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List of the Elements with Their Symbols and Atomic Masses*

Element Symbol  Atomic Number Atomic Mass* Element Symbol  Atomic Number Atomic Mass*
Actinium Ac 89 227) Mendelevium Md 101 (258)
Aluminum Al 13 26.9815386 Mercury Hg 80 200.59
Americium Am 95 (243) Molybdenum Mo 42 95.94
Antimony Sb 51 121.760 Moscovium Mc 115 (288)
Argon Ar 18 39.948 Neodymium Nd 60 144.242
Arsenic As 33 74.92160 Neon Ne 10 20.1797
Astatine At 85 (210) Neptunium Np 93 (237)
Barium Ba 56 137.327 Nickel Ni 28 58.6934
Berkelium Bk 97 (247) Niobium Nb 41 92.90638
Beryllium Be 4 9.012182 Nihonium Nh 113 (284)
Bismuth Bi 83 208.98040 Nitrogen N 7 14.0067
Bohrium Bh 107 272) Nobelium No 102 (259)
Boron B 5 10.811 Oganesson Og 118 (294)
Bromine Br 35 79.904 Osmium Os 76 190.23
Cadmium Cd 48 112.411 Oxygen (0] 8 15.9994
Calcium Ca 20 40.078 Palladium Pd 46 106.42
Californium Cf 98 (251) Phosphorus P 15 30.973762
Carbon C 6 12.0107 Platinum Pt 78 195.084
Cerium Ce 58 140.116 Plutonium Pu 94 (244)
Cesium Cs 55 132.9054519 Polonium Po 84 (209)
Chlorine Cl 17 35.453 Potassium K 19 39.0983
Chromium Cr 24 51.9961 Praseodymium Pr 59 140.90765
Cobalt Co 27 58.933195 Promethium Pm 61 (145)
Copernicium Cn 112 (285) Protactinium Pa 91 231.03588
Copper Cu 29 63.546 Radium Ra 88 (226)
Curium Cm 96 (247) Radon Rn 86 (222)
Darmstadtium Ds 110 (281) Rhenium Re 75 186.207
Dubnium Db 105 (268) Rhodium Rh 45 102.90550
Dysprosium Dy 66 162.500 Roentgenium Rg 111 (280)
Einsteinium Es 99 (252) Rubidium Rb 37 85.4678
Erbium Er 68 167.259 Ruthenium Ru 44 101.07
Europium Eu 63 151.964 Rutherfordium Rf 104 (267)
Fermium Fm 100 (257) Samarium Sm 62 150.36
Flerovium Fl 114 (289) Scandium Sc 21 44.955912
Fluorine 1P 9 18.9984032 Seaborgium Sg 106 (271)
Francium Fr 87 (223) Selenium Se 34 78.96
Gadolinium Gd 64 157.25 Silicon Si 14 28.0855
Gallium Ga 31 69.723 Silver Ag 47 107.8682
Germanium Ge 32 72.64 Sodium Na 11 22.98976928
Gold Au 79 196.966569 Strontium Sr 38 87.62
Hafnium Hf 72 178.49 Sulfur S 16 32.065
Hassium Hs 108 (270) Tantalum Ta 73 180.94788
Helium He 2 4.002602 Technetium Tc 43 (98)
Holmium Ho 67 164.93032 Tellurium Te 52 127.60
Hydrogen H 1 1.00794 Tennessine Ts 117 (293)
Indium In 49 114.818 Terbium Tb 65 158.92535
Todine I 53 126.90447 Thallium Tl 81 204.3833
Iridium Ir 77 192.217 Thorium Th 90 232.03806
Iron Fe 26 55.845 Thulium Tm 69 168.93421
Krypton Kr 36 83.798 Tin Sn 50 118.710
Lanthanum La 57 138.90547 Titanium Ti 22 47.867
Lawrencium Lr 103 (262) Tungsten W 74 183.84
Lead Pb 82 207.2 Uranium U 92 238.02891
Lithium Li 3 6.941 Vanadium A% 23 50.9415
Livermorium Lv 116 (293) Xenon Xe 54 131.293
Lutetium Lu 71 174.967 Ytterbium Yb 70 173.04
Magnesium Mg 12 24.3050 Yttrium Y 39 88.90585
Manganese Mn 25 54.938045 Zinc Zn 30 65.409
Meitnerium Mt 109 (276) Zirconium Zr 40 91.224

*These atomic masses show as many significant figures as are known for each element. The atomic masses in the periodic table are shown to four significant figures, which is
sufficient for solving the problems in this book.

‘+Approximate values of atomic masses for radioactive elements are given in parentheses.

At the time of this printing, the names of elements 113, 115, 117, and 118 had not yet been formally approved by the International Union of Pure and Applied Chemistry (IUPAC).



hemistry

THIRD EDITION

Julia Burdge
COLLEGE OF WESTERN IDAHO

Jason Overby
COLLEGE OF CHARLESTON

Education



Education

CHEMISTRY: ATOMS FIRST, THIRD EDITION

Published by McGraw-Hill Education, 2 Penn Plaza, New York, NY 10121. Copyright © 2018 by McGraw-Hill
Education. All rights reserved. Printed in the United States of America. Previous editions © 2015, 2012. No part
of this publication may be reproduced or distributed in any form or by any means, or stored in a database or
retrieval system, without the prior written consent of McGraw-Hill Education, including, but not limited to,

in any network or other electronic storage or transmission, or broadcast for distance learning.

Some ancillaries, including electronic and print components, may not be available to customers outside the
United States.

This book is printed on acid-free paper.
123456789LWI2120191817

ISBN 978-1-259-63813-8
MHID 1-259-63813-8

Chief Product Officer, SVP Products & Markets: G. Scott Virkler
Vice President, General Manager, Products & Markets: Marty Lange
Vice President, Content Design & Delivery: Betsy Whalen
Managing Director: Thomas Timp

Director: David Spurgeon, Ph.D.

Director, Product Development: Rose Koos

Director of Digital Content: Robin Reed

Digital Product Analyst: Patrick Diller

Marketing Manager: Matthew Garcia

Director of Digital Content: Shirley Hino, Ph.D.

Digital Product Developer: Joan Weber

Director, Content Design & Delivery: Linda Avenarius

Program Manager: Lora Neyens

Content Project Managers: Sherry Kane/Rachael Hillebrand
Buyer: Laura M. Fuller

Design: David Hash

Content Licensing Specialists: Carrie Burger/Lorraine Buczek
Cover Image: @XYZ/Shutterstock.com

Compositor: Aptara, Inc.

Printer: LSC Communications

All credits appearing on page or at the end of the book are considered to be an extension of the copyright page.
Library of Congress Cataloging-in-Publication Data

Names: Burdge, Julia. | Overby, Jason, 1970-
Title: Chemistry : atoms first / Julia Burdge, College of Western Idaho,
Jason Overby, College of Charleston.
Other titles: Atoms first
Description: Third edition. | New York, NY : McGraw-Hill Education, [2017] |
Includes index.
Identifiers: LCCN 2016033779 | ISBN 9781259638138 (alk. paper) | ISBN
1259638138 (alk. paper)
Subjects: LCSH: Chemistry—Textbooks.
Classification: LCC QD31.3 .B87 2017 | DDC 540—dc23 LC record available at https://Iccn.loc.gov/2016033779

The Internet addresses listed in the text were accurate at the time of publication. The inclusion of a website does

not indicate an endorsement by the authors or McGraw-Hill Education, and McGraw-Hill Education does not
guarantee the accuracy of the information presented at these sites.

mheducation.com/highered



To the people who will always matter the most: Katie, Beau, and Sam.
Julia Burdge

To my wonderful wife, Robin, and daughters, Emma and Sarah.
Jason Overby



About the Authors

© McGraw-Hill Education

Julia Burdge received her Ph.D. (1994) from the
University of Idaho in Moscow, Idaho. Her research and dis-
sertation focused on instrument development for analysis of
trace sulfur compounds in air and the statistical evaluation of
data near the detection limit.

In 1994 she accepted a position at The University of Akron in
Akron, Ohio, as an assistant professor and director of the
Introductory Chemistry program. In the year 2000, she was ten-
ured and promoted to associate professor at The University of
Akron on the merits of her teaching, service, and research in
chemistry education. In addition to directing the general chem-
istry program and supervising the teaching activities of graduate
students, she helped establish a future-faculty development
program and served as a mentor for graduate students and
post-doctoral associates. Julia has recently relocated back to
the northwest to be near family. She lives in Boise, Idaho; and
she holds an affiliate faculty position as associate professor in
the Chemistry Department at the University of Idaho and
teaches general chemistry at the College of Western Idaho.

In her free time, Julia enjoys horseback riding, precious time
with her three children, and quiet time at home with Erik Nelson,
her partner and best friend.

© McGraw-Hill Education

Jason Overby received his B.S. degree in chemistry and
political science from the University of Tennessee at Martin. He
then received his Ph.D. in inorganic chemistry from Vanderbilt
University (1997) studying main group and transition metal
metallocenes and related compounds. Afterwards, Jason conducted
postdoctoral research in transition metal organometallic chemis-
try at Dartmouth College.

Jason began his academic career at the College of Charleston
in 1999 as an assistant professor. Currently, he is an associate
professor with teaching interests in general and inorganic
chemistry. He is also interested in the integration of technology
into the classroom, with a particular focus on adaptive learning.
Additionally, he conducts research with undergraduates in inor-
ganic and organic synthetic chemistry as well as computational
organometallic chemistry.

In his free time, he enjoys boating, exercising, and cooking. He
is also involved with USA Swimming as a nationally-certified
starter and stroke-and-turn official. He lives in South Carolina
with his wife Robin and two daughters, Emma and Sarah.



00 N O U1l A W IN =

N N N NN NMDN 2 2 e e e o e = =
o U1l A W N = O OW 0O NO UGl b WIN - O

Brief Contents

Chemistry: The Science of Change 2

Atoms and the Periodic Table 38

Quantum Theory and the Electronic Structure of Atoms 66
Periodic Trends of the Elements 124

lonic and Covalent Compounds 162

Representing Molecules 210

Molecular Geometry, Intermolecular Forces, and Bonding Theories
Chemical Reactions 308

Chemical Reactions in Aqueous Solutions 350

Energy Changes in Chemical Reactions 414

Gases 470

Liquids and Solids 530

Physical Properties of Solutions 574

Entropy and Free Energy 618

Chemical Equilibrium 654

Acids, Bases, and Salts 716

Acid-Base Equilibria and Solubility Equilibria 774
Electrochemistry 828

Chemical Kinetics 876

Nuclear Chemistry 940

Environmetal Chemistry 974

Coordination Chemistry 1002

Organic Chemistry 1026

Modern Materials 1080

Online Only Chapter: Nonmetallic Elements and Their Compounds

Online Only Chapter: Metallurgy and the Chemistry of Metals

Appendix 1 Mathematical Operations  A-1
Appendix 2 Thermodynamic Data at 1 ATM and 25°C  A-6
Appendix 3  Solubility Product Constants at 25°C  A-13

246

Appendix 4  Dissociation Constants for Weak Acids and Bases at 25°C  A-15



Contents

List of Applications  xviii

Preface xix

1 CHEMISTRY: THE SCIENCE OF CHANGE 2

1.1 The Study of Chemistry 3
* Chemistry You May Already Know 3 + The Scientific Method 3
1.2 Scientific Measurement 5
* Sl Base Units 5 « Mass 6 * Temperature 7 ¢ Derived Units:
Volume and Density 9
1.3 Uncertainty in Measurement 12
» Significant Figures 12 < Calculations with Measured Numbers 13 ¢
Accuracy and Precision 16 « Thinking Outside the Box: Tips for
Success in Chemistry Class 18
1.4 Using Units and Solving Problems 18
© Prof. Ali Yazdani/Princeton University * Conversion Factors 18 « Dimensional Analysis—Tracking Units 19
1.5 Classification of Matter 22
» States of Matter 22 « Mixtures 23
1.6  The Properties of Matter 24
« Physical Properties 24 « Chemical Properties 24 . Extensive
and Intensive Properties 25

2 ATOMS AND THE PERIODIC TABLE 38

2.1 Atoms First 39

2.2 Subatomic Particles and Atomic Structure 40
« Discovery of the Electron 40 - Radioactivity 42 « The Proton and
the Nuclear Model of the Atom 43 « The Neutron 44

2.3 Atomic Number, Mass Number, and Isotopes 46

2.4 Nuclear Stability 48
« Patterns of Nuclear Stability 48

© Science Photo Library/Science Source 2.5 Average Atomic Mass 50
« Thinking Outside the Box: Measuring Atomic Mass 51

2.6 The Periodic Table 52

2.7 The Mole and Molar Mass 54
« The Mole 54 . Molar Mass 55 « Interconverting Mass, Moles,
and Numbers of Atoms 57

vi



3.1

3.2

3.3

34

35

3.6

3.7

3.8

3.9

3.10

4.1
4.2

4.3
4.4

4.5

CONTENTS vii

QUANTUM THEORY AND THE ELECTRONIC

STRUCTURE OF ATOMS 66

Energy and Energy Changes 67

« Forms of Energy 67 « Units of Energy 68

The Nature of Light 70

« Properties of Waves 70 - The Electromagnetic Spectrum 71
« The Double-Slit Experiment 72

Quantum Theory 74

« Quantization of Energy 74 « Photons and the Photoelectric
Effect 75 « Thinking Outside the Box: Everyday Occurrences of
the Photoelectric Effect 76

Bohr’s Theory of the Hydrogen Atom 79

« Atomic Line Spectra 79 « The Line Spectrum of Hydrogen 80
Wave Properties of Matter 87 © 2013 International Business Machines Corporation
« The de Broglie Hypothesis 87 - Diffraction of Electrons 89

Quantum Mechanics 90

« The Uncertainty Principle 90 « The Schrodinger Equation 91

« The Quantum Mechanical Description of the Hydrogen Atom 92

Quantum Numbers 92

« Principal Quantum Number (n) 92 - Angular Momentum Quantum

Number (£) 93 - Magnetic Quantum Number (m,) 93 - Electron

Spin Quantum Number (m,) 94

Atomic Orbitals 96

« s Orbitals 96 « p Orbitals 96 « d Orbitals and Other Higher-

Energy Orbitals 97 « Energies of Orbitals 99

Electron Configurations 100

« Energies of Atomic Orbitals in Many-Electron Systems 100 « The

Pauli Exclusion Principle 101 « The Aufbau Principle 101 « Hund’s

Rule 102 - General Rules for Writing Electron Configurations 103

Electron Configurations and the Periodic Table 105

PERIODIC TRENDS OF THE ELEMENTS 124

Development of the Periodic Table 125
The Modern Periodic Table 128

« Classification of Elements 128
Effective Nuclear Charge 131

Periodic Trends in Properties of Elements 132 © Dzhavakhadze Zurab ltar-Tass Photos/Newscom
« Atomic Radius 132 - lonization Energy 134 « Electron Affinity 137

« Metallic Character 140

Electron Configuration of lons 143

« lons of Main Group Elements 143 - lons of d-Block Elements 145




viii CONTENTS

4.6 lonic Radius 147
« Comparing lonic Radius with Atomic Radius 147 - Isoelectronic
Series 148 - Thinking Outside the Box: Mistaking Strontium for
Calcium 150

“’r'\".%‘ htid 5 IONIC AND COVALENT COMPOUNDS 162

S | ASNSUENSSEE 5 Compounds 163
-! ! 'I l , 5.2 Lewis Dot Symbols 163
| - 5.3 lonic Compounds and Bonding 165
© BASE 5.4 Naming lons and lonic Compounds 169

« Formulas of lonic Compounds 170 « Naming lonic Compounds 171

5.5 Covalent Bonding and Molecules 172
» Molecules 173 « Molecular Formulas 175 « Empirical Formulas 176

5.6 Naming Molecular Compounds 179
« Specifying Numbers of Atoms 179 « Compounds Containing
Hydrogen 181 « Organic Compounds 182 « Thinking Outside the
Box: Functional Groups 183

5.7 Covalent Bonding in lonic Species 184
« Polyatomic lons 184 . Oxoacids 186 « Hydrates 188 « Familiar
Inorganic Compounds 189

5.8 Molecular and Formula Masses 190

5.9 Percent Composition of Compounds 192

5.10 Molar Mass 193
« Interconverting Mass, Moles, and Numbers of Particles 194
« Determination of Empirical Formula and Molecular Formula from
Percent Composition 196

6 REPRESENTING MOLECULES 210

6.1 The Octet Rule 211
« Lewis Structures 211 « Multiple Bonds 214

6.2 Electronegativity and Polarity 215
« Electronegativity 216 « Dipole Moment, Partial Charges, and
Percent lonic Character 218

6.3 Drawing Lewis Structures 222

6.4 Lewis Structures and Formal Charge 224

6.5 Resonance 228

6.6 Exceptions to the Octet Rule 230
« Incomplete Octets 230 - Odd Numbers of Electrons 231
« Thinking Outside the Box: Species with Unpaired Electrons 232
« Expanded Octets 233

© Brand X Pictures/PunchStock



71

7.2
1.3

1.4
1.5

7.6
1.7

7.8

8.1

8.2

8.3

8.4

8.5

CONTENTS ix

MOLECULAR GEOMETRY, INTERMOLECULAR )

FORCES, AND BONDING THEORIES 246 ,; oﬁf
{3
J

Molecular Geometry 247

« The VSEPR Model 248 - Electron-Domain Geometry and Molecular
Geometry 249 . Deviation from Ideal Bond Angles 253 « Geometry
of Molecules with More Than One Central Atom 253

Molecular Geometry and Polarity 255 © Carol and Mike Werner/Science Source
Intermolecular Forces 259

« Dipole-Dipole Interactions 259 - Hydrogen Bonding 260

« Dispersion Forces 261 - lon-Dipole Interactions 263

Valence Bond Theory 264

Hybridization of Atomic Orbitals 267

« Hybridization of s and p Orbitals 268 - Hybridization of s, p, and
d Orbitals 271

Hybridization in Molecules Containing Multiple Bonds 275
Molecular Orbital Theory 282

« Bonding and Antibonding Molecular Orbitals 283 « ¢ Molecular
Orbitals 283 « Thinking Outside the Box: Phases 284 . Bond

Order 285 « 7 Molecular Orbitals 285 « Molecular Orbital

Diagrams 287 « Thinking Outside the Box: Molecular Orbitals in
Heteronuclear Diatomic Species 288

Bonding Theories and Descriptions of Molecules

with Delocalized Bonding 290

CHEMICAL REACTIONS 308

Chemical Equations 309

« Interpreting and Writing Chemical Equations 309 . Balancing
Chemical Equations 311 « Patterns of Chemical Reactivity 314
Combustion Analysis 317

« Determination of Empirical Formula 318 © LWA/Photodisc/Getty Images
Calculations with Balanced Chemical Equations 320

+ Moles of Reactants and Products 320 - Mass of Reactants and

Products 321

Limiting Reactants 323

« Determining the Limiting Reactant 324 « Reaction Yield 326

« Thinking Outside the Box: Atom Economy 330

Periodic Trends in Reactivity of the Main Group Elements 331

« General Trends in Reactivity 332 « Hydrogen (151) 332 « Reactions of

the Active Metals 333 « Reactions of Other Main Group Elements 334

« Comparison of Group 1A and Group 1B Elements 337




X CONTENTS

© Dirk Wiersma/Science Source

© Syracuse Newspapers/J. Berry/The Image Works

9.1

9.2

9.3

9.4

9.5

9.6

CHEMICAL REACTIONS IN AQUEOUS

SOLUTIONS 350

General Properties of Aqueous Solutions 351

« Electrolytes and Nonelectrolytes 351 « Strong Electrolytes and
Weak Electrolytes 352

Precipitation Reactions 357

« Solubility Guidelines for lonic Compounds in Water 357 « Molecular
Equations 359 - lonic Equations 360 « Net lonic Equations 360
Acid-Base Reactions 362

« Strong Acids and Bases 363 « Brensted Acids and Bases 363

« Acid-Base Neutralization 365

Oxidation-Reduction Reactions 368

« Oxidation Numbers 369 « Oxidation of Metals in Aqueous
Solutions 372 « Balancing Simple Redox Equations 372

« Other Types of Redox Reactions 376

Concentration of Solutions 378

+ Molarity 378 « Dilution 382 « Serial Dilution 383 « Thinking
Outside the Box: Visible Spectrophotometry 385 « The pH Scale 387
« Solution Stoichiometry 389

Aqueous Reactions and Chemical Analysis 391

« Gravimetric Analysis 391 « Acid-Base Titrations 393

ENERGY CHANGES IN CHEMICAL REACTIONS 414

10.1
10.2

10.3

104

10.5
10.6
10.7
10.8

Energy and Energy Changes 415

Introduction to Thermodynamics 417

« States and State Functions 418 « The First Law of Thermodynamics 418
» Work and Heat 419

Enthalpy 421

« Reactions Carried Out at Constant Volume or at Constant
Pressure 422 . Enthalpy and Enthalpy Changes 424

» Thermochemical Equations 425

Calorimetry 427

« Specific Heat and Heat Capacity 428 - Constant-Pressure
Calorimetry 429 « Constant-Volume Calorimetry 433 « Thinking
Outside the Box: Heat Capacity of Calorimeters 436

Hess’s Law 438

Standard Enthalpies of Formation 440

Bond Enthalpy and the Stability of Covalent Molecules 444
Lattice Energy and the Stability of lonic Solids 448

« The Born-Haber Cycle 448 . Comparison of lonic and Covalent
Compounds 452



CONTENTS xi

11 KIS

11.1 Properties of Gases 471
11.2 The Kinetic Molecular Theory of Gases 472
- Molecular Speed 473 . Diffusion and Effusion 476
11.3 Gas Pressure 477
- Definition and Units of Pressure 477 « Calculation of Pressure 478  © FranciscoNegroniAlamy Stock Photo
« Measurement of Pressure 478
11.4 The Gas Laws 480
« Boyle’s Law: The Pressure-Volume Relationship 480 « Charles’s
and Gay-Lussac’s Law: The Temperature-Volume Relationship 483
 Avogadro’s Law: The Amount-Volume Relationship 485 « The Gas
Laws and Kinetic Molecular Theory 487 « The Combined Gas Law:
The Pressure-Temperature-Amount-Volume Relationship 489
11.5 The Ideal Gas Equation 491
« Applications of the Ideal Gas Equation 493
11.6 Real Gases 496
« Factors That Cause Deviation from Ideal Behavior 496 - The van
der Waals Equation 496 « van der Waals Constants 498
11.7 Gas Mixtures 500
« Dalton’s Law of Partial Pressures 500 « Mole Fractions 502
« Thinking Outside the Box: Decompression Injury 503
11.8 Reactions with Gaseous Reactants and Products 505
« Calculating the Required Volume of a Gaseous Reactant 505
« Determining the Amount of Reactant Consumed Using Change in
Pressure 507 . Using Partial Pressures to Solve Problems 507

A LIQUIDS AND SOLIDS 530

12.1 The Condensed Phases 531
12.2 Properties of Liquids 532
« Surface Tension 532 - Viscosity 532 « Vapor Pressure of
Liquids 533 « Boiling Point 537
12.3 The Properties of Solids 538 US Department of Energy/Science Source
« Melting Point 538 « Vapor Pressure of Solids 538 « Amorphous
Solids 539 .« Crystalline Solids 540 « Thinking Outside the Box:
X-ray Diffraction 544
12.4 Types of Crystalline Solids 547
« lonic Crystals 547 « Covalent Crystals 549 « Molecular Crystals 550
« Metallic Crystals 551
12.5 Phase Changes 552
« Liquid-Vapor 552 « Solid-Liquid 554 . Solid-Vapor 556
12.6 Phase Diagrams 558




Xii CONTENTS

B PHYSICAL PROPERTIES OF SOLUTIONS 574

13.1 Types of Solutions 575
13.2 A Molecular View of the Solution Process 576
« The Importance of Intermolecular Forces 576 « Energy and Entropy
in Solution Formation 578
© Shawn Knol/Getty Images 13.3 Concentration Units 581
« Molality 581 « Percent by Mass 581 « Comparison of Concentration
Units 582
13.4 Factors That Affect Solubility 585
» Temperature 585 « Pressure 586
13.5 Colligative Properties 588
« Vapor-Pressure Lowering 588 « Boiling-Point Elevation 591
« Freezing-Point Depression 591 « Osmotic Pressure 593
« Electrolyte Solutions 594 « Thinking Outside the Box: Intravenous
Fluids 597 « Thinking Outside the Box: Fluoride Poisoning 598
13.6 Calculations Using Colligative Properties 599
13.7 Colloids 602

(I‘W ENTROPY AND FREE ENERGY 618

14.1 Spontaneous Processes 619

14.2 Entropy 620
« A Qualitative Description of Entropy 620 « A Quantitative Definition
of Entropy 620

~R _ 14.3 Entropy Changes in a System 622
\J - Calculating AS,, 622 - Standard Entropy, $° 623 - Qualitatively

N

@ N Predicting the Sign of AS3,, 626
™
w o) TN 8 14.4 Entropy Changes in the Universe 631
AN S
- « Calculating AS,,, 632 « The Second Law of Thermodynamics 632

« Thinking Outside the Box: Thermodynamics and Living Systems 635
« The Third Law of Thermodynamics 635
14.5 Predicting Spontaneity 637
« Gibbs Free-Energy Change, AG 637 - Standard Free-Energy
Changes, AG® 640 - Using AG and AG° to Solve Problems 641
14.6 Thermodynamics in Living Systems 644

kW CHEMICAL EQUILIBRIUM 654

15.1 The Concept of Equilibrium 655
15.2 The Equilibrium Constant 657

« Calculating Equilibrium Constants 658 « Magnitude of the
© Richard Megna/Fundamental Photographs Equilibrium Constant 660




CONTENTS Xiii

15.3 Equilibrium Expressions 662
« Heterogeneous Equilibria 662 « Manipulating Equilibrium
Expressions 663 « Gaseous Equilibria 666

15.4 Chemical Equilibrium and Free Energy 670
« Using @ and K to Predict the Direction of Reaction 670
« Relationship Between AG and AG® 671 - Relationship Between
AG° and K 673

15.5 Calculating Equilibrium Concentrations 677

15.6 Le Chatelier’s Principle: Factors That Affect Equilibrium 686
« Addition or Removal of a Substance 686 - Changes in Volume and
Pressure 689 « Changes in Temperature 690 « Thinking Outside the
Box: Biological Equilibria 696

A [W ACIDS, BASES, AND SALTS 716

16.1 Bronsted Acids and Bases 717
16.2 Molecular Structure and Acid Strength 719
« Hydrohalic Acids 719 . Oxoacids 719 « Carboxylic Acids 721
16.3 The Acid-Base Properties of Water 722 ;
16.4 The pH and pOH Scales 724 © Purestock/Alamy Stock Photo
16.5 Strong Acids and Bases 726
« Strong Acids 726 - Strong Bases 728
16.6 Weak Acids and Acid lonization Constants 731
« The lonization Constant, K, 731 . Calculating pH from K, 732
« Percent lonization 737 « Thinking Outside the Box: Acid Rain 737
« Using pH to Determine K, 739
16.7 Weak Bases and Base lonization Constants 741
« The lonization Constant, K, 741 - Calculating pH from K, 741
« Using pH to Determine K, 743
16.8 Conjugate Acid-Base Pairs 744
« The Strength of a Conjugate Acid or Base 744 . The Relationship
Between K and K,, of a Conjugate Acid-Base Pair 745
16.9 Diprotic and Polyprotic Acids 748
16.10 Acid-Base Properties of Salt Solutions 751
« Basic Salt Solutions 751 « Acidic Salt Solutions 752 « Neutral Salt
Solutions 754 . Salts in Which Both the Cation and the Anion
Hydrolyze 756
16.11 Acid-Base Properties of Oxides and Hydroxides 757
« Oxides of Metals and Nonmetals 757 « Basic and Amphoteric
Hydroxides 758
16.12 Lewis Acids and Bases 759




Xiv CONTENTS

© Lisa Stokes/Moment Open/Getty Images

© Friedrich Saurer/Alamy Stock Photo

© Jonathan Nourok/Getty Images

17

171
17.2

17.3

17.4
17.5

17.6

18

18.1
18.2
18.3
184

18.5

18.6

18.7

18.8

19

19.1
19.2

ACID-BASE EQUILIBRIA AND SOLUBILITY
EQUILIBRIA 774

The Common lon Effect 775

Buffer Solutions 777

« Calculating the pH of a Buffer 777 « Preparing a Buffer Solution
with a Specific pH 783

Acid-Base Titrations 784

« Strong Acid-Strong Base Titrations 784 « Weak Acid—Strong Base
Titrations 786 « Strong Acid—Weak Base Titrations 790 « Acid-Base
Indicators 793

Solubility Equilibria 795

« Solubility Product Expression and Ky, 796 « Calculations Involving
K, and Solubility 796 - Predicting Precipitation Reactions 800
Factors Affecting Solubility 802

« The Common lon Effect 802 « pH 803 « Complex lon Formation 807
« Thinking Outside the Box: Equilibrium and Tooth Decay 808
Separation of lons Using Differences in Solubility 812

« Fractional Precipitation 812 « Qualitative Analysis of Metal lons in
Solution 813

ELECTROCHEMISTRY 828

Balancing Redox Reactions 829

Galvanic Cells 833

Standard Reduction Potentials 836

Spontaneity of Redox Reactions Under Standard-State Conditions 844
« Thinking Outside the Box: Amalgam Fillings and Dental Pain 848
Spontaneity of Redox Reactions Under Conditions Other Than
Standard State 848

« The Nernst Equation 848 « Concentration Cells 850

Batteries 853

« Dry Cells and Alkaline Batteries 853 « Lead Storage Batteries 854
« Lithium-lon Batteries 855 « Fuel Cells 855

Electrolysis 856

« Electrolysis of Molten Sodium Chloride 857 « Electrolysis of

Water 857 « Electrolysis of an Aqueous Sodium Chloride

Solution 858 « Quantitative Applications of Electrolysis 859
Corrosion 862

CHEMICAL KINETICS 876

Reaction Rates 877
Collision Theory of Chemical Reactions 877



CONTENTS XV

19.3 Measuring Reaction Progress and Expressing Reaction Rate 879
« Average Reaction Rate 879 . Instantaneous Rate 884
« Stoichiometry and Reaction Rate 886
19.4 Dependence of Reaction Rate on Reactant Concentration 890
« The Rate Law 890 « Experimental Determination of the Rate Law 890
19.5 Dependence of Reactant Concentration on Time 895
« First-Order Reactions 896 « Second-Order Reactions 901
19.6 Dependence of Reaction Rate on Temperature 904
« The Arrhenius Equation 905 . Thinking Outside the Box: Surface
Area 909
19.7 Reaction Mechanisms 910
« Elementary Reactions 911 « Rate-Determining Step 912
« Mechanisms with a Fast First Step 916 « Experimental Support
for Reaction Mechanisms 918
19.8 Catalysis 919
« Heterogeneous Catalysis 920 « Homogeneous Catalysis 921
« Enzymes: Biological Catalysts 921

p{0 NUCLEAR CHEMISTRY 940

20.1 Nuclei and Nuclear Reactions 941
20.2 Nuclear Stability 943
« Types of Nuclear Decay 943 « Nuclear Binding Energy 943
20.3 Natural Radioactivity 947
« Kinetics of Radioactive Decay 947 . Dating Based on Radioactive © Pallava Bagla/Corbis
Decay 948
20.4 Nuclear Transmutation 951
20.5 Nuclear Fission 953
20.6 Nuclear Fusion 960
20.7 Uses of Isotopes 962
« Chemical Analysis 962 « Thinking Outside the Box: Nuclear
Medicine 963 « Isotopes in Medicine 963
20.8 Biological Effects of Radiation 964

PAN ENVIRONMENTAL CHEMISTRY 974

21.1 Earth’s Atmosphere 975
21.2 Phenomena in the Outer Layers of the Atmosphere 978
« Aurora Borealis and Aurora Australis 978 « The Mystery Glow of
Space Shuttles 979
21.3 Depletion of Ozone in the Stratosphere 980
« Polar Ozone Holes 982
21.4 Volcanoes 984
21.5 The Greenhouse Effect 985 ; =
21.6 Acid Rain 989 © Digital Vision/Getty Images




Xvi CONTENTS

21.7 Photochemical Smog 992

21.8 Indoor Pollution 993
- The Risk from Radon 993 « Carbon Dioxide and Carbon
Monoxide 995 . Formaldehyde 996

p¥8 COORDINATION CHEMISTRY 1002

22.1 Coordination Compounds 1003
« Properties of Transition Metals 1003 « Ligands 1005 « Nomenclature
of Coordination Compounds 1007 - Thinking Outside the Box:

1 raan M Chelation Therapy 1009

© Imaginechina via AP Images 22.2 Structure of Coordination Compounds 1010

22.3 Bonding in Coordination Compounds: Crystal Field Theory 1013
« Crystal Field Splitting in Octahedral Complexes 1013 « Color 1014
» Magnetic Properties 1016 « Tetrahedral and Square-Planar
Complexes 1018

22.4 Reactions of Coordination Compounds 1019

22.5 Applications of Coordination Compounds 1019

pAR ORGANIC CHEMISTRY 1026

23.1 Why Carbon Is Different 1027
23.2 Classes of Organic Compounds 1029
« Basic Nomenclature 1033 « Molecules with Multiple Substituents 1036
« Molecules with Specific Functional Groups 1037
23.3 Representing Organic Molecules 1040
« Condensed Structural Formulas 1040 - Kekulé Structures 1041
« Bond-Line Structures 1042 . Resonance 1043
23.4 Isomerism 1047
« Constitutional Isomerism 1047 - Stereoisomerism 1047
« Thinking Outside the Box: Thalidomide Analogues 1051
23.5 Organic Reactions 1052
« Addition Reactions 1052 . Substitution Reactions 1054
© Digital Vision/Getty Images « Other Types of Organic Reactions 1058
23.6 Organic Polymers 1060
- Addition Polymers 1061 « Condensation Polymers 1062
« Biological Polymers 1063

pZ: M MODERN MATERIALS 1080

24.1 Polymers 1081
« Addition Polymers 1081 « Condensation Polymers 1087 « Thinking
Outside the Box: Electrically Conducting Polymers 1090

24.2 Ceramics and Composite Materials 1090
» Ceramics 1090 - Composite Materials 1092

© Delft University of Technology/Science Source



CONTENTS Xvii

24.3 Liquid Crystals 1092

24.4 Biomedical Materials 1095
« Dental Implants 1096 - Soft Tissue Materials 1097 . Artificial
Joints 1098

24.5 Nanotechnology 1098
« Graphite, Buckyballs, and Nanotubes 1099

24.6 Semiconductors 1101

24.7 Superconductors 1105

NONMETALLIC ELEMENTS AND THEIR

COMPOUNDS  (ONLINE ONLY)

25.1 General Properties of Nonmetals 1111
25.2 Hydrogen 1112
« Binary Hydrides 1112 « Isotopes of Hydrogen 1114
« Hydrogenation 1115 « The Hydrogen Economy 1115 © Craig Ruttle/AP Images
25.3 Carbon 1116
25.4 Nitrogen and Phosphorus 1117
« Nitrogen 1117 « Phosphorus 1120
25.5 Oxygen and Sulfur 1123
« Oxygen 1123 « Sulfur 1125 « Thinking Outside the Box: Arsenic 1129
25.6 The Halogens 1129
- Preparation and General Properties of the Halogens 1130
« Compounds of the Halogens 1132 « Uses of the Halogens 1134

METALLURGY AND THE CHEMISTRY OF

METALS  (ONLINE ONLY)

26.1 Occurrence of Metals 1143

26.2 Metallurgical Processes 1144
« Preparation of the Ore 1144 « Production of Metals 1144 - The
Metallurgy of Iron 1145 « Steelmaking 1146 « Purification of © Javier LarrealGetty Images
Metals 1148 « Thinking Outside the Box: Copper 1150

26.3 Band Theory of Conductivity 1150
» Conductors 1150 « Semiconductors 1151

26.4 Periodic Trends in Metallic Properties 1153

26.5 The Alkali Metals 1153

26.6 The Alkaline Earth Metals 1156
» Magnesium 1156 - Calcium 1157

26.7 Aluminum 1158

Glossary G-1
Answers to Odd-Numbered Problems AP-1
Index I-1



List of Applications

Thinking Outside the Box

Tips for Success in Chemistry Class 18
Measuring Atomic Mass 51

Everyday Occurrences of the Photoelectric Effect 76
Mistaking Strontium for Calcium 150
Functional Groups 183

Species with Unpaired Electrons 232
Phases 284

Molecular Orbitals in Heteronuclear Diatomic Species 288
Atom Economy 330

Visible Spectrophotometry 385

Heat Capacity of Calorimeters 436
Decompression Injury 503

X-ray Diffraction 544

Intravenous Fluids 597

Fluoride Poisoning 598

Thermodynamics and Living Systems 635
Biological Equilibria 696

Acid Rain 737

Equilibrium and Tooth Decay 808
Amalgam Fillings and Dental Pain 848
Surface Area 909

Nuclear Medicine 963

Chelation Therapy 1009

Thalidomide Analogues 1051
Electrically Conducting Polymers 1090
Arsenic 1129

Copper 1150

Xviii

Key Skills

Dimensional Analysis 28

Interconversion Among Mass, Moles, and Numbers of
Atoms 60

Determining Ground-State Valence Electron Configurations
Using the Periodic Table 112

Periodic Trends in Atomic Radius, lonization Energy,
and Electron Affinity 153

lonic Compounds: Nomenclature and Molar Mass
Determination 200

Drawing Lewis Structures 238

Molecular Shape and Polarity 296

Limiting Reactant 340

Net lonic Equations 400

Enthalpy of Reaction 456

Mole Fractions 516

Intermolecular Forces 564

Entropy as a Driving Force 607

Determining AG® 648

Equilibrium Problems 700

Salt Hydrolysis 764

Buffers 817

Electrolysis of Metals 866

First-Order Kinetics 927



The third edition of Atoms First by Burdge and Overby continues to build on the inno-
vative success of the first and second editions. Changes to this edition include specific
refinements intended to augment the student-centered pedagogical features that continue

to make this book effective and popular both with professors, and with their students.

NEW! Student Hot Spot and Student-Centered Refinements using Heat Maps

Using heat maps from the adaptive reading tool SmartBook®, and the detailed analy-
sis of student performance it provides, we were able to target specific learning objec-
tives for minor re-wording, further explanation, or better illustration. Because
SmartBook is a dynamic learning tool, we have a multitude of live data that show us
exactly where students have been struggling with content; and we have direct insight
into student learning that may not always be evident through other assessment methods.
The data, such as average time spent answering each question and the percentage of
students who correctly answered the question on the first attempt, revealed the learning
objectives that students found particularly difficult.

Preface

This has allowed our revisions to be truly student-centered. For example, given
specific known topics where students are struggling, we are able to clarify concepts
or provide visual interpretations such as the below figure.

Mass 250¢g 500¢g Extensive properties:
N d values change
Volume 25.0 mL 50.0 mL. with amount of water.
Density 1.00 g/mL 1.00 g/mL. e
- . o o Measured values do not
Boiling point 100.0°C 100.0°C change with amount of
. . water.
Freezing point 0.00°C 0.00°C

|
Figure 1.12 Some extensive properties (mass and volume) and intensive properties (density, boiling point,
and freezing point) of water. The measured values of the extensive properties depend on the amount of
water. The measured values of the intensive properties are independent of the amount of water.
(Photos): © H.S. Photos/Alamy Stock Photo
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XX PREFACE

Further, armed with this powerful insight into the places many students struggle
with content, we are able to provide strategically-timed access to additional learning
resources. In the text, we have identified areas of particularly difficult content as
“Student Hot Spots”—and use them to direct students to a variety of learning resources
specific to that content. Students will be able to access over 1,000 digital learning
resources throughout this text’s SmartBook. These learning resources present summa-
ries of concepts and worked examples, including over 200 videos of chemistry faculty
solving problems or modeling concepts which students can view over and over again.

Equation 4.1 Zgy=Z—0

where o is the shielding constant. The shielding constant is greater than zero but
smaller than Z.

@ Student Hot Spot The change in Z.; as we move from the top of a group to the bottom is gener-
Student data indicate you may struggle with ally less significant than the change as we move across a period. Although each step
effective nuclear charge. Access the SmartBook to down a group represents a large increase in the nuclear charge, there is also an addi-

view additional Learning Resources on this topic. . .
tional shell of core electrons to shield the valence electrons from the nucleus. Conse-

quently, the effective nuclear charge changes less than the nuclear charge as we move
down a column of the periodic table.

In the SmartBook version of the text,
learning resources for these Student Hot Spots

large volume of available information about the structure and properties of clemental substances,
led to the development of the periodic table, a chart in which elements having similar chemical
and physical properties are grouped together. Figure 2.10 shows the modern periodic table in
which the elements are arranged by atomic number (shown above the element symbol) in hori-
zontal rows called perfods and in vertical columns called groups or families. Elements in the
same group tend to have similar physical and chemical properties

The elements can be categorized as metals, nonmetals, or metalloids. A metal is a good
conductor of heat and electricity, whereas a nonmetal is usually a poor conductor of heat and
electricity. A metalloid has properties that are intermediate between those of metals and nonmetals.
Figure 2.10 shows that the majority of known elements are metals: only 17 elements are nonmet-
als, and fewer than 10 elements are metalloids. Although most sources, including this text, desig-
nate the elements B, Si, Ge, As, Sb, and Te as metalloids, sources vary for the elements Po and
AL In this text, we classify both Po and At as metalloids. From left to right across any period. the

50 CHAPTER 2 Atoms, Molecules, and lons
i The Periodic Table are embedded with the content for immediate
More than half of the clements known today were discovered between 1800 and 1900. During access.
oty were e s s raie A SR M ] Guided by these direct student results of

content understanding, we have edited the con-
tent in most of the chapters. Many of the changes
are subtle, although some are more extensive.
Our ability to employ live student-assessment
data for revisions to address areas of common

physical and chemical properties of the elements change gradually from metallic to nonmetallic
Elements are often referred to collectively by their periodic table group

number (Group 1A, Group 2A. and so on). For convenience, however, some ele- E mlsunderstandlng 18 unprecedented and has

W anatimeats [l Chulogens 0 o, o P e culd ikl el i e afforded us the opportunity to forever change

[] Alkaline carth metals [ ] Halogens Group 2A elements (Be. Mg, Ca, Sr, Ba, and Ra) are called alkalime earth metals. . . .

] Tousitonmenls ] Noblegises _ ELemens n Growp 64 (0, . S T, and Po) st sometimes rferd 10 4 e how we provide the best possible learning mate-
rials to ensure that our students are optimally

equipped to engage in chemistry.

chaleogens. Elements in Group 7A (F, C1, Br, 1, and A1) are known as halogens,
| and clements in Group 8A (He, Ne, Ar, Kr, Xe. and Rn) arc called moble gases,
| (1] or rare gases. The elements in Group 1B and Groups 3B-8B collectively are
called the transition elements or transition metals.

The periodic table is a handy tool that correlates the properties of the ele-
ments in a systematic way and helps us to predict chemical behavior. At the turn
of the twentieth century, the periodic table was deemed “the most predictive tool
in all of science.” We will take a more detailed look at this keystone of chemistry
in Chapter 7.

|l

Updated Pedagogy

At the suggestion of many users, we have changed the Section Review questions to
multiple choice. This provides an inviting opportunity for self-assessment at the end
of each section. Students report using these questions to determine whether or not
they have mastered the necessary skills to proceed to the next section—and most
consider the multiple-choice format to be especially user-friendly. In addition, over
125 of the end-of-chapter problems have been revised and/or updated to provide a
refreshed set of practice opportunities.

Key Skills—Relocated!

Newly located immediately before the end-of-chapter problems, Key Skills pages are
modules that provide a review of specific problem-solving techniques from that par-
ticular chapter. These are techniques the authors know are vital to success in later
chapters. The Key Skills pages are designed to be easy for students to find touchstones
to hone specific skills from earlier chapters—in the context of later chapters. The
answers to the Key Skills Problems can be found in the Answer Appendix in the back
of the book.



New and Updated Chapter Content

Chapter 1—To continue providing the best flow of atoms first content, we have
reorganized Chapter 1, placing classification and properties of matter at the end of
the chapter. The benefit of this change is two-fold: It puts all of the numerical intro-
duction to measurement and units together at the beginning; and it makes the transi-
tion from Chapter 1 (concluding with matter) to Chapter 2 (atoms) a little more
seamless. Additionally, we have expanded coverage of dimensional analysis especially
concerning units raised to powers and added a new figure illustrating intensive and
extensive properties.

Chapter 3—Refreshed with a new introduction and opening image, our chapter
on Quantum Theory and the Electronic Structure of Atoms has been updated for
clarity in the introduction to energy and energy changes, discussion of the uncertainty
principle, and the examination of electron configurations.

Chapter 6—We have refined discussion around several topics in the chapter on
Representing Molecules, including multiple bonds, formal charge, and an introduction
to resonance. Additionally, we’ve reordered the steps to building Lewis structures and
reworked Worked Example 6.4 that demonstrates how to draw Lewis structures.

Chapter 12—We have included a new, atoms-first introduction to the packing
of spheres in crystalline solids—providing a better foundation for understanding the
origin of cubic packing in solid-state structures. Additional content has also been
added to our section on phase changes.

Chapter 13—In this chapter, Physical Properties of Solutions, we’ve reworded
sections 13.2 (A Molecular View of the Solution Process) and 13.3 (Concentration
Units). We also have a new photo illustrating the Tyndall effect (Figure 13.13) as well
as new computational end-of-chapter questions for section 13.3.

Chapter 15—In response to student data from SmartBook, we have made
changes to some of the key figures in the introduction to equilibrium—improving the
visual presentation in ways we believe will resonate with students. We’ve also updated
the introduction to equilibrium constants & reaction quotients as well as the introduc-
tion to Le Chatelier’s principle.
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Environmental Chemistry

Chapter 21—Based on numerous requests, we have added a new chapter on
environmental chemistry, a timely and relevant subdiscipline of chemistry. The topics
in this chapter have proven to be of interest to students and instructors alike.

Chapter 26—In response to feedback from professors and to accommodate the
inclusion of a dedicated chapter on environmental chemistry, we have moved the
chapter on metallurgy and the chemistry of the metals to the online material. There-
fore, what was Chapter 21 in the second edition has been renumbered Chapter 26,
Metallurgy and the Chemistry of Metals. Both Chapter 25 (Nonmetallic Elements and
Their Compounds) and Chapter 26 are available as a free digital download via the
Instructor Resources in Connect and for text customization in McGraw-Hill Create.

The Construction of a Learning System

Writing a textbook and its supporting learning tools is a multifaceted process. McGraw-
Hill’s 360° Development Process is an ongoing, market-oriented approach to building
accurate and innovative learning systems. It is dedicated to continual large scale and
incremental improvement, driven by multiple customer feedback loops and checkpoints.

This is initiated during the early planning stages of new products and intensifies
during the development and production stages. The 360° Development Process then
begins again upon publication, in anticipation of the next version of each print and
digital product. This process is designed to provide a broad, comprehensive spectrum
of feedback for refinement and innovation of learning tools for both student and
instructor. The 360° Development Process includes market research, content reviews,
faculty and student focus groups, course- and product-specific symposia, accuracy
checks, and art reviews, all guided by carefully selected Content Advisors.

The Learning System Used in Chemistry: Atoms First

Building Problem-Solving SKills. The entirety of the text emphasizes the importance
of problem solving as a crucial element in the study of chemistry. Beginning with
Chapter 1, a basic guide fosters a consistent approach to solving problems throughout
the text. Each Worked Example is divided into four consistently applied steps: Strategy
lays the basic framework for the problem; Setup gathers the necessary information for
solving the problem; Solution takes us through the steps and calculations; Think About
It makes us consider the feasibility of the answer or information illustrating the
relevance of the problem.

After working through this problem-solving approach in the Worked Examples,
there are three Practice Problems for students to solve. Practice Problem A (Attempt)
is always very similar to the Worked Example and can be solved using the same
strategy and approach.

One type of laser used in the treatment of vascular skin lesions is a neodymium-doped yttrium aluminum garnet, or Nd:YAG,
laser. The wavelength commonly used in these treatments is 532 nm. What is the frequency of this radiation?

Strategy We must convert the wavelength to meters and solve for frequency using Equation 3.3 (¢ = Av).

Setup Rearranging Equation 3.3 to solve for frequency gives v = £. The speed of light, ¢, is 3.00 x 10° m/s. 2 (in meters) =
P ging Eq quency gl b P!
532 nm x et =532 x 107 m.

Tom

Solution
_ 3.00 x 10° m/s

v= —— =5.64 x 1057
532x 107" m

Think About It
Make sure your units cancel properly. A common error in this type of problem is neglecting to convert wavelength to meters.

Practice Problem GTTEMPT What is the wavelength (in meters) of an electromagnetic wave whose frequency is 1.61 X
107577

Practice Problem eUILD What is the frequency (in reciprocal seconds) of electromagnetic radiation with a wavelength
of 1.03 cm?

Practice Problem GONCEPTUALIZE Which of the following sets of waves best represents the relative wavelengths/
frequencies of visible light of the colors shown?




Although Practice Problem B (Build) probes comprehension of the same con-
cept as Practice Problem A, it generally is sufficiently different in that it cannot be
solved using the exact approach used in the Worked Example. Practice Problem B
takes problem solving to another level by requiring students to develop a strategy
independently. Practice Problem C (Conceptualize) provides an exercise that further
probes the student’s conceptual understanding of the material and many employ con-
cept and molecular art. The regular use of the Worked Example and Practice Prob-
lems in this text will help students develop a robust and versatile set of
problem-solving skills.

Section Review. Every section of the book that contains Worked Examples and Prac-
tice Problems ends with a Section Review. The Section Review enables the student
to evaluate whether they understand the concepts presented in the section.

Key Skills. Newly located immediately before end-of-chapter problems, Key Skills
are easy to find review modules where students can return to refresh and hone specific
skills that the authors know are vital to success in later chapters. The answers to the
Key Skills can be found in the Answer Appendix in the back of the book.
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Having determined molecular geometry, we determine overall polarity of each molecule by examining the individual bond
dipoles and their arrangement in three-dimensional space.

IF Cl

F. F.

El \l I(“,ﬁm

Molecular Shape and Polarity F/ﬂ F/Vﬂ W \\1‘-1
F F

Molecular polarity is tremendously important in determining the physical and chemical properties of a substance. Indeed, S and F have

molecular polarity s one of the most important consequences of molecular geometry. To determine the geometry or shape

of a molecule or polyatomic ion, we use a stepwise procedure:

1. Draw a correct Lewis structure [ Chapter 6 Key Skills].

»

a double bond, or a triple bond.

. Apply the VSEPR model to determine electron-domain geometry.

Count electron domains. Remember that an electron domain is a lone pair or a bond; and that a bond may be a single bond.

4. Consider the positions of atoms to determine molecular geometry (shape), which may or may not be the same as the

electron-domain geometry.

Consider the examples of SFq, SFy, and CH,Cl,. We determine the molecular geometry as follows:

:i‘i: :L"‘,]:
Draw the Lewis structure. 3 ‘ 3 H*T*@
p H
6 clectron domains: 5 clectron domains: 4 electron domains:
Count elecron domains || | 2555000, B bonds « four bonds
on the central atom. « one lone pair

Apply VSEPR to determine
electron-domain geometry.

6 electron domains
arrange themselves in an
octahedron.

5 clectron domains
arrange themselves in
atrigonal bipyramid.

4 electron domains
arrange themselves in
a tetrahedron

F
F\S\ _F
| >F

F

F|

~.,
S

|

C1

|
c—al
A
H Ny

Consider positions of
atoms to determine
molecular geomery.

With no lone pairs on the
central atom, the molecular
geomelry is the same as the
electron-domain geometry:
Octahedral.

The lone pair occupies one of
the equatorial positions,
making the molecular
geometry: See-saw shaped.

With no lone pairs on the
central atom, the molecular
geometry is the same as the
electron-domain geometry:
Tetrahedral

296

);fr,)

ol

!

pe

Determine whether or not
the individual bonds are
polar.

electronegativities of 2.5
and 4, respectively.

[ i<« Figure 6.4, page 216]
Therefore the individual
bonds are polar and can be
represented with arrows.

As in SF, the individual
bonds in SF, are polar. The
bond dipoles are
represented with arrows.

C. H, and Cl have
electronegativities of 2.5,
2.1, and 3.0, respectively.
The individual bonds are
polar. Bond dipoles are

represented with arrows.

f I
rel rl
F%I g Fy] |

F F

Consider the arrangement
of bonds to determine
which, if any, dipoles

cancel one another.

The dipoles shown in red
cancel each other; those
shown in blue cancel each
other; and those shown in
green cancel each other,
SFg is nonpolar.

The dipoles shown in green
cancel each other; but the
dipoles shown in red—
because they are not directly
across from each other—
do not. SF, is polar.

Although the bonds are
symmetrically distributed,
they do not ail have
equivalent dipoles and
therefore do not cancel each
other. CH,Cl, is polar.

Even with polar bonds, a molecule may be nonpolar if it consists of equivalent bonds that are distributed symmetrically. Molecules
with equivalent bonds that are not distributed symmetrically, or with bonds that are not equivalent, are generally polar.

Key Skills Problems

7.1

What is the molecular geometry of PBr;?
(a) trigonal planar (b) tetrahedral (c) trigonal pyramidal

(d) bent () T-shaped

72

Which of the following species does not have tetrahedral

molecular geometry?

(a) CCl, (b) SnH, (¢) AICI; (d) XeF, () PH]

73

Which of the following species is polar?
(a) CF; (b) CIF; (¢) P (d) AIF; (e) XeFy

74

Which of the following species is nonpolar?
(a) ICI; (b) SCI, (¢) SeCl, (d) NCI; (e) GeCl,

297

Student Hot Spots. In the text, we have identified areas of particularly difficult
content as “Student Hot Spots”—and use them to direct students to a variety of
learning resources specific to that content. Students will be able to access over 1,000
digital learning resources throughout this text’s SmartBook. These learning resources
present summaries of concepts and worked examples, including over 200 videos of
chemistry faculty solving problems or modeling concepts which students can view
over and over again.

@ Student Hot Spot
Student data indicate you may struggle with

VSEPR. Access the SmartBook to view additional

Learning Resources on this topic.
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Applications. Each chapter offers a variety of tools designed to help facilitate learning.
Student Annotations provide helpful hints and simple suggestions to the student.

The nomenclature of molecular compounds follows in a similar manner to that [

of ionic compounds. Most molecular compounds are composed of two nonmetals Student Annotation: Recal that compounds
(see [l4¢ Section 2.6, Figure 2.10]). To name such a compound, we first name the Compose?j of two elements are called binary
compounds.

element that appears first in the formula. For HCI that would be hydrogen. We then
name the second element, changing the ending of its name to —ide. For HCI, the
second element is chlorine, so we would change chlorine to chloride. Thus, the
systematic name of HCI is hydrogen chloride. Similarly, HI is hydrogen iodide
(iodine —— iodide) and SiC is silicon carbide (carbon —— carbide).

Thinking Outside the Box is an application providing a more in-depth look into
a specific topic. Learning Outcomes provide a brief overview of the concepts the
student should understand after reading the chapter. It’s an opportunity to review areas
that the student does not feel confident about upon reflection.

Thinking Outside the Box
Functional Groups
Many organic compounds are derivatives of alkanes in which one of the
H atoms has been replaced by a group of atoms known as a functional )
group. The functional group determines many of the chemical properties
of a compound because it typically is where a chemical reaction occurs.
Table 5.9 lists the names and provides ball-and-stick models of several im-
. Ethanol
portant functional groups.
Ethanol, for example, the alcohol in alcoholic beverages, is ethane The molecular formula of ethanol can also be written C,H40, but
(C,Hg) with one of the hydrogen atoms replaced by an alcohol (—OH) C,HsOH conveys more information about the structure of the molecule.
group. Its name is derived from that of ethane, indicating that it contains Organic compounds and several functional groups are discussed in greater
two carbon atoms. detail in Chapter 23.
TABLE 5.9 Organic Functional Groups
Name Functional group Molecular model
Alcohol —OH —-
Aldehyde —CHO —4
Carboxylic acid —COOH _1
A
)
)
Amine —NH, —d
i

Visualization. This text seeks to enhance student understanding through a variety of
both unique and conventional visual techniques. A truly unique element in this text
is the inclusion of a distinctive feature entitled Visualizing Chemistry. These two-
page spreads appear as needed to emphasize fundamental, vitally important principles
of chemistry. Setting them apart visually makes them easier to find and revisit as
needed throughout the course term. Each Visualizing Chemistry feature concludes
with a “What’s the Point?” box that emphasizes the correct take-away message.



There is a series of conceptual end-of-chapter problems for each Visualizing
Chemistry piece. The answers to the Visualizing Chemistry problems, Key Skills
problems, and all odd-numbered end of chapter Problems can be found in the Answer
Appendix at the end of the text.
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The Properties of Atoms

Nonmetals can also achieve an octet by
sharing electrons to form covalent bonds.

Although carbon is a nonmetal, it neither loses nor
‘gains electrons casily. Instead, it achieves an octet
by sharing electrons—forming covalent bonds.

‘What makes carbon different from other
nonmetals is that it often forms bonds with itself,
including multiple bonds—forming a limitless
array of organic compounds, such as ethylene.

* &

CH,

212

What's the point?

‘The number of subatomic particles determines the properties of
individual atoms. In turn, the properties of atoms determine how
they interact with other atoms and what compounds, if any, they
form.

Flow Charts and a variety of inter-textual materials such as Rewind and Fast
Forward Buttons and Section Review are meant to enhance student understanding and
comprehension by reinforcing current concepts and connecting new concepts to those
covered in other parts of the text.

Media. Many Visualizing Chemistry pieces have been made into captivating and
pedagogically-effective animations for additional reinforcement of subject matter first
encountered in the textbook. Each Visualizing Chemistry animation is noted by an icon.

Integration of Electronic Homework. You will find the electronic homework integrated
into the text in numerous places. All Practice Problem B’s are available in our electronic
homework program for practice or assignments. A large number of the end-of-chapter
problems are in the electronic homework system ready to assign to students.

For us, this text will always remain a work in progress. We encourage you to
contact us with any comments or questions.

Julia Burdge
juliaburdge @hotmail.com

Jason Overby
overbyj@cofc.edu

g a i

Video 7.8
Chemical bonding—formation of molecular
orbitals.
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Resources

A robust set of questions, problems, and interactive figures are presented and aligned
with the textbook’s learning goals. The integration of ChemDraw by PerkinElmer,

the industry standard in chemical drawing software, allows students to create accurate
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chemical structures in their online homework assignments. As an instructor, you can

edit existing questions and write entirely new problems. Track individual student
performance—by question, assignment, or in relation to the class overall—with
detailed grade reports. Integrate grade reports easily with Learning Management
Systems (LMS), such as WebCT and Blackboard—and much more. Also available
within Connect, our adaptive SmartBook has been supplemented with additional
learning resources tied to each learning objective to provide point-in-time help to
students who need it. To learn more, visit www.mheducation.com.
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Instructors have access to the following instructor resources through Connect.

XXViii

Art Full-color digital files of all illustrations, photos, and tables in the book can
be readily incorporated into lecture presentations, exams, or custom-made class-
room materials. In addition, all files have been inserted into PowerPoint slides
for ease of lecture preparation.

Animations Numerous full-color animations illustrating important processes are
also provided. Harness the visual impact of concepts in motion by importing
these files into classroom presentations or online course materials.
PowerPoint Lecture Outlines Ready-made presentations that combine art and
lecture notes are provided for each chapter of the text.

Computerized Test Bank Over 3,000 test questions that accompany Chemistry:
Atoms First are available utilizing the industry-leading test generation software
TestGen. These same questions are also available and assignable through Con-
nect for online tests.

Instructor’s Solutions Manual This supplement contains complete, worked-out
solutions for the Practice Problem C questions, Key Skills questions, and all the
end-of-chapter problems in the text.
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Fueled by LearnSmart—the most widely used and intelligent adaptive learning LEARNSMART
resource—LearnSmart Prep is designed to get students ready for a forthcoming — ™
course by quickly and effectively addressing prerequisite knowledge gaps that may P R E P
cause problems down the road. By distinguishing what students know from what they E—
don’t, and honing in on concepts they are most likely to forget, LearnSmart Prep
maintains a continuously adapting learning path individualized for each student, and
tailors content to focus on what the student needs to master in order to have a suc-
cessful start in the new class.

General Chemistry

N Particle Description of the Phases of Matter
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Based on the same world-class, superbly adaptive technology as LearnSmart, McGraw- LEARNSMART

Hill LearnSmart Labs is a must-see, outcomes-based lab simulation. It assesses a Mc
student’s knowledge and adaptively corrects deficiencies, allowing the student to learn i
faster and retain more knowledge with greater success. First, a student’s knowledge
is adaptively leveled on core learning outcomes: Questioning reveals knowledge defi-
ciencies that are corrected by the delivery of content that is conditional on a student’s
response. Then, a simulated lab experience requires the student to think and act like
a scientist: Recording, interpreting, and analyzing data using simulated equipment
found in labs and clinics. The student is allowed to make mistakes—a powerful part
of the learning experience! A virtual coach provides subtle hints when needed, asks
questions about the student’s choices, and allows the student to reflect on and correct
those mistakes. Whether your need is to overcome the logistical challenges of a tra-
ditional lab, provide better lab prep, improve student performance, or make your
online experience one that rivals the real world, LearnSmart Labs accomplishes it all.

Education

LABS

standardize the sodium hydroxide solution. Refer to the instructions for

Start by making a potassium hydrogen phthalate (KHP) solution. Then
fill the buret with sodium hydroxide and perform 3 titrations to
further details.
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%Gegrity campus

McGraw-Hill Create™

With McGraw-Hill Create, you can easily rearrange chapters, combine material from
other content sources, and quickly upload content you have written, like your course
syllabus or teaching notes. Find the content you need in Create by searching through
thousands of leading McGraw-Hill textbooks. Arrange your book to fit your teaching
style. Create even allows you to personalize your book’s appearance by selecting the
cover and adding your name, school, and course information. Order a Create book and
you’ll receive a complimentary print review copy in 3—5 business days or a complimen-
tary electronic review copy (eComp) via email in minutes. Go to ww.mcgrawhillcreate.
com today and register to experience how McGraw-Hill Create empowers you to teach
your students your way. www.mcgrawhillcreate.com

My Lectures—Tegrity®

McGraw-Hill Tegrity records and distributes your class lecture with just a click of a
button. Students can view anytime/anywhere via computer, iPod, or mobile device. It
indexes as it records your PowerPoint® presentations and anything shown on your com-
puter so students can use keywords to find exactly what they want to study. Tegrity is
available as an integrated feature of McGraw-Hill Connect Chemistry and as a standalone.

Student Solutions Manual

Students will find answers to the Visualizing Chemistry and Key Skills questions and
detailed solutions and explanations for the odd-numbered problems from the text in
the solutions manual.

Laboratory Manual

Laboratory Manual to Accompany Chemistry: Atoms First by Gregg Dieckmann and
John Sibert from the University of Texas at Dallas. This laboratory manual presents
a lab curriculum that is organized around an atoms-first approach to general chemis-
try. The philosophy behind this manual is to (1) provide engaging experiments that
tap into student curiosity, (2) emphasize topics that students find challenging in the
general chemistry lecture course, and (3) create a laboratory environment that encour-
ages students to “solve puzzles” or “play” with course content and not just “follow
recipes.” The laboratory manual represents a terrific opportunity to get students turned
on to science while creating an environment that connects the relevance of the exper-
iments to a greater understanding of their world. This manual has been written to
provide instructors with tools that engage students, while providing important connec-
tions to the material covered in an atoms-first lecture course.
Important features of this laboratory manual:

e Early experiments focus on topics introduced early in an atoms-first course—
properties of light and the use of light to study nanomaterials, line spectra and
the structure of atoms, periodic trends, etc.

e Prelab or foundation exercises encourage students to understand the important
concepts/calculations/procedures in the experiment through working together.

e Postlab or reflection exercises put the lab content in the context of a larger
chemistry/science picture.

« Instructor’s resources (found in the Instructor Resources on Connect®) provided with
each experiment outline variations that can be incorporated to enrich the student
experience or tailor the lab to the resources/equipment available at the institution.
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RECENT STUDIES of interactions involving nanoparticles of noble metals, including
gold, silver, and platinum, have enabled scientists to explain and exploit something
known as /localized surface plasmon resonances, depicted here. Among other things,
this work has led to the development of photothermal ablation—a novel treatment for
certain cancers. Specially designed gold nanoshells are injected into the patient and
preferentially attach themselves to the target tumor cells. Near-infrared radiation
(light of slightly longer wavelength than can be detected by the human eye) is then
directed at the tumor, causing the gold nanoshells to emit heat. This heat destroys
the tumor cells to which the nanoshells are attached, leaving the surrounding and

nearby healthy cells unharmed.



Before You Begin, Review These Skills

« Basic algebra
+ Scientific notation [44 Appendix 1]

IR e sTuDY OF CHEMISTRY

Chemistry often is called the central science because knowledge of the principles of
chemistry can facilitate understanding of other sciences, including physics, biology,
geology, astronomy, oceanography, engineering, and medicine. Chemistry is the study
of matter and the changes that matter undergoes. Matter is what makes up our bodies,
our belongings, our physical environment, and in fact our entire universe. Matter is
anything that has mass and occupies space.

Chemistry You May Already Know

You may already be familiar with some of the terms used in chemistry. Even if this
is your first chemistry course, you may have heard of molecules and know them to
be tiny pieces of a substance—much too tiny to see. Further, you may know that
molecules are made up of atoms, even smaller pieces of matter. And even if you don’t
know what a chemical formula is, you probably know that H,O is water. You may
have used, or at least heard, the term chemical reaction; and you are undoubtedly
familiar with a variety of common processes that are chemical reactions, such as those
shown in Figure 1.1. Don’t worry if you are not familiar with these terms; they will
be defined in the early chapters of this book.

The processes in Figure 1.1 are all things that you can observe at the
macroscopic level. In other words, these processes and their results are visible to the
human eye. In studying chemistry, you will learn to visualize and understand these
same processes at the submicroscopic or molecular level.

The Scientific Method

Advances in our understanding of chemistry (and other sciences) are the result of
scientific experiments. Although scientists do not all take the same approach to experi-
mentation, they must follow a set of guidelines known as the scientific method to
have their results added to the larger body of knowledge within a given field. The
flowchart in Figure 1.2 illustrates this basic process. The method begins with the
gathering of data via observations and experiments. Scientists study these data and
try to identify patterns or trends. When they find a pattern or trend, they may sum-
marize their findings with a law, a concise verbal or mathematical statement of a
reliable relationship between phenomena. Scientists may then formulate a hypothesis,
a tentative explanation for their observations. Further experiments are designed to test
the hypothesis. If experiments indicate that the hypothesis is incorrect, the scientists
go back to the drawing board, try to come up with a different interpretation of their
data, and formulate a new hypothesis. The new hypothesis will then be tested by
experiment. When a hypothesis stands the test of extensive experimentation, it may
evolve into a theory. A theory is a unifying principle that explains a body of experi-
mental observations and the laws that are based on them. Theories can also be used
to predict related phenomena, so theories are constantly being tested. If a theory is
disproved by experiment, then it must be discarded or modified so that it becomes
consistent with experimental observations.

Student Annotation: Macroscopic means
large enough to be seen with the unaided eye.

Student Annotation: Submicroscopic means
too small to be seen, even with a microscope.
Atoms and molecules are submicroscopic.
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(b)

(d)

Figure 1.1 Many familiar processes are chemical
reactions: (a) The flame of a gas stove is the combustion
of natural gas, which is primarily methane. (b) The
bubbles produced when Alka-Seltzer dissolves in water
are carbon dioxide, produced by a chemical reaction
between two ingredients in the tablets. (c) The formation
of rust is a chemical reaction that occurs when iron,
water, and oxygen are all present. (d) Many baked goods
“rise” as the result of a chemical reaction that produces
carbon dioxide.

(a): © fStop/PunchStock; (b): © Brand X Pictures/PunchStock;
(c): © Image Source/Corbis; (d): © Sharon Dominick/Getty

Observations

Hypothesis revised if Model altered if
experimental results experimental results
I do not support it | I do not support it |
Model (Theory)

Set of conceptual

Natural phenomena' N Hypothesis N Experiment assumptions that N Furt.her
and measured events; T : . Procedure to test . Experiment
e : entative explanation . explains data from L
if universally consistent, . . hypothesis; measures . . Tests predictions
that explains observations - . accumulated experiments;
can be stated / /| one variable at a time . A based on model
predicts related
as a law
phenomena
Observation: Hypothesis: Experiment: Model: Further
Milkmaids don’t Having contracted Intentionally expose Because child did not Experiment:
contract smallpox. cowpox, milkmaids a healthy child to cowpox contract smallpox, Many more humans
have a natural immunity and later to smallpox. immunity seemed to inoculated with
to smallpox. have resulted from cowpox virus, confirming
COWPOX exposure. the model.

Figure 1.2 Flowchart of the scientific method.
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A fascinating example of the use of the scientific method is the story of how
smallpox was eradicated. Late in the eighteenth century, an English doctor named
Edward Jenner observed that even during outbreaks of smallpox in Europe, milkmaids
seldom contracted the disease. He reasoned that when people who had frequent con-
tact with cows contracted cowpox, a similar but far less harmful disease, they devel-
oped a natural immunity to smallpox. He predicted that intentional exposure to the
cowpox virus would produce the same immunity. In 1796, Jenner exposed an 8-year-
old boy to the cowpox virus using pus from the cowpox lesions of an infected milk-
maid. Six weeks later, he exposed the boy to the smallpox virus and, as Jenner had
predicted, the boy did not contract the disease. Subsequent experiments using the same
technique (later dubbed vaccination from the Latin vacca meaning cow) confirmed
that immunity to smallpox could be induced.

A superbly coordinated international effort on the part of healthcare workers
was successful in eliminating smallpox worldwide. In 1980, the World Health Orga-
nization declared smallpox officially eradicated. This historic triumph over a dreadful
disease, one of the greatest medical advances of the twentieth century, began with
Jenner’s astute observations, inductive reasoning, and careful experimentation—the
essential elements of the scientific method.

IEE] sciENTIFIC MEASUREMENT

Scientists use a variety of devices to measure the properties of matter. A meterstick
is used to measure length; a burette, pipette, graduated cylinder, and volumetric flask
are used to measure volume (Figure 1.3); a balance is used to measure mass; and a
thermometer is used to measure temperature. Properties that can be measured are
called quantitative properties because they are expressed using numbers. When we
express a measured quantity with a number, though, we must always include the
appropriate unit; otherwise, the measurement is meaningless. For example, to say that
the depth of a swimming pool is 3 is insufficient to distinguish between one that is
3 feet (0.9 meter) and one that is 3 meters (9.8 feet) deep. Units are essential to report-
ing measurements correctly.

The two systems of units with which you are probably most familiar are the
English system (foot, gallon, pound, etc.) and the metric system (meter, liter, kilogram,
etc.). Although there has been an increase in the use of metric units in the United
States in recent years, English units still are used commonly. For many years, scientists
recorded measurements in metric units, but in 1960, the General Conference on
Weights and Measures, the international authority on units, proposed a revised metric
system for universal use by scientists. We will use both metric and revised metric (SI)
units in this book.

SI Base Units

The revised metric system is called the International System of Units (abbreviated
SI, from the French Systéme Internationale d’Unités). Table 1.1 lists the seven SI base
units. All other units of measurement can be derived from these base units. The
SI unit for volume, for instance, is derived by cubing (raising to the power 3) the SI
base unit for length. The prefixes listed in Table 1.2 are used to denote decimal frac-
tions and decimal multiples of SI units. The use of these prefixes enables scientists
to tailor the magnitude of a unit to a particular application. For example, the meter
(m) is appropriate for describing the dimensions of a classroom, but the kilometer
(km), 1000 m, is more appropriate for describing the distance between two cities.
Units that you will encounter frequently in the study of chemistry include those for
mass, temperature, volume, and density.

Until recently, almost everyone had a
smallpox vaccine scar—usually on the
upper arm.

© Chris Livingston/Getty Images

Student Annotation: The last naturally
occurring case was in 1977 in Somalia.

Student Annotation: According to the U.S.
Metric Association (USMA), the United States is
“the only significant holdout” with regard to
adoption of the metric system. The other
countries that continue to use traditional units
are Myanmar (formerly Burma) and Liberia.
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Mass
= Although the terms mass and weight often are used interchangeably, they do not mean
the same thing. Strictly speaking, weight is the force exerted by an object or sample
due to gravity. Mass is a measure of the amount of matter in an object or sample.
Because gravity varies from location to location (gravity on the moon is only about
one-sixth that on Earth), the weight of an object varies depending on where it is
measured. The mass of an object remains the same regardless of where it is measured.
The SI base unit of mass is the kilogram (kg), but in chemistry the smaller gram (g)
0 often is more convenient and is more commonly used:
g 1kg=1000g=1x 10’ g
- 2 = . . . .
¥ Occasionally, the most convenient and/or commonly used unit for a particular
- application is not an SI unit. One such example is the atomic mass unit. The atomic
E mass unit (amu), as the name suggests, is used to express the masses of atoms—and
- 4 other objects of similar size. In terms of SI units, the amu is equal to 1.6605378 X
r 107** g or 1.6605378 x 107*" kg. Another example is the angstrom (A), a measure
— of length that is equal to 1 x 107" m.
ik
- 8
- =
10, Figure 1.3 (a) A burette is used to measure the volume of a liquid that has been added to a container. A
r reading is taken before and after the liquid is delivered, and the volume delivered is determined by sub-
:-— tracting the first reading from the second. (b) A volumetric pipette is used to deliver a precise amount of
E12 ‘ liquid. (c) A graduated cylinder is used to measure a volume of liquid. It is less precise than the volumetric
= )‘ flask. (d) A volumetric flask is used to prepare a precise volume of a solution for use in the laboratory.
14
3 -
o )
~16 (4] e
il 4/
18 ‘
E pany
20
\
1
' 25
Burette Volumetric pipette Graduated cylinder Volumetric flask

(a) (b) (©) d



SECTION 1.2 Scientific Measurement 7

TABLE 1.1 Base SI Units

Base quantity Name of unit Symbol
Length meter m
Mass kilogram kg
Time second S
Electric current ampere A
Temperature kelvin K

Amount of substance mole mol

Luminous intensity candela cd

TABLE 1.2 Prefixes Used with SI Units

Prefix Symbol Meaning Example
Tera- T  1x10"%(1,000,000,000,000) 1 teragram (Tg)=1x 10" g
Giga- G 1 x 10° (1,000,000,000) 1 gigawatt (GW) = 1 x 10°
Mega- M 1 x 10° (1,000,000) 1 megahertz (MHz) = 1 x 10°
Kilo- k 1 x 10% (1,000) 1 kilometer (km) = 1 x 10° m
Deci- d 1x 107 (0.1) 1 deciliter (dL) =1 x 107" L
Centi- c 1 x107%(0.01) 1 centimeter (cm) = 1 X 107? m
Milli- m 1 x 1073 (0.001) 1 millimeter (mm) = 1 x 10 m
Micro- 1 1 x 107° (0.000001) 1 microliter (uL) =1 x 10° L
Nano- n 1 x 10~ (0.000000001) 1 nanosecond (ns) = 1 x 10~ s
Pico- p  1x107'?(0.000000000001) 1 picogram (pg)=1x 107* g
Temperature

There are two temperature scales used in chemistry: the Celsius scale and the absolute
or Kelvin scale. Their units are the degree Celsius (°C) and the kelvin (K), respectively.
The Celsius scale [named after Swedish physicist Ander Celsius (1701—1744)] was
originally defined using the freezing point (0°C) and the boiling point (100°C) of pure
water at sea level. As Table 1.1 shows, the SI base unit of temperature is the kelvin.
Kelvin is also known as the absolute temperature scale because the lowest temperature
theoretically possible is 0 K, a temperature referred to as absolute zero. No degree
sign (°) is used to represent a temperature on the Kelvin scale.

Units of the Celsius and Kelvin scales are equal in magnitude, so a degree
Celsius is equivalent to a kelvin. Thus, if the temperature of an object increases by
5°C, it also increases by 5 K. Absolute zero on the Kelvin scale is equivalent to
—273.15°C on the Celsius scale. We use the following equation to convert a tempera-
ture from units of degrees Celsius to kelvins:

K = °C + 273.15 Equation 1.1

Worked Example 1.1 illustrates conversions between these two temperature scales.

Student Annotation: There is no such thing as
a negative temperature on the Kelvin scale.

Student Annotation: The theoretical basis of
the Kelvin scale has to do with the behavior of
gases. [Chapter 11]

Student Annotation: Depending on the
precision required, the conversion from degrees
Celsius to kelvins often is done simply by
adding 273, rather than 273.15.
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Worked Example 1.1

Normal human body temperature can range over the course of the day from about 36°C in the early morning to about 37°C in
the afternoon. Express these two temperatures and the range that they span using the Kelvin scale.

Strategy Use Equation 1.1 to convert temperatures from the Celsius scale to the Kelvin scale. Then convert the range of
temperatures from degrees Celsius to kelvins, keeping in mind that 1°C is equivalent to 1 K.

Setup Equation 1.1 is already set up to convert the two temperatures from degrees Celsius to kelvins. No further manipulation
of the equation is needed. The range in kelvins will be the same as the range in degrees Celsius.

Solution 36°C + 273 = 309 K, 37°C + 273 = 310 K, and the range of 1°C is equal to a range of 1 K.

Think About It
Check your math and remember that converting a temperature from degrees Celsius to kelvins is different from converting a difference in
temperature from degrees Celsius to kelvins.

Practice Problem QTTEM PT Express the freezing point of water (0°C), the boiling point of water (100°C), and the range
spanned by the two temperatures using the Kelvin scale.

Practice Problem GUILD According to the website of the National Aeronautics and Space Administration (NASA), the
average temperature of the universe is 2.7 K. Convert this temperature to degrees Celsius.

Practice Problem GONCEPTUALIZE If a single degree on the Celsius scale is represented by the rectangle on the left,
which of the rectangles on the right best represents a single kelvin?

S S _
@ (i1) (iii) @iv)

Outside of scientific circles, the Fahrenheit temperature scale is the one most used in
the United States. Before the work of Daniel Gabriel Fahrenheit (German physicist,
1686—-1736), there were numerous different, arbitrarily defined temperature scales,
none of which gave consistent measurements. Accounts of exactly how Fahrenheit
devised his temperature scale vary from source to source. In one account, in 1724,
Fahrenheit labeled as 0° the lowest artificially attainable temperature at the time (the
temperature of a mixture of ice, water, and a substance called ammonium chloride).
Using a traditional scale consisting of 12 degrees, he labeled the temperature of a
healthy human body as the twelfth degree. On this scale, the freezing point of water
occurred at the fourth degree. For better resolution, each degree was further divided
into eight smaller degrees. This convention makes the freezing point of water 32°F
and normal body temperature 96°F. (Today we consider normal body temperature to
be somewhat higher than 96°F.)

The boiling point of water on the Fahrenheit scale is 212°, meaning that there
are 180 degrees (212°F minus 32°F) between the freezing and boiling points. This
separation is considerably more degrees than the 100 between the freezing point and
boiling point of water on the Celsius scale. Thus, the size of a degree on the Fahrenheit
scale is only 100/180 or five-ninths of a degree on the Celsius scale. Equation 1.2
gives the relationship between temperatures on the Fahrenheit and Celsius scales.

o

SHC

Equation 1.2 temperature in °F = X (temperature in °C) + 32°F
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Worked Example 1.2 lets you practice converting from Celsius to Fahrenheit.

Worked Example 1.2

A body temperature above 39°C constitutes a high fever. Convert this temperature to the Fahrenheit scale.

Strategy We are given a temperature in degrees Celsius and are asked to convert it to degrees Fahrenheit.

Setup We use Equation 1.2:

o

temperature in Fahrenheit = —— X (temperature in degrees Celsius) + 32°F

5°C

Solution

(9)

5°C

temperature in Fahrenheit =

X (39°C) + 32°F = 102°F

Think About It

Knowing that “normal” body temperature on the Fahrenheit scale is approximately 99°F (98.6°F is the number most often cited), 102°F

seems like a reasonable answer.

Practice Problem QTTEMPT The average temperature at the summit of Mt. Everest ranges from —36°C during the coldest
month (January) and —19°C during the warmest month (July). Convert these temperatures and the range they span to Fahrenheit.

Practice Problem GU ILD The average surface temperatures of planets in our solar
system range from 867°F on Venus to —330°F on Neptune. Convert these temperatures
and the range they span to Celsius.

Practice Problem GONCEPT UALIZE If a single degree on the Fahrenheit scale
is represented by the rectangle on the left, which of the rectangles on the right best
represents a single degree on the Celsius scale? Which best represents a single kelvin?

Student Annotation: The average surface
temperature of Pluto is —375°F, but Pluto is no
longer classified as a planet.

® (i) (i)

Derived Units: Volume and Density

There are many quantities, such as volume and density, that require units not
included in the base SI units. In these cases, we must combine base units to derive
appropriate units.

The derived SI unit for volume, the meter cubed (m?), is a much larger volume
than is usually convenient. The more commonly used metric unit, the liter (L), is
derived by cubing the decimeter (one-tenth of a meter) and is therefore also referred
to as the cubic decimeter (dm3). Another commonly used metric unit of volume is
the milliliter (mL), which is derived by cubing the centimeter (1/100 of a meter). The
milliliter is also referred to as the cubic centimeter (cm3). Figure 1.4 illustrates the
relationship between the liter (or dm®) and the milliliter (or cm?).

Density is the ratio of mass to volume. A familiar demonstration of density is
the attempt to mix water and oil. Oil floats on water because, in addition to not
mixing with water, oil has a lower density than water. That is, given equal volumes

@iv)





