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Main Group
Representative Elements

Periodic Table of the Elements

Main Group
Representative Elements

1A 8A
1 18
1 2
1, H 2A 30  4A  5A 6A 7A | He
1.00794 2 13 14 15 16 17 4.002602
3 4 D Metals D Metalloids D Nonmetals 5 6 7 8 9 10
2 Li Be B C N (0] F Ne
6.941 |9.0121831 Transition metals 10.811 | 12.0107 | 14.0067 | 15.9994 (1899840316 20.1797
11 12 | : 1 13 14 15 16 17 18
3 Na Mg 3B 4B 5B 6B 7B 8B —— 1B 2B Al Si P S Cl Ar
22.989770| 24.3050 3 4 5 6 7 8 9 10 11 12 26981538 28.0855 30973762 | 32.065 | 35.453 | 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 55 36
4 K Ca Sc Ti A Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
39.0983 | 40.078 |44.955908| 47.867 | 50.9415 | 51.9961 |54.938044 55.845 |58.933194 58.6934 | 63.546 | 65.39 | 69.723 | 72.64 |74.92160| 78.971 | 79.904 | 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
5 Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
854678 | 87.62 |88.90584| 91.224 |92.90637| 95.95 [98] 101.07 [102.90550 | 106.42 |107.8682 | 112.414 | 114.818 | 118.710 | 121.760 | 127.60 [126.90447| 131.293
55 56 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
6 Cs Ba Lu Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
132.905453 137.327 | |174.967 | 178.49 |180.9479| 183.84 | 186.207 | 190.23 | 192.217 | 195.078 [196.966569| 200.59 |204.3833| 207.2 |208.98038| [208.98] | [209.99] | [222.02]
87 88 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
7| Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Nh F1 Mc Lv Ts Og
[223.02] |[226.03] | |[262.11] | [267.1] | [2681] | [269.1] | [2701] | [2691] | [2782] | [281.2] | [282.2] | [285.2] | [286.2] | [289.2] | [289.2] | [293.2] | [293.2] | [294.2]
57 58 59 60 61 62 63 64 65 66 67 68 69 70
Lanthanide series La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
138.9055 | 140.116 [140.90766| 144.24 | [145] | 150.36 | 151.964 | 157.25 [158.92534| 162.50 |164.93033| 167.259 |168.93422| 173.04
89 90 91 92 93 94 95 96 97 98 99 100 101 102
Actinide series Ac Th Pa 8] Np Pu Am Cm Bk Cf Es Fm Md No
[227.03] | 232.0377 | 231.03588(238.02891| [237.05] | [244.06] | [243.06] | [247.07] | [247.07] | [251.08] | [252.08] | [257.10] | [258.10] | [259.10]

aThe labels on top (1A, 2A, etc.) are common American usage. The labels below these (1, 2, etc.) are those recommended
by the International Union of Pure and Applied Chemistry (IUPAC).
Values in brackets are the atomic weights of the longest-lived or most important isotope of radioactive elements.
Further information is available at http: //www.webelements.com
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Element
Actinium
Aluminum
Americium
Antimony
Argon
Arsenic
Astatine
Barium
Berkelium
Beryllium
Bismuth
Bohrium
Boron
Bromine
Cadmium
Calcium
Californium
Carbon
Cerium
Cesium
Chlorine
Chromium
Cobalt
Copernicium
Copper
Curium
Darmstadtium
Dubnium
Dysprosium
Einsteinium
Erbium
Europium
Fermium
Flerovium
Fluorine
Francium
Gadolinium
Gallium
Germanium
Gold

List of Elements with Their Symbols and Atomic Weights

Symbol
Ac
Al
Am
Sb
Ar
As
At
Ba
Bk
Be
Bi
Bh
B
Br
Cd
Ca
Cf
C
Ce
Cs
Cl
Cr
Co
Cn
Cu
Cm
Ds
Db
Dy
Es
Er
Eu
Fm
Fl
F
Fr
Gd
Ga
Ge
Au

Atomic Number
89
13
95
51
18
33
85
56
97

4
83
107

35
48
20
98

58
55
17
24
27
112
29
96
110
105
66
99
68
63
100
114
9
87
64
31
32
79

Atomic Weight
227.032
26.981538
243.06*
121.760
39.948
74.92160
209.992
137.327
247.072
9.012183
208.98038
270.12
10.81
79.904
112.414
40.078
251.082
12.0107
140.116
132.905452
35.453
51.9961
58.933194
285.22
63.546
247.072
281.22
268.1°
162.50
252.08°
167.259
151.964
257.10°
289.22
18.9984016
223.022
157.25
69.723
72.64
196.966569

Element
Hafnium
Hassium
Helium
Holmium
Hydrogen
Indium
Iodine
Iridium

Iron
Krypton
Lanthanum
Lawrencium
Lead
Lithium
Livermorium
Lutetium
Magnesium
Manganese
Meitnerium
Mendelevium
Mercury
Molybdenum
Moscovium
Neodymium
Neon
Neptunium
Nickel
Nihonium
Niobium
Nitrogen
Nobelium
Oganesson
Osmium
Oxygen
Palladium
Phosphorus
Platinum
Plutonium
Polonium
Potassium

Symbol
Hf

Atomic Number

72
108
2
67
1
49
53
77
26
36
57
103
82
3
116
71
12
25
109
101
80
42
115
60
10
93
28
113
41

102
118
76

46
15
78
94
84
19

Atomic Weight
178.49
269.1°
4.002602
164.93033
1.00794
114.818
126.90447
192.217
55.845
83.80
138.9055
262.11*
207.2
6.941
2932
174.967
24.3050
54.938044
278.22
258.10°
200.59
95.95
289.22
144.24
20.1797
237.05°
58.6934
286.22
92.90637
14.0067
259.10°
294.22
190.23
15.9994
106.42
30.973762
195.078
244.06*
208.982
39.0983

Element
Praseodymium
Promethium
Protactinium
Radium
Radon
Rhenium
Rhodium
Roentgenium
Rubidium
Ruthenium
Rutherfordium
Samarium
Scandium
Seaborgium
Selenium
Silicon

Silver
Sodium
Strontium
Sulfur
Tantalum
Technetium
Tellurium
Tennessine
Terbium
Thallium
Thorium
Thulium

Tin

Titanium
Tungsten
Uranium
Vanadium
Xenon
Ytterbium
Yttrium

Zinc
Zirconium

Symbol
Pr
Pm
Pa
Ra
Rn
Re
Rh
Rg
Rb
Ru
Rf
Sm
Sc
sg
Se
Si
Ag
Na
Sr
S
Ta
Tc
Te
Ts
Tb
Tl
Th
Tm
Sn
Ti
\Y
U
A%
Xe
Yb
Y
/n
Zr

Atomic Number
59
61
91
88
86
75
45
111
37
44

104
62
21

106
34
14
47
11
38
16
73
43
52

117
65
81
90
69
50
22
74
92
23
54
70
39
30
40

Atomic Weight
140.90766
145¢°
231.03588
226.032
222.022
186.2072
102.90550
282.22
85.4678
101.07
267.1°
150.36
44.955908
269.17
78.97
28.0855
107.8682
22.989770
87.62
32.065
180.9479
982
127.60
293.22
158.92534
204.3833
232.0377
168.93422
118.710
47.867
183.84
238.02891
50.9415
131.293
173.04
88.90584
65.39
91.224

aMass of longest-lived or most important isotope.
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d the Earth’s atmosphere would contain very little oxygen.

is ant chemical reaction on Earth. Stimulated by sunlight, molecules of chlorophyll in plant cells
ose. Without photosynthesis, living organisms would not be able to convert solar energy into
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PREFACE

To the Instructor

Philosophy

We authors of Chemistry: The Central Science are delighted and
honored that you have chosen us as your instructional partners
for your general chemistry class. Collectively we have taught
general chemistry to multiple generations of students. There-
fore, we understand the challenges and opportunities of teach-
ing a class that so many students take. We have also been active
researchers who appreciate both the learning and the discov-
ery aspects of the chemical sciences. Our varied, wide-ranging
experiences have formed the basis of the close collaborations we
have enjoyed as coauthors. In writing our book, our focus is on
the students: We try to ensure that the text is not only accurate
and up-to-date but also clear and readable. We strive to convey
the breadth of chemistry and the excitement that scientists
experience in making new discoveries that contribute to our
understanding of the physical world. We want the student to
appreciate that chemistry is not a body of specialized knowledge
that is separate from most aspects of modern life, but central to
any attempt to address a host of societal concerns, including
renewable energy, environmental sustainability, and improved
human health. Most of all, we want to provide you and your stu-
dents the most effective tools for teaching and learning.
Publishing the fifteenth edition of this text bespeaks an
exceptionally long record of successful textbook writing. We are
appreciative of the loyalty and support the book has received
over the years, and we are mindful of our obligation to justify
each new edition. We begin our approach to each new edition
with an intensive author retreat in which we ask ourselves the
deep questions that we must answer before we can move for-
ward. What justifies yet another edition? What is changing in
the world not only of chemistry, but with respect to science edu-
cation and the qualities of the students we serve? How can we
help your students not only learn the principles of chemistry, but
also become critical thinkers who can think more like chemists?
Answers to these questions lie only partly in the changing
face of chemistry itself. The introduction of many new technol-
ogies has changed the landscape in the teaching of sciences at all
levels. The use of online resources in accessing information and
presenting learning materials has markedly changed the role
of the textbook as one element among many tools for student
learning. Our challenge as authors is to maintain the text as the
primary source of chemical knowledge and practice, while at the
same time integrating it with the new avenues for learning made
possible by technology. This book incorporates a number of
technologies to improve pedagogy, including use of computer-
based classroom tools, such as Mastering Chemistry, which is
continually evolving to provide more effective means of testing

and evaluating student performance, while giving the student
immediate and helpful feedback. Video feedback for a select
number of Exam Prep questions is also available in Mastering
Chemistry, which is new to this edition

As authors, we want this text to be a central, indispensable
learning tool for students. Whether as a physical book or in elec-
tronic form, it can be carried everywhere and used at any time. It
is the best place students can go to obtain the information out-
side of the classroom needed for learning, skill development, ref-
erence, and test preparation. The text, more effectively than any
other instrument, provides the depth of coverage and coherent
background in modern chemistry that students need to serve
their professional interests and, as appropriate, to prepare for
more advanced chemistry courses.

If the text is to be effective in supporting your role as
instructor, it must be addressed to the students. We strive to
keep our writing clear and interesting, complemented by figures
and illustrations wherever possible. The book has numerous in-
text study aids for students, including student-friendly learn-
ing objectives and follow-up self-assessment exercises for each
section of the book, carefully placed descriptions of problem-
solving strategies, and a wealth of problems in varying formats
at the end of each chapter. We hope our cumulative experience
as teachers is evident in our pacing, choice of examples, and the
types of study aids and motivational tools we have employed.
We believe students are more enthusiastic about learning chem-
istry when they see its importance relative to their own goals
and interests; therefore, we have highlighted many important
applications of chemistry in everyday life. We hope you are able
to make use of this material.

Itis our philosophy, as authors, that the text and all the sup-
plementary materials provided to support its use must work in
concert with you, the instructor. A textbook is only as useful to
students as the instructor permits it to be. This book is replete
with features that help students learn and that can guide them
as they acquire both conceptual understanding and problem-
solving skills. There is a great deal here for the students to use,
too much for all of it to be absorbed by any student in a one-year
course. You will be the guide to the best use of the book. Only
with your active help will the students be able to utilize most
effectively all that the text and its supplements offer. Students
care about grades, of course, and with encouragement they will
also become interested in the subject matter and care about
learning. Please consider emphasizing features of the book that
can enhance student appreciation of chemistry, such as the
Chemistry and Sustainability and Chemistry and Life boxes that
show how chemistry impacts modern life and its relationship to
health and life processes. Also consider emphasizing conceptual
understanding (placing less emphasis on simple manipulative,
algorithmic problem solving) and urging students to use the
rich on-line resources available.

XXi



Preface

Organization and Contents

The first five chapters give a largely macroscopic, phenomeno-
logical view of chemistry. The basic concepts introduced—such
as nomenclature, stoichiometry, and thermochemistry—
provide necessary background for many of the laboratory exper-
iments performed in general chemistry. We believe an early
introduction to thermochemistry is desirable because so much
of our understanding of chemical processes is based on con-
siderations of energy changes. By incorporating bond enthalp-
ies in the Thermochemistry chapter we aim to emphasize the
connection between the macroscopic properties of substances
and the submicroscopic world of atoms and bonds. We believe
we have produced an effective, balanced approach to teaching
thermodynamics in general chemistry, as well as providing stu-
dents with an introduction to some of the global issues involv-
ing energy production and consumption. It is no easy matter to
walk the narrow pathway between trying to teach too much at
too high a level versus resorting to oversimplifications. For the
book as a whole, the emphasis has been on imparting conceptual
understanding, as opposed to presenting equations into which
students are supposed to plug numbers.

The next four chapters (Chapters 6-9) deal with electronic
structure and bonding. For more advanced students, A Closer
Look boxes in Chapters 6 and 9 highlight radial probability
functions and the phases of orbitals. Placing this latter discus-
sion in A Closer Look box in Chapter 9 enables those who wish
to cover this topic to do so, while others may decide to bypass
it. For those instructors who wish to take an “atoms first”
approach to teaching chemistry, starting with Chapters 1, 2,
and 6 (while filling in concepts and problem-solving skills from
Chapters 3-5 as they come up, especially in the laboratory) may
work well.

In Chapters 10-13, the focus of the text changes to the next
level of the organization of matter: examining the states of matter.
Chapters 10 and 11 deal with gases, liquids, and intermolecular
forces, while Chapter 12 is devoted to solids, presenting a con-
temporary view of the solid state as well as of modern materi-
als accessible to general chemistry students. Chapter 12 provides
an opportunity to show how abstract chemical bonding con-
cepts impact real-world applications. The modular organization
of the chapter allows you to tailor your coverage to focus on
the materials (semiconductors, polymers, nanomaterials, and
so forth) that are most relevant to your students and your own
interests. This section of the book concludes with Chapter 13,
which covers the formation and properties of solutions.

The next several chapters examine the factors that determine
the speed and extent of chemical reactions: kinetics (Chapter 14),
equilibria (Chapters 15-17), thermodynamics (Chapter 19), and
electrochemistry (Chapter 20). Also in this section is a chapter
on environmental chemistry (Chapter 18), in which the con-
cepts developed in preceding chapters are applied to a discussion
of the atmosphere and hydrosphere. This chapter has increas-
ingly become focused on green chemistry and the impacts of
human activities on Earth’s water and atmosphere, and expands
on many of the concepts first introduced in the Chemistry and
Sustainability boxes.

After a discussion of nuclear chemistry (Chapter 21), the
book ends with three survey chapters. Chapter 22 deals with
nonmetals, Chapter 23 with the chemistry of transition metals,
including coordination compounds, and Chapter 24 with the
chemistry of organic compounds and elementary biochemical
themes. These final four chapters are developed in an independent,
modular fashion and can be covered in any order.

Our chapter sequence provides a fairly standard organiza-
tion, however we recognize that not everyone teaches all the top-
ics in the order we have chosen. We have, therefore, made sure
instructors can make common changes in teaching sequence
with no loss in student comprehension. In particular, many
instructors prefer to introduce gases (Chapter 10) after stoichiom-
etry (Chapter 3) rather than with states of matter. The chapter on
gases has been written to permit this change with no disruption
in the flow of material. It is also possible to treat balancing redox
equations (Sections 20.1 and 20.2) earlier, after the introduction
of redox reactions in Section 4.4. Finally, some instructors like to
cover organic chemistry (Chapter 24) right after bonding (Chap-
ters 8 and 9). This, too, is a largely seamless move.

We have brought students into greater contact with descrip-
tive organic and inorganic chemistry by integrating examples
throughout the text. You will find pertinent and relevant exam-
ples of “real” chemistry woven into all the chapters to illustrate
principles and applications. Some chapters, of course, more
directly address the “descriptive” properties of elements and
their compounds, especially Chapters 4, 7, 11, 18, and 22-24. We
also incorporate descriptive organic and inorganic chemistry in
the end-of-chapter exercises.

Major Global Changes in This Edition

As with every new edition of Chemistry: The Central Science, the
book has undergone a great many changes as we strive to keep
the content current, and to improve the clarity and effective-
ness of the text, the art, and the exercises. Among the myriad
changes there are certain points of emphasis that we use to
organize and guide the revision process. In creating the fif-
teenth edition, our revision was organized around the follow-
ing points:

* We continue to use our in-classroom experiences with to-
day’s students to develop new tools that make the learning
of chemistry more effective for students. In particular, we
continue to develop new ways in which we can make our
text a better, more indispensable learning tool for students.
First, we have added Learning Objectives to each section
of the text. These targeted goals are written in a student-
friendly, easily understood manner which emphasizes the
important concepts that provide students with achievable
goals in their studies. Up to six learning objectives are
placed in a margin box at the beginning of each section for
ease of use. Then, at the end of each section, we have added
a set of Self-Assessment Exercises for the students to com-
plete as the equivalent of a low-stakes quiz as they proceed
through the text. The author team was careful to ensure
that each learning objective is covered by a self-assessment
exercise. The self-assessment exercises, assignable in



Mastering, are structured as multiple-choice questions
with wrong answers (distractors) chosen to probe common
misconceptions and errors that students tend to make.
Responses, both correct and incorrect, contain feedback
written by the author team to help students recognize their
mistakes and provides hints to get on the right track if they
select the wrong answer. This organizational structural
change has meant that some sections were combined with
others, compared to previous editions of the book.

At the end of each chapter are a series of Exam Prep ques-
tions. These multiple-choice questions, assignable in
Mastering, are tied to each chapter’s Learning Objectives and
constitute what amounts to a practice exam for students

to take on their own. As with the self-assessment exercises
each answer contains clear, concise feedback written by the
authors.

Extensive effort has gone into creating enhanced content
for the eText version of this book to make it so much more
than just an electronic copy of the physical textbook. A
select number of the Exam Prep questions include worked
out solution videos, which allow students to check their
work and solidify their understanding as they prepare for
their midterm exams. These questions can also be assigned
in Mastering Chemistry.

Chemistry as the central science is intimately tied to larger
issues such as climate change, humanity’s use of energy,
abundance of clean water, food insecurity, and more.
Therefore, many of the former Chemistry Put to Work boxes
have been reimagined and rewritten as Chemistry and Sus-
tainability boxes, to showcase the means by which chemists
contribute to the understanding of, and movement toward,
a sustainable society. We maintain our focus on the posi-
tive aspects of chemistry without neglecting problems that
can arise in an increasingly technological world. Our goal
is to help students appreciate the real-world perspective of
chemistry and the ways in which chemistry affects their
lives. To address some of the most pressing societal issues of
our time many new boxes have been added, including an
introduction to these boxes in Chapter 1, which highlights
the UN Sustainability Development Goals.

The Additional Exercises at the end of each chapter are no
longer separated into “additional exercises,” and “integra-
tive exercises,” nor are brackets used to indicate problems
that are abnormally difficult. For the student, this simu-
lates the more real-world environment of an examination
where such distinctions are not made.

Throughout the text, updates to the periodic table and
numerical constants have been implemented; for instance,
in 2019, the values of Avogadro’s number and a number of
other physical constants were redefined, and we have in-
cluded the most current values.

Astute readers may notice the Give It Some Thought feature
has been removed. The removal of this feature makes the
reading experience less fragmented. The best Give It Some
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Thought questions have been reimagined as multiple-
choice questions that are now part of the Self-Assessment
Exercises and Exam Prep questions.

Chapter-Level Changes in This Edition

Chapter 1 continues the trend from the fourteenth edition to
emphasize, early on, the importance of energy. The inclusion of
energy in the opening chapter provides much greater flexibility
for the order in which subsequent chapters can be covered. The
Chemistry and Sustainability boxes are introduced in this chap-
ter to frame the understanding that, historically, chemistry has
had both positive and negative impacts on sustainability. More
depth has been added to the discussion of significant figures
compared to previous editions.

In Chapter 2, the treatment of organic chemistry nomen-
clature has been expanded to better match the long-standing
section on inorganic nomenclature. This change involved mov-
ing some material, including end-of-chapter exercises, from
Chapter 24. Inorganic acids such as HCI and organic acids such
as acetic acid are now clearly distinguished.

In Chapter 5, the discussion of energy has been updated and
expanded, especially regarding the section on foods and fuels, to
connect directly to the focus on sustainability in the text.

In Chapter 6, a new (nearly) full-page figure has been added
that shows the relationship between the wave function, the
probability density, and the radial probability function for the
1s, 2s and 3s orbitals. By explicitly showing the wave functions,
instructors who want to cover phases of orbitals have a better
fundamental grounding with which to do so.

In Chapter 10, the average speed of gas molecules is now
quantitatively described, in addition to the root-mean-square
speed and the most probable speed. The discussion of diffusion
and mean free path has been expanded to introduce the stu-
dents to the concept of the random walk.

In Chapter 13, the explanation of why the solubility of gas-
eous and solid solutes typically change in the opposite direc-
tion with temperature is significantly expanded. The effects of
entropy are emphasized, to the extent they can be in this chapter
where entropy is first introduced but not covered in full detail.
In acknowledgment of the complex interplay of enthalpy and
entropy, some details are left to Chapter 19. New material that
explores the use of reverse osmosis to desalinate ocean water has
been added (some of this material was previously in Chapter 18).

In Chapter 14, sections have been renamed to better reflect
their content. A new Closer Look box on diffusion-controlled
reactions and activation-controlled reactions, highly relevant to
reaction mechanisms, has been added.

In Chapter 15, the discussion of the Haber process has
been expanded to show both the positive and negative impli-
cations of the process with respect to sustainability: the impor-
tance of the Haber process in addressing food insecurity vis-a-vis
the enormous energy consumption and carbon footprint of
the process.

In Chapter 16, the discussion of Lewis acids and bases
has been moved from the end of the chapter to the first sec-
tion where the Arrhenius and Brensted-Lowry definitions of
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acids and bases are introduced. This rearrangement makes for a
more natural discussion of the acidic properties of small, highly
charged cations in the section on the acid-base properties of salt
solutions.

Chapter 17 has been renamed to make its content (buffer,
titrations, solubility equilibria) more clear.

Many aspects of Chapter 18 (ozone hole, atmospheric CO,
levels, acid rain, ocean acidification, etc.) are constantly chang-
ing. This material has been revised to reflect the most up-to-date
data and scientific consensus on future trends.

In Chapter 19, we have substantially rewritten the early
sections to help students better understand the concepts of
spontaneous, nonspontaneous, reversible, and irreversible pro-
cesses and their relationships. These improvements have led to
a clearer definition of entropy. The topical box on “Entropy and
Human Society” has been revised as a Chemistry and Sustainabil-
ity feature, with a greater emphasis on the sustainability aspects
of the second law of thermodynamics.

In Chapter 21, the discussion of the various means of gen-
erating electricity has been revised, and a section on the health
hazards of environmental radon has been added.

Finally, in Chapter 24 a new Chemistry and Life box on
COVID-19 and mRNA vaccines has been added.

To the Student

Chemistry: The Central Science, Fifteenth Edition, has been writ-
ten to introduce you to modern chemistry. As authors, we have,
in effect, been engaged by your instructor to help you learn
chemistry. Based on the comments of students and instructors
who have used this book in its previous editions, we believe that
we have done that job well. Of course, we expect the text to con-
tinue to evolve through future editions. We invite you to write
to tell us what you like about the book so we will know where we
have helped you most. We would also like to learn of any short-
comings in an effort improve the book in subsequent editions.
Our addresses are given at the end of the Preface.

Advice for Learning and Studying
Chemistry

Learning chemistry requires both the assimilation of many con-
cepts and the development of analytical skills. In this text, we
have provided you with numerous tools to help you succeed in
both tasks. If you are going to succeed in your chemistry course,
you will have to develop good study habits. Science courses, and
chemistry in particular, make different demands on your learn-
ing skills than do other types of courses. We offer the following
tips for success in your study of chemistry:

Don’t fall behind! As the course moves along, new top-
ics will build on material already presented. If you don’t keep up
with your reading and problem solving, you will find it much
harder to follow the lectures and discussions on current topics.
Experienced teachers know that students who read the relevant

sections of the text before coming to a class learn more from the
class and retain greater recall. “Cramming” just before an exam
has been shown to be an ineffective way to study any subject,
chemistry included.

Focus your study. The amount of information you will
be expected to learn may seem overwhelming. We have tried to
help you by incorporating Learning Objectives into the begin-
ning of each section within each chapter; with accompanying
Self-Assessment Exercises at the end each section so you can test
your knowledge. At the end of each chapter, we provide you
with Exam Prep questions, which you can think of as a multiple-
choice practice exam. During your time with your instructor
in the classroom, it is essential to recognize those concepts and
skills that are particularly important. Pay attention to what
your instructor is emphasizing. As you work through the Sample
Exercises and homework assignments, try to see what general
principles and skills they employ. Use the What’s Ahead fea-
ture at the beginning of each chapter to help orient yourself to
whatis importantin each chapter. A single reading of a chapter
will generally not be enough for successful learning of chapter
concepts and problem-solving skills. You will often need to go
over assigned materials more than once. Don’t skip the Go Fig-
ure features, Sample Exercises, and Practice Exercises. These are
your guides to whether you are learning the material. They are
also good preparation for test-taking. The Key Equations at the
end of the chapter will also help you focus your study.

Keep good lecture notes. Your lecture notes will pro-
vide you with a clear and concise record of what your instructor
regards as the most important material to learn. Using your lec-
ture notes in conjunction with this text is the best way to deter-
mine which material to study.

Skim topics in the text before they are covered in
lecture. Reviewing a topic before lecture will make it easier for
you to take good notes. First read the What’s Ahead points and
the end-of-chapter Summary; then quickly read through the
chapter, skipping Sample Exercises and supplemental sections.
Paying attention to the titles of sections and subsections gives
you a feeling for the scope of topics. Try to avoid thinking that
you must learn and understand everything right away.

Do a certain amount of preparation before lecture.
More than ever, instructors are using the lecture period not sim-
ply as a one-way channel of communication from teacher to
student. Rather, they expect students to come to class ready to
work on problem solving and critical thinking. Coming to class
unprepared is not a good idea for any lecture environment, but it
certainly is not an option for an active learning classroom if you
aim to do well in the course.

After lecture, carefully read the topics covered in
class. As you read, pay attention to the concepts presented and
to the application of these concepts in the Sample Exercises. Once
you think you understand a Sample Exercise, test your under-
standing by working the accompanying Practice Exercise.

Learn the language of chemistry. As you study chem-
istry, you will encounter many new words. It is important to
pay attention to these words and to know their meanings or the



entities to which they refer. Knowing how to identify chemi-
cal substances from their names is an important skill; it can
help you avoid painful mistakes on examinations. For example,
“chlorine” and “chloride” refer to very different things.

Attempt the assigned end-of-chapter exercises. Work-
ing the exercises selected by your instructor provides necessary
practice in recalling and using the essential ideas of the chapter.
You cannot learn merely by observing; you must be a participant.
In particular, try to resist checking the Solutions Manual (if you
have one) until you have made a sincere effort to solve the exer-
cise yourself. If you get stuck on an exercise, however, get help
from your instructor, your teaching assistant, or another student.
Spending more than 20 minutes on a single exercise is rarely
effective unless you know that it is particularly challenging.

Learn to think like a scientist. This book is written by
scientists who love chemistry. We encourage you to develop your
critical thinking skills by taking advantage of features in this
new edition, such as exercises that focus on conceptual learning
and the Design an Experiment exercises.

Use online resources. Some things are more easily
learned by discovery, and others are best shown in three dimen-
sions. If your instructor has included Mastering Chemistry
with your book, take advantage of the unique tools it provides to
get the most out of your time in chemistry.

The bottom line is to work hard, study effectively, and
use the tools available to you, including this textbook. We
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want to help you learn more about the world of chemistry
and why chemistry is the central science. If you really learn
chemistry, you can be the life of the party, impress your
friends and parents, and . . . well, also pass the course with
a good grade.

Answers to Go Figures, Practice Exercises and Self Assessment
Exercises are available as PDF files within Mastering Chemistry. We
invite instructors to share these resources as needed.
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INTRODUCTION:
MATTER, ENERGY,
AND MEASUREMENT

A THE MANUFACTURE OF SYNTHETIC PIGMENTS is one of the oldest
examples of industrial chemistry. The impressionist artists made
extensive use of the bold colors of the newly available pigments, as
exemplified in van Gogh's painting Road with Cyprus and Star.

he title of this book is Chemistry: The Central Science because much of

what goes on in the world around us involves chemistry. Chemistry
is the study of matter, its properties, and the changes that matter under-
goes. As you progress in your study, you will come to see how chemical
principles operate in all aspects of our daily lives, including the ways our
bodies process the food that we eat, the production of energy to power
our vehicles and portable electronic devices, the brilliant color changes in
fall leaves, and critical issues in our environment. We will also see that the
properties of substances can be tailored for specific applications by con-
trolling their composition and structure.

This first chapter provides an overview of what chemistry is about
and what chemists do. The “What’s Ahead” list in this and all of the chap-
ters gives an overview of the chapter organization and of some of the
ideas we will consider.

1.1»

1.2 »

1.3 »

1.4 »

1.5»

1.6 »

1.7 »

WHAT’S AHEAD

The Study of Chemistry Learn what
chemistry is, what atoms and molecules are,
and why it is useful to study chemistry.

Classifications of Matter Examine
fundamental ways to classify matter;
distinguish between pure substances

and mixtures, and between elements and
compounds.

Properties of Matter Use properties
to characterize, identify, and separate
substances; distinguish between chemical
and physical properties.

The Nature of Energy Explore the
nature of energy and the forms it takes,
notably kinetic energy and potential energy.

Units of Measurement Learn how
numbers and units of the metric system are
used in science to describe properties.

Uncertainty in Measurement and
Significant Figures Use significant
figures to express the inherent uncertainty
in measured quantities and in calculations.

Dimensional Analysis Learn to carry
numbers and units through calculations; use
units to check if a calculation is correct.




A Learning Objectives

When you finish Section 1.1, you should

be able to:

» Explain the concepts of matter, atoms,
and molecules.

» Demonstrate how molecules and
the atoms that compose them are
represented by molecular models.

CHAPTER 1 Introduction: Matter, Energy, and Measurement

1.1 | The Study of Chemistry

Chemistry is at the heart of many changes we see in the world around us, and it ac-
counts for the different properties we see in matter. To understand how these
changes and properties arise, we need to look far beneath the surfaces of our everyday
observations.

The Atomic and Molecular Perspective
of Chemistry

Chemistry is the study of the properties and behavior of matter. Matter is the physical
material of the universe; it is anything that has mass and occupies space. A property
is any characteristic that allows us to recognize a particular type of matter and to dis-
tinguish it from other types. This book, your body, the air you are breathing, and the
clothes you are wearing are all samples of matter. We observe a tremendous variety of
matter in our world, but countless experiments have shown that all matter is composed
of combinations of a little over 100 substances called elements. One of our major goals
will be to relate the properties of matter to its composition—that is, to the specific ele-
ments it contains.

Chemistry also provides a background for understanding the properties of matter in
terms of atoms, the exceedingly small building blocks of matter. Each element is com-
posed of a unique kind of atom. We will see that the properties of matter relate to both
the kinds of atoms the matter contains (composition) and the arrangements of these
atoms (structure).

In a molecule, two or more atoms are joined in specific shapes. Throughout this
text we represent molecules using colored spheres to show how the atoms are con-
nected (Figure 1.1). The color provides a convenient way to distinguish between atoms
of different elements. For example, notice that the molecules of ethanol and ethylene

\( Go Figure Which molecule has the most carbon atoms? How many carbon
atoms does it contain?

\J) = Hydrogen (H) . = Oxygen (O) = Carbon (C)

)
58)

Oxygen
Water Ethanol

°
@» %

Carbon dioxide Ethylene glycol Aspirin

A Figure 1.1 Molecular models. The white, black, and red spheres represent atoms of hydrogen,
carbon, and oxygen, respectively.
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glycol in Figure 1.1 have different compositions and structures. Ethanol contains one
oxygen atom, depicted by one red sphere, whereas ethylene glycol contains two oxy-
gen atoms.

Even apparently minor differences in the composition or structure of molecules
can cause profound differences in properties. For example, ethanol and ethylene glycol
(Figure 1.1) appear to be quite similar. Ethanol is the alcohol in beverages such as beer
and wine, whereas ethylene glycol is a viscous liquid used as automobile antifreeze. The
properties of these two substances differ in many ways, as do their biological activities.
Ethanol is consumed throughout the world, but ethylene glycol is highly toxic. One of
the challenges chemists undertake is to alter the composition or structure of molecules
in a controlled way, creating new substances with different properties. For example, the
common drug aspirin (Figure 1.1) was first synthesized in 1897 in a successful attempt to
improve on a natural product extracted from willow bark that had long been used to
alleviate pain.

Every change in the observable world—from boiling water to the changes that occur as
our bodies combat invading viruses—has its basis in the world of atoms and molecules.
Thus, as we proceed with our study of chemistry, we will find ourselves thinking in two
realms: the macroscopic realm of ordinary-sized objects (macro means large) and the submi-
croscopic realm of atoms and molecules. We make our observations in the macroscopic
world, but to understand that world, we must visualize how atoms and molecules behave at
the submicroscopic level. Chemistry is the science that seeks to understand the properties
and behavior of matter by studying the properties and behavior of atoms and molecules.

Why Study Chemistry?

Chemistry is all around us. Examples include the household chemicals used for cleaning
and disinfecting that became so important during the COVID-19 pandemic (Figure 1.2).
The chemical industry in the United States is nearly a $600 billion enterprise that em-
ploys over 500,000 people and accounts for nearly 10% of all U.S. exports.

ria

Kills 99.9% of Viruses'& Bacte

Pureyy

Bvancep

D SANITI e

A Figure 1.2 Household chemicals. The cleansing and disinfecting properties of these household
products used so extensively during the COVID-19 pandemic are due to the chemicals they contain.
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Chemistry lies near the heart of many matters of public concern, such as improve-
ment of health care, conservation of natural resources, protection of the environment,
and the supply of energy needed to keep society running. Using chemistry, we have dis-
covered and continually improved upon pharmaceuticals, fertilizers and pesticides, plas-
tics, solar panels, light-emitting diodes (LEDs), and building materials. We have also
discovered that some chemicals are harmful to our health or the environment. This
means that we must be sure that the materials with which we come into contact are safe.
As a citizen and consumer, it is in your best interest to understand the effects, both posi-
tive and negative, that chemicals can have—we want you to have a balanced outlook
regarding their uses.

You may be studying chemistry because it is an essential part of your curriculum.
Your major might be chemistry, or it could be biology, engineering, pharmacy, agricul-
ture, geology, or some other field. Chemistry is central to a fundamental understanding
of governing principles in many science-related fields. For example, our interactions
with the material world raise basic questions about the materials around us. We will see
that chemistry is central to most realms of modern life.

A Self-Assessment Exercises

SAE 1.1 Which of the following statements is false? (a) All matter color key is: White = hydrogen, red = oxygen, black = carbon.
is composed of atoms of the elements. (b) The atoms of different How many carbon atoms are in a molecule of propylene glycol? (a) 2
elements must be different. (c) A molecule must contain atoms from (b)3(c)5(d) 8 (e) 13

two or more elements. (d) Different molecules can be made from

! SAE 1.3 The molecule shown here is called acetamide. How many
the same elements. (e) Matter has mass and occupies space.

different elements and how many atoms are in a molecule of acet-
amide? (a) 3 elements, 4 atoms (b) 3 elements, 9 atoms (c) 4 ele-
ments, 4 atoms (d) 4 elements, 9 atoms (e) There is not enough
information to answer the question.

Propylene glycol

SAE 1.2 The molecule shown here is propylene glycol, a sub-
stance that is used extensively in the chemical industry. The Acetamide

1.2 | Classifications of Matter

‘\ - — As we progress through this text, we will continue to learn more about the properties of
£\ Learning Objectives matter and how the atoms and elements that comprise matter affect those properties.
When you finish Section 1.2, you should Let’s begin our study of chemistry by examining two fundamental ways in which matter
be able to: is classified. Matter is typically characterized by its physical state (gas, liquid, or solid)
» Compare and contrast the different and its composition (whether it is an element, a compound, or a mixture).
states of matter: solid, liquid, and gas.
> ot el States of Matter
» ldentify the atomic symbols of Think about what happens when liquid water freezes into ice. Both liquid water and ice
common elements. consist of molecules of water, and yet we know there is a difference between them—one

is liquid and one is solid. A sample of matter can be a gas, a liquid, or a solid. These three
forms, called the states of matter, differ in some of their observable properties.

* A gas (also known as vapor) has no fixed volume or shape; rather, it uniformly fills
its container. A gas can be compressed to occupy a smaller volume, or it can expand
to occupy a larger one.

* Aliquid has a distinct volume independent of its container, assumes the shape of
the portion of the container it occupies, and is not easily compressed.

* Asolid hasboth a definite shape and a definite volume and is not easily compressed.

The properties of the states of matter can be understood on the molecular level
(Figure 1.3). In a gas, the molecules are far apart and moving at high speeds, colliding repeat-
edly with one another and with the walls of the container. Compressing a gas decreases the
amount of space between molecules and increases the frequency of collisions between
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molecules but does not alter the size or shape of the mole-
cules. In a liquid, the molecules are packed closely together
but still move rapidly. The rapid movement allows the mol-
ecules to slide over one another; thus, a liquid pours easily.
In a solid, the molecules are held tightly together, usually in
definite arrangements in which the molecules can wiggle
only slightly in their otherwise fixed positions. Thus, the
distances between molecules are similar in the liquid and
solid states, but while the molecules are for the most part
locked in place in a solid, they retain considerable freedom
of motion in a liquid. Changes in temperature and/or pres-
sure can convert one state of matter to another, illustrated
by such familiar processes as ice melting or water vapor
condensing. We discuss these conversions from one state to
another in greater detail in Chapter 11.

\( Go Figure In which form of water are the water
molecules farthest apart?

Water vapor

Liquid water

Pure Substances

Most forms of matter we encounter—the air we breathe
(a gas), the gasoline we burn in our cars (a liquid), and the
sidewalk we walk on (a solid)—are not chemically pure. We
can, however, separate these forms of matter into pure sub-
stances. A pure substance (usually referred to simply as a
substance) is matter that has distinct properties and a compo-
sition that does not vary from sample to sample. Water and
table salt (sodium chloride) are examples of pure substances.

All substances are either elements or compounds. A Figure 1.3 The three physical states of water—water vapor, liquid water,

and ice. We can see the liquid and solid states but not the gas (vapor) state.

«  Elements are substances that cannot be decomposed The red arrows show that the three states of matter can interconvert.
into simpler substances. On the molecular level,
each element is composed of only one kind of atom [Figure 1.4(a) and (b)].

¢  Compounds are substances composed of two or more elements; they contain
two or more kinds of atoms [Figure 1.4(c)]. Water, for example, is a compound
composed of two elements: hydrogen and oxygen.

Figure 1.4(d) shows a mixture of substances. Mixtures are combinations of two or more
substances in which each substance retains its chemical identity.

\( Go Figure How do the molecules of a compound differ from the molecules

° of an element?

@ o é " S Vo
@ Q

e Q

(a) Atoms of an element (b) Molecules (c) Molecules (d) Mixture of elements
\ of an element of a compound and a compound
Elements are composed Compounds must have at
of only one kind of atom. least two kinds of atoms.

A Figure 1.4 Molecular comparison of elements, compounds, and mixtures.




If the lower pie chart were drawn as
the percentage in terms of number of
atoms rather than the percentage in
terms of mass, would the hydrogen
slice of the pie get larger or smaller?

Aluminum
Iron 8.2% Other
5.6% ‘ 7.7%
Calcium \ /
4.2% \A Silicon
28.2%

Oxygen
46.1%

Earth’s crust
- 10%

Oxygen /
6 Ci‘é‘é’/?“'

Other
7%
Hydrogen

Human body

A Figure 1.5 Relative abundances of elements.*
Elements in percent by mass in Earth’s crust and
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TABLE 1.1 Some Common Elements and Their Symbols
Carbon @ Aluminum Al Copper Cu (from cuprum)
Fluorine F Bromine Br Iron Fe (from ferrum)
Hydrogen H Calcium Ca Lead Pb (from plumbum)
Iodine I Chlorine Cl Mercury Hg (from hydrargyrum)
Nitrogen N Helium He Potassium K (from kalium)
Oxygen (@) Lithium Li Silver Ag (from argentum)
Phosphorus P Magnesium Mg Sodium Na (from natrium)
Sulfur S Silicon Si Tin Sn (from stannum)

Elements

Currently, 118 elements are known, though they vary widely in abundance.
Hydrogen constitutes about 74% of the mass in the Milky Way galaxy, and he-
lium constitutes 24%. Closer to home, only five elements—oxygen, silicon, alu-
minum, iron, and calcium—account for over 90% of the mass of Earth’s crust,
and only three—oxygen, carbon, and hydrogen—account for over 90% of the
mass of the human body (Figure 1.5).

Table 1.1 lists some common elements, along with the chemical symbols
used to denote them. The symbol for each element consists of one or two letters,
with the first letter capitalized. These symbols are derived mostly from the
English names of the elements, but sometimes they are derived from a foreign
name instead (see the last column in Table 1.1). You will need to know these
symbols and learn others as we encounter them in the text.

All of the known elements and their symbols are listed on the front
inside cover of this text in a table known as the periodic table. In the periodic
table, the elements are arranged in columns so that closely related elements
are grouped together. We describe the periodic table in more detail in Sec-
tion 2.5 and consider the periodically repeating properties of the elements in
Chapter 7.

in the human body.

Compounds

Most elements can interact with other elements to form compounds. For example, when
hydrogen gas burns in oxygen gas, the elements hydrogen and oxygen combine to form
the compound water. Because each molecule of water contains two hydrogen atoms and
one oxygen atom, we denote the molecule as H,O. The subscript 2 indicates that there
are two H atoms in the molecule. When there is only one atom of an element in a mole-
cule, as is the case for O in water, we do not explicitly use the subscript 1.

Water can be decomposed back into its elements by passing an electrical current
through it (Figure 1.6).

Decomposing pure water into its constituent elements shows that it contains 11%
hydrogen and 89% oxygen by mass, regardless of its source. This ratio is constant
because every water molecule is composed of two hydrogen atoms and one oxygen

atom:
Oxygen atom
(written O)

The amount of oxygen by mass is greater than the amount of hydrogen by mass because
oxygen atoms are heavier than hydrogen atoms.

Water molecule

) Hydrogen atom
(written H,O)

T (written H)

*CRC Handbook of Chemistry and Physics, 97th ed. (2016-2017), pp. 14-17.



SECTION 1.2 Classifications of Matter

v Go Figure Is the volume of H, produced larger than the volume of O,
produced because (a) hydrogen atoms are lighter than oxygen atoms,
(b) hydrogen atoms are larger than oxygen atoms, or (¢) each water
molecule contains one oxygen atom and two hydrogen atoms?

Oxygen gas, O,

Water, H,O Hydrogen gas, H,

A Figure 1.6 Electrolysis of water. Water decomposes into its component elements, hydrogen and
oxygen, when an electrical current is passed through it. The volume of hydrogen, collected in the right
test tube, is twice the volume of oxygen.

The elements hydrogen and oxygen themselves exist naturally as diatomic (two-

atom) molecules:
Oxygen molecule . (written O,)

Hydrogen molecule | i (written H,)

As seen in Tahle 1.2, the properties of water bear no resemblance to the properties of
its component elements. Hydrogen, oxygen, and water are each a unique substance, a
consequence of the uniqueness of their respective molecules.

TABLE 1.2 Comparison of Water, Hydrogen, and Oxygen

Water Hydrogen Oxygen
State? Liquid Gas Gas
Normal boiling point 100°C -253°C -183°C
Density® 1000 g/L 0.084 g/L 1.33g/L
Flammable No Yes No

#At room temperature and atmospheric pressure.
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The observation that the elemental composition of a compound is always the
same is known as the law of constant composition (or the law of definite pro-
portions). French chemist Joseph Louis Proust (1754-1826) first stated the law in
about 1800. Although this law has been known for 200 years, the belief persists among
some people that a fundamental difference exists between compounds prepared in the
laboratory and the corresponding compounds found in nature. This simply is not true.
Regardless of its source—nature or a laboratory—a pure compound has the same com-
position and properties under the same conditions. Both chemists and nature must use
the same elements and operate under the same natural laws. When two materials differ
in composition or properties, either they are composed of different compounds or they
differ in purity.

Mixtures

Most of the matter we encounter consists of mixtures of different substances. Each
substance in a mixture retains its chemical identity and properties. In contrast to a
pure substance, which by definition has a fixed composition, the composition of a
mixture can vary. A cup of sweetened coffee, for example, can contain either a lit-
tle sugar or a lot. The substances making up a mixture are called components of the
mixture.

Some mixtures do not have the same composition, properties, and appearance
throughout. Rocks and wood, for example, vary in texture and appearance in any typ-
ical sample. Such mixtures are heterogeneous [Figure 1.7(a)]. Mixtures that are uniform
throughout are homogeneous. Air is a homogeneous mixture of nitrogen, oxygen, and
smaller amounts of other gases. The nitrogen in air has all the properties of pure
nitrogen because both the pure substance and the mixture contain the same nitrogen
molecules. Salt, sugar, and many other substances dissolve in water to form homoge-
neous mixtures [Figure 1.7(b)]. Homogeneous mixtures are also called solutions.
Although the term solution conjures up an image of a liquid, solutions can be solids,
liquids, or gases.

In Figure 1.8 we summarize the classification of matter into elements, compounds,
and mixtures. You should be comfortable in classifying substances among these three
categories.

(a) (b)

A Figure 1.7 Mixtures. (a) Many common materials, including rocks, are heterogeneous

mixtures. This photograph of granite shows a heterogeneous mixture of silicon dioxide and other
metal oxides. (b) Homogeneous mixtures are called solutions. Many substances, including the blue
solid shown here [copper(ll) sulfate pentahydrate], dissolve in water to form solutions.
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<« Figure 1.8 Classification of matter. All
pure matter is classified ultimately as either
an element or a compound.

NO  Doesithavea YES
variable
‘ composition? l
Pure substance Hom?geneous
mixture
* (solution)
NO Does it contain  yfg
more than one
‘ kind of atom? l
Element Compound

Sample Exercise 1.1

B>

, Distinguishing among Elements, Compounds, and Mixtures

Classify each of the following as an element, a compound, a homogeneous mixture, or a heterogeneous mixture: (a) molten iron;
(b) a chocolate chip cookie; (€) a container of pure ethylene glycol (see Figure 1.1); (d) a cup of water with a teaspoon of sugar

dissolved in it.

SOLUTION

We can follow the flowchart in Figure 1.8 to classify each sub-
stance: (a) Molten iron is simply iron heated to the point at which
it melts into a liquid. It still contains only iron atoms and is there-
fore a pure substance that is an element. (b) A cookie contains
several different substances in different amounts. It is not uniform
throughout and is therefore a heterogeneous mixture. (c) As seen
in Figure 1.1, an ethylene glycol molecule contains C, H, and O
atoms. The sample of pure ethylene glycol is therefore a pure

substance that is a compound. (d) The sugar water that results
from dissolving sugar in water has the same composition through-
out. It is a homogeneous mixture, also known as a solution.

P Practice Exercise
“White gold” contains gold and a “white” metal, such as
palladium. Two samples of white gold differ in the relative
amounts of gold and palladium they contain. Both samples
are uniform in composition throughout. Use Figure 1.8 to
classify white gold.

A Self-Assessment Exercises

SAE 1.4 Which of the following processes is best described as a
liquid turning into a gas? (a) snow melting (b) molten metal hard-
ening upon cooling (c) rubbing alcohol evaporating from your skin
(d) steam condensing on a cold surface (e) dry ice, which is frozen
CO,, evaporating

SAE 1.5 Which of the following characterizations is incorrect?
(a) Chicken noodle soup is a heterogeneous mixture. (b) Aspirin is
composed of 60.0% carbon, 4.5% hydrogen, and 35.5% oxygen by
mass, regardless of its source. Aspirin is a compound. (c) The tanks
that scuba divers use contain nitrogen and oxygen gas. The tanks
contain a homogeneous mixture. (d) Yellow sulfur consists of mole-
cules that contain eight-membered rings of sulfur atoms. Yellow sul-
fur is a compound. (e) The graphite in lead pencils consists entirely
of sheets of carbon atoms. Graphite is a form of an element.

SAE 1.6 The compound called heme is present in red blood cells.
Heme contains carbon, hydrogen, iron, nitrogen, and oxygen.
Which of the following is the correct list of the symbols of the ele-
ments in a heme molecule? (a) Ca, Hy, Ir, Ni, Ox (b) C, H, Fe, N, O
(©)C,H,I,N, O (d) C, Hy, Fe, Ny, O,

SAE 1.7 A certain material has a fixed composition of S and Cl
atoms regardless of its source. Which of the following statements
about the material is true? (a) The material is a homogeneous
mixture. (b) The material contains atoms of silicon and chlorine.
(c) The material must contain equal numbers of S and Cl atoms.
(d) The material is a heterogeneous mixture. (e) The material is a
compound that contains two elements.
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A Learning Objectives

When you finish Section 1.3, you should
be able to:

p Distinguish between chemical and
physical properties, and between
intensive and extensive properties.

p» Differentiate between chemical and
physical changes.

» Describe how filtration, distillation,
and chromatography can be used to
separate mixtures of substances.

1.3 | Properties of Matter

Every substance has unique properties. For example, the properties listed in Table 1.2 al-
low us to distinguish hydrogen, oxygen, and water from one another. The properties of a
substance include everything that describes the substance, such as its color, its physical
state, its mass, its ability to react with other substances, and numerous other characteris-
tics. In this section, we look more closely at the types of properties that we typically use
in describing substances

Types of Properties of Substances

The properties of matter can be categorized as physical or chemical. Physical properties
can be observed without changing the identity and composition of the substance. These
properties include color, odor, density, melting point, boiling point, and hardness.
Chemical properties describe the way a substance may change, or react, to form other
substances. A common chemical property is flammability, the ability of a substance to
burn in the presence of oxygen.

The properties of substances are further separated into two categories depending on
whether the property depends on how much of the substance is being considered. Some
properties, such as temperature and melting point, are intensive properties. Intensive
properties do not depend on the amount of sample being examined and are particu-
larly useful in chemistry because many intensive properties can be used to identify sub-
stances. Extensive properties, such as mass and volume, depend on the amount of
sample. Extensive properties relate to the amount of substance present.

Physical and Chemical Changes

The changes substances undergo are either physical or chemical. During a physical
change, a substance changes its physical appearance but not its composition: It is
the same substance before and after the change. The evaporation of water is a physical
change. When water evaporates, it changes from the liquid state to the gas state, but it
is still composed of water molecules, as depicted in Figure 1.3. All changes of state (for
example, from liquid to gas or from liquid to solid) are physical changes.

In a chemical change (also called a chemical reaction), a substance is trans-
formed into a chemically different substance. When hydrogen burns in air, for example, it
undergoes a chemical change because it combines with oxygen to form water (Figure 1.9).

Chemical changes can be dramatic. In the account given in Figure 1.10, Ira Remsen
(1846-1927), author of a popular chemistry text, describes his first experiences with
chemical reactions.

H, O,

A Figure 1.9 A chemical reaction.
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While reading a textbook of chemistry, I came upon the statement “nitric acid acts upon copper,” and I determined to
see what this meant. Having located some nitric acid, I had only to learn what the words “act upon” meant. In the
interest of knowledge I was even willing to sacrifice one of the few copper cents then in my possession. I put one of
them on the table, opened a bottle labeled “nitric acid,” poured some of the liquid on the copper, and prepared to
make an observation. But what was this wonderful thing which I beheld? The cent was already changed, and it was
no small change either. A greenish-blue liquid foamed and fumed over the cent and over the table. The air became
colored dark red. How could I stop this? I tried by picking the cent up and throwing it out the window. I learned
another fact: nitric acid acts upon fingers. The pain led to another unpremeditated experiment. I drew my fingers
across my trousers and discovered nitric acid acts upon trousers. That was the most impressive experiment I have
ever performed. I tell of it even now with interest. It was a revelation to me. Plainly the only way to learn about such
remarkable kinds of action is to see the results, to experiment, to work in the laboratory.

A Figure 1.10 The chemical reaction between a copper penny and nitric acid. The dissolved copper
produces the blue-green solution; the reddish-brown gas produced is nitrogen dioxide.

Separation of Mixtures

We can separate a mixture into its components by taking advantage of differences in
their properties. For example, a heterogeneous mixture of iron filings and gold filings
could be sorted by color into iron and gold. A less tedious approach would be to use a
magnet to attract the iron filings, leaving the gold ones behind. We can also take advan-
tage of an important chemical difference between these two metals: Many acids dissolve
iron but not gold. Thus, if we put our mixture into an appropriate acid, the acid would
dissolve the iron and the solid gold would be left behind. The two could then be sepa-
rated by filtration (Figure 1.11). We would have to use other chemical reactions, which
we describe later, to transform the dissolved iron back into metal.

<« Figure 1.11 Separation by filtration.

A mixture of a solid and a liquid is poured
through filter paper. The liquid passes
through the paper while the solid remains
on the paper.
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separating a sodium chloride solution (salt

» Figure 1.12 Distillation. Apparatus for l

water) into its components. Water is condensed
?Boiling the solution ] N\ and then collected in
vaporizes the water | | the receiving flask
N A
’ Condenser
Salt water —_| Ny /
I l
Cold water >
out
Cold water
in

After water has boiled away, Pure water
pure sodium chloride remains in receiving flask

An important method of separating the components of a homogeneous mixture is
distillation, a process that depends on the different abilities of substances to form
gases. For example, if we boil a solution of salt and water, the water evaporates, forming a
gas, and the salt is left behind. The gaseous water can be converted back to a liquid on the
walls of a condenser, as shown in Figure 1.12.

The differing abilities of substances to adhere to the surfaces of solids can also be
used to separate mixtures. For example, a mixture of substances can be separated by plac-
ing a sample of the mixture at the top of a column filled with a porous solid, as shown in
Figure 1.13. When a suitable solvent is added to the top of the column, the mixture sepa-
rates into its different components. This separation technique is called chromatography
(literally “the writing of colors”).

‘( Go Figure Is the separation of the mixture shown here a physical or

chemical process?
Solvent is added
throughout the process.
separated is ; ; ;
dissolved in : / \ / y\ \/’\

¢ the solvent. \.\/,! \.‘/.‘! . \"/.‘! .

1)) Mixture to be

%) Components / ™
separate. n
Stationary after u after
phase some time more time [}
—— Chromatography ™
column ',
ih

Each component is collected as it
reaches the bottom of the column. 4

A Figure 1.13 Separation of three substances using column chromatography.




A Self-Assessment Exercises

SAE 1.8 Imagine you have a gallon of the substance called meth-
anol. Under usual conditions, methanol is a flammable colorless
liquid. Which of the following statements about the properties of
methanol is correct? (a) The fact that methanol is colorless is a chem-
ical property. (b) The mass of the gallon of methanol is an inten-
sive property. (c) The fact that methanol is flammable is a physical
property. (d) The temperature at which the methanol freezes is an
intensive property.

SAE 1.9 Each of the following describes either a physical change
or a chemical change of a substance:

(i) Aniron nail rusts when exposed to damp air.
(ii) Water vapor condenses on a cold window to form frost.

SECTION 1.4 The Nature of Energy 13

Which of these processes are chemical changes? (a) Only one of the
three is a chemical change (b) i and ii (c) i and iii (d) ii and iii (e) All
three are chemical changes.

SAE 1.10 Which of the following statements about separation
techniques is incorrect? (a) Filtration can be used to separate a solid
substance from a liquid. (b) Distillation is a technique that depends
on the differences in the evaporation of different substances.
(c) Solid A dissolves in water and solid B does not dissolve in water.
After adding a mixture of the two solids to water, filtration would
be an effective way of separating a mixture of solids A and B.
(d) Chromatography is a technique that depends on the differences
in the rate of travel of different substances through a solid medium.

(e) Chromatography can be used to separate a compound into

(iii) Plants make sugar from carbon dioxide and water. !
its elements.

1.4

The Nature of Energy

All objects in the universe are made of matter, but matter alone is not enough to describe
the behavior of the world around us. The water in an alpine lake and a pot of boiling
water are both made from the same substance, but your body will experience a very dif-

A Learning Objectives

When you finish Section 1.4, you should

ferent sensation if you put your hand in each. The difference between the two is their be able to:
energy content; boiling water has more energy than chilled water. To understand chem- » Describe the concepts of energy, work,
and heat.

istry, we must also understand energy and the changes in energy that accompany chem-

ical processes. » Distinguish between kinetic and

potential energy.

Work and Heat

Unlike matter, energy does not have mass and cannot be held in our hands, but its
effects can be observed and measured. Energy is defined as the capacity to do work or
transfer heat. Both work and heat are means by which energy is transferred from one
object to another. Work is the energy transferred when a force exerted on an object causes
a displacement of that object. Heat is the energy transferred to cause the temperature of an
object to increase. The concepts of work and heat are illustrated in the examples shown
in Figure 1.14,

Although the temperature of an object is intuitive to most people, the definition of
work is less apparent. We define work, w, as the product of the force exerted on the
object, F, and the distance, d, that it moves:

w=Fxd [1.1]

The force F is defined as any push or pull exerted on the object.* Familiar examples in-
clude gravity and the attraction between opposite poles of a bar magnet. It takes work to
lift an object off of the floor or to pull apart two magnets that have come together at the
opposite poles. When you type on a keyboard, you are doing work on the keys as they are
displaced by the force of your fingers.

Kinetic Energy and Potential Energy

To understand energy, we need to grasp its two fundamental forms, kinetic energy and
potential energy. Objects, whether they are automobiles, baseballs, or molecules, can

*In using this equation, only the component of the force that is acting in the same direction as
the distance traveled is used. That will generally be the case for problems we will encounter in
this chapter.
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Work done by player on
ball to make ball move

(a)

Heat added by burner to
water makes water
temperature rise

(b)

A Figure 1.14 Work and heat, two forms of
energy. (a) Work is energy used to cause an
object to move against an opposing force.
(b) Heat is energy used to increase the
temperature of an object.

possess Kinetic energy, the energy of motion. The magnitude of the kinetic energy, Ey,
of an object depends on its mass, m, and velocity, v:

E, = —mv? [1.2]

1
2
Thus, the kinetic energy of an object increases as its velocity or speed* increases. For exam-
ple, a car has greater kinetic energy moving at 65 miles per hour (mi/h) than it does at
25 mi/h. For a given velocity, the kinetic energy increases with increasing mass. Thus, a
large truck traveling at 65 mi/h has greater kinetic energy than a motorcycle traveling at
the same velocity because the truck has the greater mass.

In chemistry, we are interested in the kinetic energy of atoms and molecules.
Although these particles are too small to be seen, they have mass and are in motion, so
they possess kinetic energy. When a substance is heated, be it a pot of water on the stove
or a metal bench sitting in the Sun, the atoms and molecules in that substance gain
kinetic energy and their average speed increases. Hence, we see that the transfer of heat is
simply the transfer of kinetic energy at the molecular level. We return to this concept in
later chapters of the book.

All other forms of energy—the energy stored in a stretched spring, in a weight held
above your head, or in a chemical bond—are classified as potential energy. An object has
potential energy by virtue of its position relative to other objects. Potential energy is,
in essence, the “stored” energy that arises from the attractions and repulsions an object
experiences in relation to other objects.

We are familiar with many instances in which potential energy is converted into
kinetic energy. For example, think of a cyclist poised at the top of a hill (Figure 1.15).
Because of the attractive force of gravity, the gravitational potential energy of the bicy-
cle is greater at the top of the hill than at the bottom. As a result, the bicycle easily rolls
down the hill with increasing speed. As it does so, gravitational potential energy is con-
verted into kinetic energy. The gravitational potential energy decreases as the bicycle
rolls down the hill, while at the same time its kinetic energy increases as it picks up speed
(Equation 1.2). This example illustrates that kinetic and potential energy are
interconvertible.

Gravitational forces play a negligible role in the ways that atoms and molecules
interact with one another. Forces that arise from electrical charges are more important
when dealing with atoms and molecules. One of the most important forms of potential

High potential energy,
zero kinetic energy

Decreasing potential energy,
increasing kinetic energy

A Figure 1.15 Potential energy and kinetic energy. The potential energy initially stored in the
motionless bicycle and rider at the top of the hill is converted to kinetic energy as the bicycle
moves down the hill and loses potential energy.

*Strictly speaking, velocity is a vector quantity that has a direction—that is, it tells you how fast an
object is moving and in what direction. Speed is a scalar quantity that tells you how fast an object
is moving but not the direction of the motion. Unless otherwise stated, we will not be concerned
with the direction of motion, so velocity and speed are used interchangeably in this book.
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energy in chemistry is electrostatic potential energy, which arises from the interactions
between charged particles. Opposite charges attract each other, whereas like charges
repel. The strength of this interaction increases as the magnitudes of the charges increase,
and it decreases as the distance between charges increases. We return to electrostatic
energy several times throughout the book.

One of our goals in chemistry is to relate the energy changes seen in the macro-
scopic world to the kinetic or potential energy of substances at the molecular level. Many
substances, fuels for example, release energy when they react. The chemical energy of a
fuel is due to the potential energy stored in the arrangements of its atoms. As we explain
in later chapters, chemical energy is released when bonds between atoms are formed, and it is
consumed when bonds between atoms are broken. When a fuel burns, some bonds are broken
and others are formed, but the net effect is to convert chemical potential energy to ther-
mal energy, the energy associated with temperature.

A Self-Assessment Exercises

SAE 1.11 Which of the following statements about energy, work,
and heat is false? (a) Energy can be classified into two fundamental
forms: kinetic energy and potential energy. (b) Heat is energy trans-
ferred to increase the temperature of an object. (c) Energy is the
capacity to do work or transfer heat. (d) Work causes the displace-
ment of an object. (e) Energy has mass and occupies space.

SAE 1.12 A rocket takes off from the surface of Earth and accel-
erates into the sky. Which of the following correctly describes the
changes in the kinetic and gravitational potential energy of the
rocket as it takes off? (a) Its kinetic energy decreases and its gravi-
tational potential energy decreases. (b) Its kinetic energy increases
and its gravitational potential energy decreases. (c) Its kinetic
energy decreases and its gravitational potential energy increases.
(d) Its kinetic energy increases and its gravitational potential energy

increases. (e) The kinetic and gravitational potential energies of the
rocket are unchanged.

SAE 1.13 Consider the following three vehicles in motion:

(i) A compact car that weighs 2000 pounds and is traveling at
40 miles per hour.
(ii) A medium-sized car that weighs 3000 pounds and is trav-
eling at 40 miles per hour.
(iii) A truck that weighs 4000 pounds and is traveling at
20 miles per hour.

Which of the following is the correct ordering of the vehicles from
smallest to largest kinetic energy? (a) iii <i<ii (b) i <ii <iii
(0 i=ili<ii (d) i<iii<ii (e) ii <iii=1i

CHEMISTRY AND SUSTAINABILITY EURURGHIRTT

As the global population grows, we continue to consume Earth’s
resources and put strains on the capacity of the human race to pro-
vide essential needs to sustain its existence. The notion of sustain-
ability is used to describe the intersection of economic, social, and
environmental factors to determine the best ways in which we can
exist on Earth while being responsible stewards of it.

In 1991, the World Conservation Union, the United Nations
Environment Programme, and the World Wildlife Fund for Nature
published a report entitled “Caring for the Earth: A Strategy for Sus-
tainable Living.”* In this report, they proposed a set of principles for
a sustainable society, which began with the following sentences:
“Living sustainably depends on accepting a duty to seek harmony
with other people and with nature. The guiding rules are that peo-
ple must share with each other and care for the Earth. Humanity
must take no more from nature than nature can replenish.” These
guiding principles have become increasingly relevant in a world
that is subject to greater climate change, food shortages, increasing
scarcity of clean water, and global pandemics.

Undeniably, some applications of chemistry have had negative
impacts on sustainability, such as industrial chemical spills, the use
of chemical substances that were later found to be toxic, and the
generation of chemical waste as technology has advanced.

However, chemistry has also had some of the most positive effects
in increasing the sustainability of our world. It promises even more
as we head to the future.

Sustainability entails more than scientific and technological
advances. In 2016, the United Nations introduced its 17 Sustainable
Development Goals (Figure 1.16). These far-reaching goals address
important issues of social justice and global economic issues.
Chemistry, as the central science, has the capacity to improve global
conditions in many of these important areas and will therefore have
a major role in achieving these ambitious goals.

In this edition of our textbook, we are introducing a new set of
feature boxes entitled “Chemistry and Sustainability.” In these
boxes, we highlight some of the ways in which applications of chem-
istry and related fields (such as chemical engineering and materials
science) are making ours a more sustainable planet. We also present
some of the new developments that promise to enhance sustainabil-
ity in the near future. Many of you who are students of chemistry
now will likely end up as practitioners of the chemical sciences and
may very well end up working on these exciting new discoveries that
make ours a better, and more sustainable, world. We hope you find
these examples both instructive and inspiring.

Related Exercises: 1.41, 1.91

Continued

*David Munro and Martin Holdgate, eds. 1991. “Caring for the Earth: A Strategy for Sustainable
Living,” Gland, CH: International Union for the Conservation of Nature, United Nations Envi-
ronmental Program, and World Wide Fund for Nature. Available at https://portals.iucn.org/
library/node/6439.
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A Figure 1.16 The 17 UN Sustainable Development Goals. In 2016, the United Nations
proposed 17 goals for global sustainable development that span social, economic, and
environmental issues. The UN has challenged the world to achieve these goals by 2030:
https://www.un.org/sustainabledevelopment/sustainable-development-goals.

A Learning Objectives

When you finish Section 1.5, you should

be able to:

» ldentify the seven base units and the
common prefixes used in the metric
system.

» Convert temperatures between the
Fahrenheit, Celsius, and Kelvin scales.

» Distinguish metric base units from
derived units, such as volume.

» Interconvert among mass, volume, and
density, given two of the three quantities.

» Calculate energy quantities in joules.

1.5 | Units of Measurement

Many properties of matter are quantitative; that is, they are associated with numbers.
When a number represents a measured quantity, the units of that quantity must be speci-
fied. To say that the length of a pencil is 17.5 is meaningless. Expressing the number with
its units, 17.5 centimeters (cm), properly specifies the length. In this section, we look
more closely at the units we use for measurement in science.

The Metric System and SI Units

The units used for scientific measurements are those of the metric system, devel-
oped in France during the late eighteenth century. Most countries use the metric
system as their system of measurement. The United States has traditionally used
the English system, although use of the metric system has become more common
(Figure 1.17).

In 1960, an international agreement was reached specifying a particular choice of
metric units for use in scientific measurements. These preferred units are called SI units,
after the French Systéme International d’Unités. This system has seven base units from
which all other units are derived (Table 1.3). In this chapter , we discuss the SI base units
for length, mass, and temperature. The SI units for other measures, such as volume, can
be derived from these fundamental base units.

With SI units, prefixes are used to indicate decimal fractions or multiples of various
units. For example, the prefix milli- represents a 1073 fraction, one-thousandth, of a unit:
A milligram (mg) is 102 gram (g), a millimeter (mm) is 10~ meter (m), and so forth.
Tahle 1.4 lists the prefixes used in SI units; the prefixes most commonly encountered in
chemistry are kilo-, centi-, milli-, micro-, and nano. In using SI units and in working
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TABLE 1.3 SI Base Units

Physical Quantity Name of Unit Abbreviation
Length Meter m

Mass Kilogram kg
Temperature Kelvin K

Time Second S or sec
Amount of substance Mole mol
Electric current Ampere A or amp
Luminous intensity Candela cd

TABLE 1.4 Prefixes Used in the Metric System and with SI Units
Prefix Abbreviation Meaning Example

Peta P 1018 1 petawatt (PW) =1 X 105 watts?®
Tera T 1012 1 terawatt (TW) =1 X 102 watts
Giga G 10° 1 gigawatt (GW) =1 X 10° watts
Mega M 10° 1 megawatt (MW) =1 X 10° watts
Kilo k 103 1 kilowatt (kW) =1 X 103 watts
Deci d 107! 1 deciwatt (dW) =1 X 107! watt
Centi C 1072 1 centiwatt (cW) =1 X 102 watt
Milli m 1073 1 milliwatt (mW) =1 x 103 watt
Micro ubP 10°¢ 1 microwatt (uW) =1 X 10 % watt
Nano n 107° 1 nanowatt (nW) =1 X 1077 watt
Pico p 10712 1 picowatt (pW) =1 X 10 2 watt
Femto f 10718 1 femtowatt (fW) =1 X 1075 watt
Atto a 10718 1 attowatt (aW) =1 X 1078 watt
Zepto z 10721 1 zeptowatt (zW) =1 x 1072 watt

aThe watt (W) is the SI unit of power, which is the rate at which energy is either generated or
consumed. The SI unit of energy is the joule (J); 1] = 1kg-m?/s>and 1W = 1]/s.

bGreek letter mu, pronounced “mew.”

17

.'
A 4

2LITER (2 Q1 3.6 FL0Z) 67.6

A Figure 1.17 Metric units. Metric
measurements are increasingly common in
the United States, as exemplified by the
volume printed on this soda can in both
metric units (liters, L) and English units
(quarts, gt, and fluid ounces, fl 0z).
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problems throughout this text, you must be comfortable using exponential notation. If
you are unfamiliar with exponential notation or want to review it, refer to Appendix A.1.

Although non-SI units are being phased out, some are still commonly used by scien-
tists. Whenever we first encounter a non-SI unit in the text, the SI unit will also be given.
The relationships between the non-SI and SI units we use most frequently in this text
appear on the back inside cover. We discuss how to convert from one to the other in
Section 1.7.

Length and Mass

The SI base unit of length is the meter, which is a distance slightly longer than a yard.
Mass* is a measure of the amount of material in an object. The SI base unit of mass is the
kilogram (kg), which is equal to about 2.2 pounds (Ib). This base unit is unusual because
it uses a prefix, kilo-, instead of the word gram alone. We obtain other units for mass by
adding prefixes to the word gram.

. Sample Exercise 1.2

, Using S| Prefixes

What is the name of the unit that equals (a) 1072 gram, (h) 10~®second, (¢) 1073 meter?

SOLUTION » Practice Exercise
We can find the prefix related to each power of ten in Table 1.4: (@) How many picometers are there in 1 m? (b) Express
(a) nanogram, ng; (b) microsecond, us; (c) millimeter, mm. 6.0 X 10°m using a prefix to replace the power of ten. (c) Use

exponential notation to express 4.22 mg in grams. (d) Which
of the following lengths is greatest: 12.0 m, 2.0 X 10° mm,
1.5 X 102 km, or 1.8 X 10'nm?

Temperature

Temperature, a measure of the hotness or coldness of an object, is a physical property
that determines the direction of heat flow. Heat always flows spontaneously from a sub-
stance at higher temperature to one at lower temperature. Thus, the influx of heat we
feel when we touch a hot object tells us that the object is at a higher temperature than
our hand.

The temperature scales commonly employed in science are the Celsius and Kelvin
scales. The Celsius scale was originally based on the assignment of 0 °C to the freezing
point of water and 100 °C to its boiling point at sea level (Figure 1.18).

The Kelvin scale is the SI temperature scale, and the SI unit of temperature is the
kelvin (K). Zero on the Kelvin scale is the temperature at which all thermal motion ceases, a
temperature referred to as absolute zero. On the Celsius scale, absolute zero has the value
—273.15°C. The Celsius and Kelvin scales have equal-sized units; that is, a kelvin is the
same size as a degree Celsius. Thus, the Kelvin and Celsius scales are related according to

K = °C + 273.15 [1.3]

The freezing point of water, 0 °C, is 273.15 K (Figure 1.18). Notice that we do not use a
degree sign (°) with temperatures on the Kelvin scale.

The common temperature scale in the United States is the Fahrenheit scale, which is
not generally used in science. Water freezes at 32 °F and boils at 212 °F. The Fahrenheit
and Celsius scales are related according to

S

“C=5(F-32) or F= §(°C) +32 [1.4]

*Mass and weight are not the same thing. Mass is a measure of the amount of matter, whereas
weight is the force exerted on this mass by gravity. For example, an astronaut weighs less on the
Moon than on Earth because the Moon’s gravitational force is less than Earth’s. The astronaut’s
mass on the Moon, however, is the same as it is on Earth.
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V Go Figure

True or false: The “size” of a degree on the Celsius scale
is the same as the “size” of a degree on the Kelvin scale.
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A Figure 1.18 Comparison of the Kelvin, Celsius, and Fahrenheit temperature scales.

Derived SI Units

The SI base units are used to formulate derived units. A derived unit is obtained by mul-
tiplication or division of one or more of the base units. We begin with the defining equa-
tion for a quantity and, then substitute the appropriate base units. For example, speed
is defined as the ratio of distance traveled to elapsed time. Thus, the derived SI unit for
speed is the SI unit for distance (length), m, divided by the SI unit for time, s, which gives
m/s, read “meters per second.” Two common derived units in chemistry are those for
volume and density.

The volume of a cube is its length cubed, length®. Thus, the derived SI unit of volume
is the SI unit of length, m, raised to the third power. The cubic meter, m3, is the volume of
a cube thatis 1 m on each edge (Figure 1.19). Smaller units, such as cubic centimeters, cm®
(sometimes written cc), are more frequently used in chemistry. The volume unit most
commonly used in chemistry is the liter (L), which equals a cubic decimeter, dm?, and is
slightly larger than a quart. (The liter is the first metric unit we have encountered that is
not an SI unit.) There are 1000 milliliters (mL) in a liter, and 1 mL is the same volume as
lem® 1mL = 1cmd.

In the lab, you will likely use the devices in Figure 1.20 to measure and deliver volumes
of liquids. Syringes, burettes, and pipettes deliver amounts of liquids with more precision
than graduated cylinders. Volumetric flasks are used to contain specific volumes of liquid.

}\ Sample Exercise 1.3
’ Converting Units of Temperature

SOLUTION
(a) Using Equation 1.3, we have K = 30 + 273 = 303 K.

(b) Using Equation 1.4, we have

9
F = £(30) + 32 = 54 + 32 = 86 °F.

v Go Figure

How many 1-L bottles are required to
contain 1 m3 of liquid?

1m 1m
N\

1cm

1cm

A Figure 1.19 Volume relationships. The
volume occupied by a cube 1 m on each
edge is one cubic meter, 1 m3. Each
cubic meter contains 1000 dm3, 1 m3 =
1000 dm?. One liter is the same volume
as one cubic decimeter, 1 L = 1 dm?.
Each cubic decimeter contains 1000
cubic centimeters, 1 dm3 = 1000 cm?.
One cubic centimeter equals one milliliter,
lcm® = 1mL.

D Practice Exercise

Ethylene glycol, the major ingredient in antifreeze, freezes at
260 K. What is the freezing point in (a) °C and (b) °F?

A weather forecaster predicts the temperature will reach 30 °C. What is this temperature (a) in K and (b) °F?
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> Flgure_ 1.20 Common [ Used to deliver variable volumes ] — Used to deliver a
volumetric glassware. L
/ \ specific volume

=
|

Used to hold a
specific volume

= Stopcock |
| controls
| flow

Graduated cylinder ~ Syringe Burette Pipette Volumetric flask

. Density is defined as the amount of mass in a unit volume of a substance:
TABLE 1.5 Densities of Selected y

Substances at 25 °C density = —oo> [1.5]
volume
Substance Density (g/cm®)
Air 0.001 The densities of solids and liquids are commonly expressed in either grams per
Balsa wood 0.16 cubic centimeter (g/cm?) or grams per milliliter (g/mL). The densities of some common
E— s substances are listed in Table 1.5. It is no coincidence that the density of water is
: 1.00 g/mL; the gram was originally defined as the mass of 1 mL of water at a specific
Olive oil 0.92 temperature. Because most substances change volume when they are heated or cooled,
Water 1.00 densities are temperature dependent, and so temperature should be specified when
Ethylene glycol 1.09 reporting densities. If no temperature is reported, we assume 25 °C, close to normal
Table sugar 1.59 room temperature.
Table salt 2.16 The terms density and weight are sometimes confused. A person who says that
Iron 79 iron weighs more than air generally means that iron has a higher density than air—
Gold 19.32 1 kg of air has the same mass as 1 kg of iron, but the iron occupies a smaller volume,

thereby giving it a higher density. If we combine two liquids that do not mix, such

. Sample Exercise 1.4
, Determining Density and Using Density to Determine Volume or Mass

(a) Calculate the density of mercury if 1.00 x 10%g occupies a volume of 7.36 cm?.
(b) Calculate the volume of 65.0 g of liquid methanol (wood alcohol) if its density is 0.791 g/mL.
(c) What is the mass in grams of a cube of gold (density = 19.32 g/cm?) if the length of the cube is 2.00 cm?

SOLUTION
(a) We are given mass and volume, so Equation 1.3 yields Solving Equation 1.3 for mass and substituting the volume
and density of the cube, we have
.. mass 1.00 X IOZg _ 3
Density = = & e = 736em’ 13.6g/cm Mass = volume X density = (8.00 cm®)(19.32g/cm?) = 155g

(b) Solving Equation 1.3 for volume and then using the given

mass and density gives » Practice Exercise

(a) Calculate the density of a 374.5-g sample of copper if it has
mass _ 65.0g 82.2 mL a volume of 41.8 cm®. (b) A student needs 15.0 g of ethanol for
density  0.791g/mL ™ an experiment. If the density of ethanol is 0.789 g/mL, how

many milliliters of ethanol are needed?

Volume =

(c) We can calculate the mass from the volume of the cube and its
density. The volume of a cube is given by its length cubed:

Volume = (2.00cm)?® = (2.00)3 cm® = 8.00 cm®
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as olive oil and water, the less dense liquid (in this case the oil) will float on the
denser liquid (the water).

Units of Energy

The SI unit for energy is the joule (pronounced “jool”), J, in honor of James Joule
(1818-1889), a British scientist who investigated work and heat. If we return to Equation 1.2,
where kinetic energy was defined, we see that the units of energy are (mass) X (velocity)?2.
Thus, it follows that joules are a derived unit, 1] = 1(kg) X (m/s)? = 1kg-m?/s2.
Numerically, a 2-kg mass moving at a velocity of 1 m/s possesses a kinetic energy
of1]:

E, = %mv2 = %(Zkg)(l m/s)> = 1kg-m?/s® = 1]

Because a joule is not a very large amount of energy, we often use kilojoules (kJ) in
discussing the energies associated with chemical reactions. For example, the amount of
heat released when hydrogen and oxygen react to form 1 g of water is 16 kJ.

It is still quite common in chemistry, biology, and biochemistry to find energy
changes associated with chemical reactions expressed in the non-SI unit of calories.
A calorie (cal) was originally defined as the amount of energy required to raise the
temperature of 1 g of water from 14.5 to 15.5 °C. It has since been defined in terms of
ajoule:

1cal = 4.184] (exactly)

A related energy unit that is familiar to anyone who has read a food label is the nutritional
Calorie (note the capital C), which is 1000 times larger than calorie with a lowercase c:

21

1 Cal = 1000 cal = 1 kcal.

}\ Sample Exercise 1.5
, Identifying and Calculating Energy Changes

the object and g is the gravitational constant, g = 9.8 m/s?.)

SOLUTION

(a) We can calculate the amount of energy released from the
propane as heat by converting the mass of propane from kg
to g and then using the fact that 46 kJ of heat are released per
gram:

10008 461 _ ) » 105 K = 4.1 x 10%]
1kg 1g

(b) When propane reacts with oxygen, the potential energy
stored in the chemical bonds is converted to an alternate
form of energy, heat. Therefore, the potential energy stored as
chemical energy must decrease.

E=9.0kg X

(c¢) The amount of work done to pump the water to a height of
75 m can be calculated using Equation 1.1:

w=FXd=(mxg)xd

A standard propane (C3Hg) tank used in an outdoor grill holds approximately 9.0 kg of propane. When the grill is operating,
propane reacts with oxygen to form carbon dioxide and water. For every gram of propane that reacts with oxygen in this way,

46 kJ of energy is released as heat. (a) How much energy is released if the entire contents of the propane tank react with oxygen?
(b) As the propane reacts, does the potential energy stored in chemical bonds increase or decrease? (¢) If you were to store an
equivalent amount of potential energy by pumping water to an elevation of 75 m above the ground, what mass of water would be
needed? (Note: The force due to gravity acting on the water, which is the water’'s weight, is F = m X g, where m is the mass of

Equation 1.1 can then be rearranged to solve for the mass of
water:

w 4.1 x 10%] 4.1 x 108kg-m?/s?
m = = =
g§xXd (9.8m/s?)(75m)  (9.8m1/s?)(75m)

= 5.6 X 10°kg

At 25 °C, this mass of water would have a volume of 560,000 L,
or roughly 150,000 gallons. Thus, we see that large amounts of
potential energy can be stored as chemical energy.

P Practice Exercise
A 12-oz vanilla milkshake at a fast-food restaurant contains
547 Calories. What quantity of energy is this in joules?




