as large as a degree Celsius. Figure 0.2
compares the Fahrenheit, Celsius, and Kelvin scales.

One degree Fahrenheit is
100/180 = 5/9 the size of
a kelvin or a degree Celsius.

Boiling __J§212°F _______|f100°C_______|i 373K ____.
water |
180 °F 100 °C 100 K
Freezing |
water 32 °F
Fahrenheit Celsius

Two adjustments are needed to convert between Fahrenheit and Celsius scales—one to
adjust for the difference in degree size and one to adjust for the difference in zero points. The
size adjustment is made using the relationships 1 °C = 9/5°Fand 1 °F = 5/9 °C. The zero-
point adjustment is made by remembering that the freezing point of water is higher by 32° on the
Fahrenheit scale than on the Celsius scale. Thus, if you want to convert from Celsius to Fahrenheit,
you first change the size of the Celsius value to that of a Fahrenheit value (multiply °C by 9/5)
and then adjust the zero point of that Fahrenheit value (add 32°). If you want to convert from
Fahrenheit to Celsius, you first adjust the zero-point of the Fahrenheit value (by subtracting 32°)
and then change the size of that Fahrenheit value to a Celsius value (multiply by 5/9). The following
formulas describe the conversions, and Worked Example 0.1 shows how to do a calculation.

CELSIUS TO FAHRENHEIT FAHRENHEIT TO CELSIUS
9 °F 5°C
°F = X °Z |+ 32°F °C = X (°F — 32°F
(5 °z > 9°F ( )

FIGURE 0.2

A comparison of the Fahrenheit, Celsius,
and Kelvin temperature scales.
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A The melting point of sodium
chloride is 1474 °F, or 801 °C.

Worked Example 0.1

Converting from Fahrenheit to Celsius

The melting point of table salt is 1474 °F. What temperature is this on the Celsius and Kelvin
scales?

SOLUTION

There are two ways to do this and every other problem in chemistry. One is to plug numbers
into a formula and hope for the best; the other is to think things through to be sure you
understand what’s going on. The formula approach works only if you use the right equation;
the thinking approach always works. Let’s try both ways.

The formula approach: Set up an equation using the temperature conversion formula for
changing from Fahrenheit to Celsius:

5°C
°C = 1474 °F — 32°F) = 801°
C (9"17)( 74 °F — 32 °F) = 801°C

Converting to kelvin gives a temperature of 801° + 273.15° = 1074 K.

The thinking approach: We’re given a temperature in degrees Fahrenheit, and we need to con-
vert to degrees Celsius. A temperature of 1474 °F corresponds to 1474 °F — 32 °F = 1442 °F
above the freezing point of water. Because a degree Fahrenheit is only 5/9 as large as a degree
Celsius, 1442 degrees Fahrenheit above freezing equals 1442 X 5/9 = 801 degrees Celsius
above freezing (0 °C), or 801 °C. The same number of degrees above freezing on the Kelvin
scale (273.15 K) corresponds to a temperature of 273.15 + 801 = 1074 K.

Because the answers obtained by the two approaches agree, we can feel fairly confi-
dent that our thinking is following the right lines and that we understand the subject. (If the
answers did not agree, we’d be alerted to a misunderstanding somewhere.)

L PROBLEM 0.3 The normal body temperature of a healthy adult human is 98.6 °F. What is
this value on both Celsius and Kelvin scales?

> PROBLEM 0.4  Carry out the indicated temperature conversions.
(a) —=78°C =K (b) 158°C = ?°F (c) 375K = ?°F

0.6 DERIVED UNITS: MEASURING VOLUME

Look back at the seven fundamental SI units given in Table 0.1 and you’ll find that mea-
sures for such familiar quantities as area, volume, density, speed, and pressure are missing.
All are examples of derived quantities rather than fundamental quantities because they
can be expressed by using a combination of one or more of the seven fundamental units
(Table 0.3).

TABLE 0.3 Some Derived Units-and the Quantities They Measure

Quantity Definition Derived Unit (Name)
Area Length times length m?

Volume Area times length m’

Density Mass per unit volume kg/m3

Speed Distance per unit time m/s

Acceleration Change in speed per unit time m/s’

Force Mass times acceleration (kg-m)/s* (newton, N)
Pressure Force per unit area kg/(m - %) (pascal, Pa)

Energy Force times distance (kg - m?)/s (joule, J)
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Volume, the amount of space occupied by an object, is measured in SI units by the cubic
meter (m?), defined as the amount of space occupied by a cube 1 meter on edge (Figure 0.3).

|\ FIGURE 0.3
Im
4

Units for measuring volume. A cubic

1m® = 1000 dm? meter is the volume of a cube 1 meter
1dm3=1L along each edge.
7 = 1000 cm® :
1em® =1mL cm
1cm H
1dm 1 cmf.
Im 3
1dm 1cm
1dm
1m? 1dm?
Each cubic meter contains 1000 Each cubic decimeter contains 1000
cubic decimeters (liters). cubic centimeters (milliliters).

A cubic meter equals 264.2 U.S. gallons, much too large a quantity for normal use in
chemistry. As a result, smaller, more convenient measures are commonly employed. Both the
cubic decimeter (1 dm>® = 0.001 m?), equal in size to the more familiar metric liter (L), and
the cubic centimeter (1 cm® = 0.001 dm® = 10~°m?), equal in size to the metric milliliter
(mL), are particularly convenient. Slightly larger than 1 U.S. quart, a liter has the volume of a
cube 1 dm on edge. Similarly, a milliliter has the volume of a cube 1 cm on edge (Figure 0.3).

1 m®> = 1000 dm® = 1,000,000 cm®  (264.2 gal)
1dm® = 1L = 1000mL  (1.057 qt)

Figure 0.4 shows some of the equipment frequently used in the laboratory for measuring
liquid volume.

FIGURE 0.4

Common items of laboratory equipment
used for measuring liquid volume.

A graduated
cylinder

A syringe A volumetric A buret
flask

—






