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Useful Conversion Factors and Relationships
1 lb = 453.6 g

1 in = 2.54 cm (exactly)
1 mi = 1.609 km
1 km = 0.6215 mi

1 pm = 1 × 10−12 m = 1 × 10−10 cm
1 atm = 760 mmHg = 760 torr = 101,325 N/m2 = 101,325 Pa

1 cal = 4.184 J (exactly)
1 L · atm = 101.325 J

1 J = 1 C × 1 V

?°C = (°F − 32°F) ×    5°C ____ 
9°F

   

?°F =    9°F ____ 
5°C

    × (°C) + 32°F

?K = (°C + 273.15°C)  (  1K ____ 
1°C

  )  

Some Prefixes Used with SI Units

tera (T) 1012 centi (c) 10−2

giga (G)          109 milli (m) 10−3

mega (M)          106 micro (µ) 10−6

kilo (k)          103 nano (n) 10−9

deci (d)          10−1 pico (p)           10−12

Fundamental Constants

Avogadro’s number (NA) 6.0221413 × 1023

Electron charge (e) 1.6022 × 10−19 C

Electron mass 9.109387 × 10−28 g

Faraday constant (F ) 96,485.3 C/mol e−

Gas constant (R) 0.08206 L · atm/K · mol
8.314 J/K · mol
62.36 L · torr/K · mol
1.987 cal/K · mol

Planck’s constant (h) 6.6256 × 10−34 J · s

Proton mass 1.672623 × 10−24 g

Neutron mass 1.674928 × 10−24 g

Speed of light in a vacuum (c) 2.99792458 × 108 m/s
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Element Symbol Atomic Number Atomic Mass† Element Symbol Atomic Number Atomic Mass†

Actinium Ac 89 (227) Mendelevium Md 101 (258)
Aluminum Al 13 26.9815384 Mercury Hg 80 200.592
Americium Am 95 (243) Molybdenum Mo 42 95.95
Antimony Sb 51 121.76 Moscovium Mc 115 (289)
Argon Ar 18 39.948 Neodymium Nd 60 144.242
Arsenic As 33 74.921595 Neon Ne 10 20.1797
Astatine At 85 (210) Neptunium Np 93 (237)
Barium Ba 56 137.327 Nickel Ni 28 58.6934
Berkelium Bk 97 (249) Niobium Nb 41 92.90637
Beryllium Be 4 9.0121831 Nihonium Nh 113 (285)
Bismuth Bi 83 208.9804 Nitrogen N 7 14.00643
Bohrium Bh 107 (272) Nobelium No 102 (259)
Boron B 5 10.806 Oganesson Og 118 (294)
Bromine Br 35 79.904 Osmium Os 76 190.23
Cadmium Cd 48 112.414 Oxygen O 8 15.9994
Calcium Ca 20 40.078 Palladium Pd 46 106.42
Californium Cf 98 (252) Phosphorus P 15 30.973762
Carbon C 6 12.0096 Platinum Pt 78 195.084
Cerium Ce 58 140.116 Plutonium Pu 94 (239)
Cesium Cs 55 132.905452 Polonium Po 84 (209)
Chlorine Cl 17 35.446 Potassium K 19 39.0983
Chromium Cr 24 51.9961 Praseodymium Pr 59 140.90766
Cobalt Co 27 58.933194 Promethium Pm 61 (145)
Copernicium Cn 112 (285) Protactinium Pa 91 231.03588
Copper Cu 29 63.546 Radium Ra 88 (226)
Curium Cm 96 (247) Radon Rn 86 (222)
Darmstadtium Ds 110 (281) Rhenium Re 75 186.207
Dubnium Db 105 (262) Rhodium Rh 45 102.90549
Dysprosium Dy 66 162.5 Roentgenium Rg 111 (280)
Einsteinium Es 99 (252) Rubidium Rb 37 85.4678
Erbium Er 68 167.259 Ruthenium Ru 44 101.07
Europium Eu 63 151.964 Rutherfordium Rf 104 (261)
Fermium Fm 100 (257) Samarium Sm 62 150.36
Flerovium Fl 114 (287) Scandium Sc 21 44.955908
Fluorine F 9 18.99840316 Seaborgium Sg 106 (266)
Francium Fr 87 (223) Selenium Se 34 78.96
Gadolinium Gd 64 157.25 Silicon Si 14 28.0855
Gallium Ga 31 69.723 Silver Ag 47 107.8682
Germanium Ge 32 72.64 Sodium Na 11 22.9876928
Gold Au 79 196.96657 Strontium Sr 38 87.62
Hafnium Hf 72 178.486 Sulfur S 16 32.065
Hassium Hs 108 (277) Tantalum Ta 73 180.94788
Helium He 2 4.002602 Technetium Tc 43 (98)
Holmium Ho 67 164.930328 Tellurium Te 52 127.6
Hydrogen H 1 1.00784 Tennessine Ts 117 (293)
Indium In 49 114.818 Terbium Tb 65 158.925354
Iodine I 53 126.90447 Thallium Tl 81 204.382
Iridium Ir 77 192.217 Thorium Th 90 232.0377
Iron Fe 26 55.845 Thulium Tm 69 168.934218
Krypton Kr 36 83.798 Tin Sn 50 118.71
Lanthanum La 57 138.90547 Titanium Ti 22 47.867
Lawrencium Lr 103 (262) Tungsten W 74 183.84
Lead Pb 82 207.2 Uranium U 92 238.02891
Lithium Li 3 6.941 Vanadium V 23 50.9415
Livermorium Lv 116 (291) Xenon Xe 54 131.293
Lutetium Lu 71 174.9668 Ytterbium Yb 70 173.045
Magnesium Mg 12 24.3050 Yttrium Y 39 88.90584
Manganese Mn 25 54.938043 Zinc Zn 30 65.409
Meitnerium Mt 109 (276) Zirconium Zr 40 91.224

*These atomic masses show as many significant figures as are known for each element. The atomic masses in the periodic table are shown to four significant figures, which is  
sufficient for solving the problems in this book.
†Approximate values of atomic masses for radioactive elements are given in parentheses.

List of the Elements with Their Symbols and Atomic Masses*
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Preface
The fifth edition of Chemistry: Atoms First by Burdge and Overby builds further on the 
success of the first four editions. Changes to this edition focus on new additions to the 
pedagogy, refinement of the current approach, and other innovations driven by feedback 
from instructors and students alike.

NEW! Environmental Aspects
Given the current climate of environmental awareness in both the classroom and the 
public in general, we have added a new series of vignettes in the form of boxed fea-
tures titled Environmental Aspects. Each of the first twenty chapters of the text con-
tains one of these boxes, which provides instructors an opportunity to include timely, 
environmentally focused material within the context of each chapter. To encourage 
student engagement with the Environmental Aspects material, many of the boxes have 
accompanying end-of-chapter problems associated with them. These problems are 
designated with the Environmental Aspects icon.

Reflecting the Diverse World Around 
McGraw Hill believes in unlocking the potential of every learner at every stage of 
life. To accomplish that, we are dedicated to creating products that reflect, and are 
accessible to, all the diverse, global customers we serve. Within McGraw Hill, we 

12 CHAPTER 1  Chemistry: The Science of Change

WORKED EXAMPLE 1.3

Ice cubes float in a glass of water because solid water is less dense than liquid water. (a) Calculate the density of ice given that, 
at 0°C, a cube that is 2.0 cm on each side has a mass of 7.36 g, and (b) determine the volume occupied by 23 g of ice at 0°C.

Strategy (a) Determine density by dividing mass by volume (Equation 1.3), and (b) use the calculated density to determine the 
volume occupied by the given mass.

Setup (a) We are given the mass of the ice cube, but we must calculate its volume from the dimensions given. The volume of 
the ice cube is (2.0 cm)3, or 8.0 cm3. (b) Rearranging Equation 1.3 to solve for volume gives V = m/d.

Solution

(a) d =    
7.36 g

 _______ 
8.0 cm3

    = 0.92 g/cm3 or 0.92 g/mL   (b) V =    
23 g
 _________ 

0.92 g/cm3
    = 25 cm3 or 25 mL

Practice Problem A TTEMPT  Given that 20.0 mL of mercury has a mass of 272 g, calculate (a) the density 
of mercury and (b) the volume of 748 g of mercury. 

Practice Problem B UILD  Calculate (a) the density of a solid substance if a cube measuring 2.33 cm on one 
side has a mass of 117 g and (b) the mass of a cube of the same substance measuring 7.41 cm on one side. 

Practice Problem C ONCEPTUALIZE  Using the picture of the graduated cylinder and its contents, arrange the 
following in order of increasing density: blue liquid, pink liquid, yellow liquid, grey solid, blue solid, green solid.

Think About It
For a sample with a density less than 1 g/cm3, the number of cubic centimeters should be greater than the number  
of grams. In this case, 25 (cm3) > 23 (g).

Global Climate Change
Those who describe themselves as “skeptical” about climate change sometimes posit that global temperature 
change is normal, and that any observed increase in temperature is simply the result of natural processes—
outside the control of humans. However, there is an enormous body of climate research that clearly demon-
strates otherwise. One line of inquiry that has helped to established the connection between human activity 
and so-called “global warming” involves what is known as vertical structure of temperature.

Earth’s atmosphere is divided into a series of altitudinal layers: the troposphere (ground-level to 
8–14.5 km), the stratosphere (top of the troposphere–50 km), the mesosphere (50–80 km), the thermo-
sphere (80–700 km), and the exosphere (700–10,000 km). The troposphere is where we live, where 
weather events occur, and where nearly all human activity takes place. When we burn fossil fuels, we 
 increase the amount of CO2 in the troposphere.

In 1988, atmospheric scientist V. Ramanathan, now of the Scripps Institution of Oceanography at 
the University of California, San Diego, proposed that global temperature change caused by the 
 anthropogenic increase in atmospheric CO2 could be readily distinguished from that caused by natural 
events, such as increased solar activity. Global temperature increase caused by the Sun, he reasoned, 
would occur in both the troposphere and the stratosphere. Conversely, changes caused by the 
 enhanced greenhouse effect (the result of increased atmospheric CO2 concentration) would cause 
warming of the troposphere; but cooling of the stratosphere—because more of the heat radiating from 
Earth’s surface would be trapped by greenhouse gases in the troposphere, thus never reaching the 
stratosphere. Indeed, temperature monitoring over several decades has demonstrated an increase in 
tropospheric temperature, and a decrease in stratospheric temperature. This is one of the observations 
that climate scientists refer to as a human fingerprint on global climate change.

Environmental Aspects

Worked Example 1.3 shows how to calculate density, and how to use density in the 
calculation of volume.
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xxiv PREFACE

foster a culture of belonging, and we work with partners who share our commitment 
to equity, inclusion, and diversity in all forms. In McGraw Hill Higher Education, this 
includes, but is not limited to, the following:

∙ Refreshing and implementing inclusive content guidelines around topics includ-
ing generalizations and stereotypes, gender, abilities/disabilities, race/ethnicity, 
sexual orientation, diversity of names, and age.

∙ Enhancing best practices in assessment creation to eliminate cultural, cognitive, 
and affective bias.

∙ Maintaining and continually updating a robust photo library of diverse images 
that reflect our student populations.

∙ Including more diverse voices in the development and review of our content. 
∙ Strengthening art guidelines to improve accessibility by ensuring meaningful text 

and images are distinguishable and perceivable by users with limited color vision 
and moderately low vision.

NEW! Profiles in Chemistry
Many important discoveries and contributions have been made by people whose 
names may not be well known in the history of chemistry. Our Profiles in Chemistry 
boxes feature the names and accomplishments of some of those people.

 SECTION 17.2  Molecular Structure and Acid Strength 795

Substituent Electronegativity and Acid Strength
As we saw in Section 17.2, the strength of a carboxylic acid can be  
increased by the presence of an electronegative R group. There we  
compared acetic acid to chloroacetic acid. The strength of an acid 
depends on the stability of its conjugate base. Consider the conjugate 
bases of acetic and chloroacetic acids:

H

H

H

C C

O

Acetate ion

O−

    

O

H

Cl

H

C C

Chloroacetate ion

O−

A carboxylic acid has a tendency to ionize because the negative 
charge on its conjugate base can be delocalized on two oxygen atoms.  
An electronegative substituent, such as a Cl atom, draws electron density  
toward itself, making the anion even more stable. The following table  
gives Ka values for substituted acetic acids, showing that the more  
electronegative the substituent, the stronger the acid. Further, the table 
includes substituted acetic acids with one, two, and three Cl atoms in the  
R group. The more electronegative atoms present in the R group, the 
stronger the acid.

Thinking Outside the Box

St. Elmo Brady
St. Elmo Brady (1916–1966) was the first African American to 
earn a Ph.D. in chemistry in the United States. He attended Fisk 
University in Nashville, Tennessee, and then did his graduate 
work at the University of Illinois Urbana-Champaign. There he did 
exhaustive studies on the impact that various substituents have 
on the strength of carboxylic acids. He went on to teach at the 
Tuskegee Normal and Industrial Institute, now Tuskegee Univer-
sity. He later became chair of the chemistry department at How-
ard University in Washington, DC. Howard University, founded in 
1867, is the oldest HBCU (historically Black colleges and universi-
ties) in the United States. Later, Brady would return to lead the 
chemistry department at Fisk University, his undergraduate alma 
mater. There he designed the nation’s first HBCU graduate pro-
gram in chemistry. Eventually, he would go on to develop such 
programs at several other HBCUs. In 2019, Brady was honored posthumously with a National Historic 
Chemical Landmark by the American Chemical Society.

Profiles in Chemistry
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The strength of carboxylic acids depends on the nature of the R group. Consider, 
for example, acetic acid and chloroacetic acid.

H

H

H

HC C O

O O

H

Cl

H

HC C O

Acetic acid Chloroacetic acid

The presence of the electronegative Cl atom in chloroacetic acid shifts the electron 
density toward the R group, thereby making the OH bond more polar. Consequently, 
there is a greater tendency for chloroacetic acid to ionize.

H

Cl

H

HC C O

O

H

Cl

H

−

H+C C O

O

+

Chloroacetic acid is the stronger of the two acids.

(Continued on next page)
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Updated Pedagogy
To refresh student self-assessments, we have updated all Section Review questions 
to  reimagined or completely new questions. Students report benefiting from  
these self-evaluation questions as they assess their level of mastery of the material in 
one section before proceeding to the next. They also report using them to review for 
quizzes and exams. In addition, there is a significant number of new or revised end-
of-chapter problems.

All numerical values in tables and appendices have been updated to match the 
values that students will encounter in ALEKS. Figures and tables have been refined 
for accessibility and ADA compliance.
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Figure 14.7 From left to right: The decrease in bromine concentration as time elapses is indicated 
by the loss of color.
Ken Karp/McGraw Hill

New and Updated Chapter Content
Chapter 1—A new Student Annotation has been added to note the recent redef-

inition of the meter and of the kilogram.
Chapter 2—A new chapter-opening photo and caption detail the first obser-

vation of the radioactive decay of bismuth-209. We have also updated the value of 
Avogadro’s number.

Chapter 5—A new chapter-opening photo and caption describe non-stoichiometric 
compounds.

Chapter 6—Electronegativity values have been updated to reflect the most 
recent determinations.

Chapter 7—New Profiles in Chemistry box features the work of Linus Pauling.
Chapter 8—A new Profiles in Chemistry box features the work of Marie-Anne 

Paulze Lavoisier.
Chapter 11—A new Profiles in Chemistry box features the work of Fritz Haber.
Chapter 13—A new Profiles in Chemistry box features the work of Alice Ball.
Chapter 14—We have refined the introduction of catalysis and have updated 

the reaction pathway figure to more accurately reflect the function of a catalyst.

Chapter 15—A new chapter-opening photo and caption allude to the statistical 
treatment of entropy and a new conceptual end-of-chapter problem queries students’ 
understanding of the description of entropy as “time’s arrow.”

Chapter 17—The description of Brønsted acid-base reactions has been enhanced 
by the addition of curved arrows to illustrate the movement of electrons. A new Pro-
files in Chemistry box features the work of St. Elmo Brady.

Chapter 19—A new Thinking Outside the Box features the use of molten car-
bonate fuel cells for carbon capture.

ARTWORK
A popular feature of our book is the use of thought-provoking chapter-opening photos 
that may not be immediately obvious in their connection to the content of chapter. 
The accompanying captions elucidate the important connections. We continue this 
with new photos and updated captions in many of the chapters.

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

Figure 3.16 (a) Clockwise and  
(b) counterclockwise spins of an 
electron. The magnetic fields  
generated by these two spinning 
motions are analogous to those from 
the two magnets. The upward and 
downward arrows are used to 
denote the direction of spin.
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Experiments on the emission spectra of hydrogen and sodium atoms indicated 
that each line in the emission spectra could be split into two lines by the application 
of an external magnetic field. The only way physicists could explain these results was 
to assume that electrons act like tiny magnets. If electrons are thought of as spinning 
on their own axes, as Earth does, their magnetic properties can be accounted for. 
According to electromagnetic theory, a spinning charge generates a magnetic field, and 
it is this motion that causes an electron to behave like a magnet. Figure 3.16 shows 
the two possible “spins” of an electron. To specify the electron’s spin, we use the 
electron spin quantum number (ms ). Because there are two possible directions of 
spin,  opposite each other,  ms has two possible values: +   1 _ 2    and −   1 _ 2   .

Conclusive proof of electron spin was established by German physicists Otto 
Stern15 and Walther Gerlach16 in 1924. Figure 3.17 shows the basic experimental 
arrangement. A beam of gaseous atoms generated in a hot furnace passes through a 
nonuniform magnetic field. The interaction between an electron and the magnetic field 
causes the atom to be deflected from its straight-line path. Because the direction of 
spin is random, the electrons in half of the atoms will be spinning in one direction. 
Those atoms will be deflected in one way. The electrons in the other half of the atoms 
will be spinning in the opposite direction. Those atoms will be deflected in the other 
direction. Thus, two spots of equal intensity are observed on the detecting screen.

To summarize, we can designate an orbital in an atom with a set of three quan-
tum numbers. These three quantum numbers indicate the size (n), shape (ℓ), and 
orientation (mℓ) of the orbital. A fourth quantum number (ms) is necessary to designate 
the spin of an electron in the orbital.

Student Annotation: Two electrons in the 
same orbital with opposite spins are referred to 
as “paired.”

Figure 3.16 (a) Clockwise and  
(b) counterclockwise spins of an electron. 
The magnetic fields generated by these 
two spinning motions are analogous to 
those from the two magnets. The upward 
and downward arrows are used to denote 
the direction of spin. 

S

NS

N

(a) (b)

Detecting screen

ms = −

Atom beam

Magnet

Slit screen Oven

1–2

ms = + 1–2

Figure 3.17 Experimental arrangement 
for demonstrating electron spin. A beam 
of atoms is directed through a magnetic 
field. When a hydrogen atom, with a  
single electron, passes through the field, 
it is deflected in one direction or the 
other, depending on the direction of the 
electron’s spin. In a stream consisting of 
many atoms, there will be equal  
distributions of the two kinds of spins, so 
two spots of equal intensity are detected 
on the screen. 

15Otto Stern (1888–1969). He made important contributions to the study of the magnetic properties of atoms and the 
kinetic theory of gases. Stern was awarded the Nobel Prize in Physics in 1943.
16Walther Gerlach (1889–1979). Gerlach’s main area of research was in quantum theory.

Section 3.7 Review

Quantum Numbers
3.7.1 How many orbitals are there in a subshell designated by the quantum 

 numbers n = 3, ℓ = 2? 
(a) 2  (b) 3  (c) 5  (d) 7  (e) 10

3.7.2 How many subshells are there in the shell designated by n = 3? 
(a) 1  (b) 2  (c) 3  (d) 6  (e) 9

3.7.3 What is the total number of orbitals in the shell designated by n = 3? 
(a) 1  (b) 2  (c) 3  (d) 6  (e) 9

3.7.4 What is the minimum value of the principal quantum number for an orbital in 
which mℓ = +2? 
(a) 1  (b) 2  (c) 3  (d) 4  (e) 5
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WORKED EXAMPLE 3.3

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

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

Setup Rearranging Equation 3.3 to solve for frequency gives ν =    c __ 
λ
   . The speed of light, c, is 3.00 × 108 m/s. λ (in meters) =  

532 nm ×    1 × 10−9 m ________ 1 nm    = 5.32 × 10−7 m.

Solution

ν =     3.00 × 108 m/s  _____________  
5.32 × 10−7 m 

    = 5.64 × 1014 s−1

Practice Problem A TTEMPT  What is the wavelength (in meters) of an electromagnetic wave whose frequency is 1.61 ×  
1012 s−1? 

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

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

(i) (iii) (iv)(ii)

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

Section 3.2 Review

The Nature of Light
3.2.1 Calculate the wavelength (in nanometers) of light with frequency  

3.45 × 1014 s−1. 
(a) 1.15 × 10−6 nm (d) 115 nm
(b) 1.04 × 1023 nm (e) 9.66 × 10−24 nm
(c) 8.70 × 102 nm

3.2.2 Calculate the frequency of light with wavelength 126 nm. 
(a) 2.38 × 1015 s−1 (d) 2.65 × 10−2 s−1

(b) 4.20 × 10−16 s−1 (e) 3.51 × 1019 s−1

(c) 37.8 s−1

(Continued on next page)

Worked Example 3.3 illustrates the conversion between wavelength and frequency.
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This is initiated during the early planning stages of new products and inten-
sifies during the development and production stages. The 360° Development Process 
then begins again upon publication, in anticipation of the next version of each print 
and digital product. This process is designed to provide a broad, comprehensive 
spectrum of feedback for refinement and innovation of learning tools for both stu-
dent and instructor. The 360° Development Process includes market research, con-
tent reviews, faculty and student focus groups, course- and product-specific 
symposia, accuracy checks, and art reviews, all guided by carefully selected Content 
Advisors.

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

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

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

Section Review. Every section of the book that contains Worked Examples and Prac-
tice Problems ends with a Section Review. The Section Review enables the student 
to evaluate whether they understand the concepts presented in the section.
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Student Hot Spots. In the text, we have identified areas of particularly difficult content 
as “Student Hot Spots”—and use them to direct students to a variety of learning 
resources specific to that content. Students will be able to access over 1,000 digital 
learning resources throughout this text’s eBook. These learning resources present sum-
maries of concepts and worked examples, including over 200 videos of chemistry faculty 
solving problems or modeling concepts which students can view over and over again.

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

250 CHAPTER 7  Molecular Geometry, Intermolecular Forces, and Bonding Theories

The bond angle between either of the axial bonds and any one of the equa-
torial bonds is 90°. (As in the case of the AB6 molecule, the angle between any 
two AB bonds that point in opposite directions is 180°.) Figure 7.2 illustrates 
these bond angles. The angles shown in the figure are the bond angles observed 
when all the electron domains on the central atom are identical. As we explain 
later in this section, the bond angles in many molecules differ slightly from these 
ideal values.

When the central atom in an ABx molecule bears one or more lone pairs, the 
electron-domain geometry and the molecular geometry are no longer the same. 
However, we still use the electron-domain geometry as a first step in determining 
the molecular geometry. The first step in determining the molecular geometry of O3 
(or any species), for example, is to draw its  Lewis structure.  Two different reso-
nance structures can be drawn for O3:

O OO O OO

Either one can be used to determine its geometry.
The next step is to count the electron domains on the central atom. In this case, 

there are three: one single bond, one double bond, and one lone pair. Using the 
VSEPR model, we first determine the electron-domain geometry. According to the 
information in Figure 7.2, three electron domains on the central atom will be arranged 
in a trigonal plane. Molecular geometry, however, is dictated by the arrangement of 
atoms. If we consider only the positions of the three atoms in this molecule, the 
molecular geometry (the molecule’s shape) is bent.

Electron-domain geometry:
trigonal planar

Molecular geometry:
bent

In addition to the five basic geometries depicted in Figure 7.2, you must be 
familiar with how molecular geometry can differ from electron-domain geometry. 
Table 7.2 shows the common molecular geometries where there are one or more lone 
pairs on the central atom. Note the positions occupied by the lone pairs in the trigo-
nal bipyramidal electron-domain geometry. When there are lone pairs on the central 
atom in a trigonal bipyramid, they preferentially occupy equatorial positions, because 
repulsion is greater when the angle between electron domains is 90° or less. Placing 
a lone pair in an axial position would put it at 90° to three other electron domains. 
Placing it in an equatorial position puts it at 90° to only two other domains, thus 
minimizing the number of strong repulsive interactions.

All positions are equivalent in the octahedral geometry, so one lone pair on the 
central atom can occupy any of the positions. If there is a second lone pair in this 
geometry, though, it must occupy the position opposite the first. This arrangement 
minimizes the repulsive forces between the two lone pairs (they are 180° apart instead 
of 90° apart).

In summary, the steps to determine the electron-domain and molecular geom-
etries are as follows:

 1. Draw the Lewis structure of the molecule or polyatomic ion.
 2. Count the number of electron domains on the central atom.
 3. Determine the electron-domain geometry by applying the VSEPR model.
 4. Determine the molecular geometry by considering the positions of the atoms only.

Video 7.1
Chemical bonding—VSEPR and  
molecular geometry

Student Annotation: It would be impossible 
to overstate the importance of being able to 
draw Lewis structures correctly, especially for 
students who will go on to study organic 
chemistry.

 Student data indicate you may struggle with 
VSEPR. Access your eBook to view additional 
Learning Resources on this topic.

Student Hot Spot
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5.6  NAMING MOLECULAR COMPOUNDS
The nomenclature of molecular compounds follows in a similar manner to that  
of ionic compounds. Most molecular compounds are composed of  two nonmetals    
(see [∣◂◂ Section 2.6, Figure 2.10]). To name such a compound, we first name the 
element that appears first in the formula. For HCl that would be hydrogen. We then 
name the second element, changing the ending of its name to –ide. For HCl, the  second 
element is chlorine, so we would change chlorine to chloride. Thus, the  
systematic name of HCl is hydrogen chloride. Similarly, HI is hydrogen iodide  
(iodine  iodide) and SiC is silicon carbide (carbon  carbide).

Specifying Numbers of Atoms
It is quite common for one pair of elements to form several different binary molecu-
lar compounds. In these cases, confusion in naming the compounds is avoided by the 
use of Greek prefixes to denote the number of atoms of each element present. Some 
of the Greek prefixes are listed in Table 5.5, and several compounds named using 
these prefixes are listed in Table 5.6.

The prefix mono– is generally omitted for the first element. SO2, for example, 
is named sulfur dioxide, not monosulfur dioxide. Thus, the absence of a prefix for the 
first element usually means there is only one atom of that element  present in the 
molecule. In addition, for ease of pronunciation, we usually eliminate the last letter 
of a prefix that ends in o or a when naming an oxide. Thus, N2O5 is dinitrogen pent-
oxide, rather than dinitrogen pentaoxide. Worked Example 5.7 gives you some practice 
naming binary molecular compounds from their formulas.

Student Annotation: Recall that compounds 
composed of two elements are called binary 
compounds.

 Student data indicate you may struggle with 
naming covalent compounds. Access your eBook 
to view additional Learning Resources on this 
topic.

Student Hot Spot

Section 5.5 Review

Covalent Bonding and Molecules
5.5.1 Give the correct molecular formula and the correct empirical formula for  

ethylene glycol.
(a) C2H6O2, CHO
(b) C2H6O2, CH2O
(c) C2H6O2, CH3O
(d) C2H6O2, C2H6O2
(e) C2H6O2, CH4O

5.5.2 Give the correct molecular formula and the correct empirical formula for pentane.
(a) C5H12, C5H12
(b) C5H12, C2H5
(c) C5H12, CH
(d) C5H4, CH
(e) C5H8, C2H2

TABLE 5.5 Greek Prefixes

Prefix Meaning Prefix Meaning

Mono– 1 Hexa– 6
Di– 2 Hepta– 7
Tri– 3 Octa– 8

Tetra– 4 Nona– 9
Penta– 5 Deca– 10

TABLE 5.6 Some Compounds Named Using Greek Prefixes

Compound Name Compound Name

CO Carbon monoxide SO3 Sulfur trioxide

CO2 Carbon dioxide NO2 Nitrogen dioxide

SO2 Sulfur dioxide N2O5 Dinitrogen pentoxide
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Key Skills. Newly located immediately before end-of-chapter problems, Key Skills 
are easy to find review modules where students can return to refresh and hone specific 
skills that the authors know are vital to success in later chapters. The answers to the 
Key Skills can be found in the Answer Appendix in the back of the book.

306

Molecular Shape and Polarity

Molecular polarity is tremendously important in determining the physical and chemical properties of a substance. Indeed, 
molecular polarity is one of the most important consequences of molecular geometry. To determine the geometry or shape  
of a molecule or polyatomic ion, we use a stepwise procedure:

 1. Draw a correct Lewis structure [∣◂◂ Chapter 6 Key Skills].
 2. Count electron domains. Remember that an electron domain is a lone pair or a bond; and that a bond may be a single 

bond, a double bond, or a triple bond.
 3. Apply the VSEPR model to determine electron-domain geometry.
 4. Consider the positions of atoms to determine molecular geometry (shape), which may or may not be the same as the 

electron-domain geometry.

Consider the examples of SF6, SF4, and CH2Cl2. We determine the molecular geometry as follows:

Draw the Lewis structure.

6 electron domains:
∙ six bonds

5 electron domains:
∙ four bonds
∙ one lone pair

4 electron domains:
∙ four bondsCount electron domains

on the central atom.

6 electron domains
arrange themselves in an
octahedron.

5 electron domains
arrange themselves in
a trigonal bipyramid.

4 electron domains
arrange themselves in
a tetrahedron.

Apply VSEPR to determine
electron-domain geometry.

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

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

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

Consider positions of 
atoms to determine 
molecular geometry.

F

F

SF F

Cl

H

CH Cl

Cl

H H
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Having determined molecular geometry, we determine overall polarity of each molecule by examining the individual bond 
dipoles and their arrangement in three-dimensional space. 

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

Key Skills Problems

7.3
Which of the following species is polar? 
(a) CF4 (b) ClF3 (c) PF5 (d) AlF3 (e) XeF2

7.4
Which of the following species is nonpolar? (Select all that 
apply.)
(a) ICl2

− (b) SCl4 (c) SeCl2 (d) NCl3 (e) GeCl4

7.1
What is the molecular geometry of PBr3? 
(a) trigonal planar (b) tetrahedral (c) trigonal pyramidal 
(d) bent (e) T-shaped

7.2
Which of the following species does not have tetrahedral 
molecular geometry?
(a) CCl4 (b) SnH4 (c) AlCl4

− (d) XeF4 (e) PH4
+

Design Credits: Animation icon: McGraw Hill; Environmental Aspects box icon: 9comeback/Shutterstock; Thinking Outside the Box icon:  
jocic/Shutterstock; Student Hot Spot icon: McGraw Hill

S and F have
electronegativities of 2.5
and 4, respectively.
[�� Figure 6.4, page 216]
Therefore, the individual
bonds are polar and can be
represented with arrows.

As in SF6, the individual 
bonds in SF4 are polar. The 
bond dipoles are 
represented with arrows.

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

Determine whether or not
the individual bonds are

polar.

The dipoles shown in red
cancel each other; those
shown in blue cancel each
other; and those shown in
green cancel each other,
SF6 is nonpolar.

The dipoles shown in green
cancel each other; but the
dipoles shown  in red— 
because they are not directly
across from each other—
do not. SF4 is polar.

Although the bonds are
symmetrically distributed, 
they do not all have 
equivalent dipoles and 
therefore do not cancel each 
other. CH2Cl2 is polar.

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

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

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

Thinking Outside the Box is an application providing a more in-depth look into 
a specific topic. Learning Outcomes provide a brief overview of the concepts the 
student should understand after reading the chapter. It’s an opportunity to review areas 
that the student does not feel confident about upon reflection.
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CFC Nomenclature
The nomenclature for CFCs is different from that of other organic compounds. The naming convention 
uses “CFC” as the base designation, followed by a three-digit number. The first digit is the number of 
carbon atoms in the compound minus one. The second digit is the number of hydrogen atoms plus one 
and the third digit is the number of fluorine atoms. The number of chlorine atoms is deduced from this, 
making sure there are four bonds to each carbon atom. In CFC names containing only two digits, as in 
CFC-11, the first digit is zero and is, therefore, not shown.

CFC-12 CFC-113

CF

Cl

Environmental Aspects

Functional Groups
Many organic compounds are derivatives of alkanes in which one of the  
H atoms has been replaced by a group of atoms known as a functional 
group. The functional group determines many of the chemical properties 
of a compound because it typically is where a chemical reaction occurs. 
Table 5.9 lists the names and provides ball-and-stick models of several 
 important functional groups.

Ethanol, for example, the alcohol in alcoholic beverages, is ethane 
(C2H6) with one of the hydrogen atoms replaced by an alcohol (—OH) 
group. Its name is derived from that of ethane, indicating that it contains 
two carbon atoms.

Ethanol

The molecular formula of ethanol can also be written C2H6O, but 
C2H5OH conveys more information about the structure of the molecule.  
Organic compounds and several functional groups are discussed in greater 
detail in Chapter 23.

Thinking Outside the Box

Name Functional Group Model

Alcohol —OH

Aldehyde —CHO

Carboxylic acid —COOH

Amine —NH2

TABLE 5.9 Organic Functional Groups
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1s22s22p63s1

IE1 = 496 kJ/mol
EA = +52.9 kJ/mol
r = 186 pm

1s22s22p6

Na
Na+

Cl–

Cl

C2H4

Cl2
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The Properties of Atoms

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

Metals, such as sodium, easily lose one 
or more electrons to become cations.

Cations and anions combine to 
form ionic compounds, such as 
sodium chloride.

Nonmetals, such as chlorine, easily gain 
one or more electrons to become anions.

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

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

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

NaCl

Figure 6.1
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Media. Many Visualizing Chemistry pieces have been made into captivating and ped-
agogically-effective animations for additional reinforcement of subject matter first 
encountered in the textbook. Each Visualizing Chemistry animation is noted by an icon.

Integration of Electronic Homework. You will find the electronic homework inte-
grated into the text in numerous places. A large number of the end-of-chapter problems 
are in the electronic homework system ready to assign to students.

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

Julia Burdge
juliaburdge@gmail.com

Jason Overby
overbyj@cofc.edu

284 CHAPTER 7  Molecular Geometry, Intermolecular Forces, and Bonding Theories

Our treatment of molecular orbital theory in this text will be limited to descrip-
tions of bonding in diatomic molecules consisting of elements from the first two 
periods of the periodic table (H through Ne).

Bonding and Antibonding Molecular Orbitals
To begin our discussion, we consider H2, the  simplest homonuclear diatomic molecule.  
According to valence bond theory, an H2 molecule forms when two H atoms are close 
enough for their 1s atomic orbitals to overlap. According to molecular orbital theory, 
two H atoms come together to form H2 when their 1s atomic orbitals  combine  to give 
molecular orbitals. Figure 7.16 shows the 1s atomic orbitals of the isolated H atoms 
and the molecular orbitals that result from their constructive and destructive combina-
tions. The constructive combination of the two 1s orbitals gives rise to a molecular 
orbital [Figure 7.16(b)] that lies along the internuclear axis directly between the two 
H nuclei. Just as electron density shared between two nuclei in overlapping atomic 
orbitals drew the nuclei together, electron density in a molecular orbital that lies 
between two nuclei will draw them together, too. Thus, this molecular orbital is 
referred to as a bonding molecular orbital.

The destructive combination of the 1s atomic orbitals also gives rise to a molecu-
lar orbital that lies along the internuclear axis, but, as Figure 7.16(c) shows, this molec-
ular orbital, which consists of two lobes, does not lie between the two nuclei. Electron 
density in this molecular orbital would actually pull the two nuclei in opposite directions, 
rather than toward each other. This is referred to as an antibonding molecular orbital.

σ Molecular Orbitals
Molecular orbitals that lie along the internuclear axis (such as the bonding and anti-
bonding molecular orbitals in H2) are referred to as σ molecular  orbitals.  Specifically, 
the bonding molecular orbital formed by the combination of two 1s atomic orbitals 
is designated σ1s and the antibonding orbital is designated σ*

1s, where the asterisk 
distinguishes an antibonding orbital from a bonding orbital. Figure 7.16(d) summa-
rizes the combination of two 1s atomic orbitals to yield two molecular orbitals: one 
bonding and one antibonding.

Like atomic orbitals, molecular orbitals have specific energies. The combination 
of two atomic orbitals of equal energy, such as two 1s orbitals on two H atoms, yields 
one molecular orbital that is lower in energy (bonding) and one molecular orbital that 
is higher in energy (antibonding) than the original atomic orbitals. The bonding 
molecular orbital in H2 is concentrated between the nuclei, along the internuclear axis. 
Electron density in this molecular orbital both attracts the nuclei and shields them 
from each other, stabilizing the molecule. Thus, the bonding molecular orbital is lower 
in energy than the isolated atomic orbitals. In contrast, the antibonding molecular 

Student Annotation: Recall that a homonuclear 
diatomic molecule is one in which both atoms 
are the same element [∣◂◂ Section 5.5].

Student Annotation: Remember that the 
quantum mechanical approach treats atomic 
orbitals as wave functions [∣◂◂ Section 3.6], and 
that one of the properties of waves is their 
 capacity for both constructive combination and 
destructive combination [∣◂◂ Section 3.2].

Video 7.8
Chemical bonding—formation of molecular 
orbitals.

Student Annotation: The designations σ and 
π are used in molecular orbital theory just as 
they are in valence bond theory: σ refers to 
electron density along the internuclear axis, 
and π refers to electron density that influences 
both nuclei but that does not lie directly along 
the internuclear axis.

Figure 7.16 (a) Two s atomic orbitals 
combine to give two sigma molecular  
orbitals. (b) One of the molecular orbitals  
is lower in energy than the original 
atomic orbitals (darker), and (c) one is 
higher in energy (lighter). The two light 
yellow lobes make up one molecular 
orbital. (d) Atomic and molecular orbitals 
are shown relative to the H nuclei.
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Students start your course with varying levels of preparedness. Some will get it quickly. Some won’t. 
ALEKS is a course assistant that helps you meet each student where they are and provide the 
necessary building blocks to get them where they need to go. You determine the assignments and 
the content, and ALEKS will deliver customized practice until they truly get it.  

Experience The ALEKS Difference

Gain greater visibility into student performance so you know 
immediately if your lessons clicked. 

Teach your course your way, with best-in-class content and tools to 
immerse students and keep them on track. 

• ALEKS’s “Initial Knowledge Check” helps accurately evaluate student 
levels and gaps on day one, so you know precisely where students are 
at and where they need to go when they start your course.  

• You know when students are at risk of falling behind through ALEKS 
Insights so, you can remediate – be it through prep modules, practice 
questions, or written explanations of video tutorials.   

• Students always know where they are, how they are doing, and can 
track their own progress easily. 

• ALEKS gives you flexibility to assign homework, share a vast library of 
curated content including videos, review progress and provide student 
support, anytime anywhere.   

• You save time otherwise spent performing tedious tasks while having 
more control over and impact on your students’ learning process.   

• Students gain a deeper level of understanding through interactive 
and hands-on assignments that go beyond multiple-choice questions. 

Easily Identify 
Knowledge Gaps  

Gain More 
Flexibility and 
Engagement  

Break down barriers and build student knowledge
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Narrow the  
Equity Gap  

Count on  
Hands-on Support   

Efficiently and effectively create individual pathways for students 
without leaving anyone behind.  

A dedicated Implementation Manager will work with you to build your 
course exactly the way you want it and your students need it.  

• ALEKS creates an equitable experience for all students, making  
sure they get the support they need to successfully finish the courses 
they start.   

• You help reduce attrition, falling enrollment, and further widening of 
the learning gap.  

• Student success rates improve – not just better grades, but  
better learning.

• An ALEKS Implementation Manager is with you every step of the way 
through the life of your course.

• 
• You never have to figure it out on your own or be your student’s 

customer service. We believe in a consultative approach and take care 
of all of that for you, so you can focus on your class. 

• 
• Your students benefit from more meaningful in moments with you, 

while ALEKS—directed by you—does the rest. 

with ALEKS® Constructive Learning Paths.  

Already benefitting from ALEKS? 

Check out our New Enhancements:
mheducation.com/highered/aleks/new-releases.html 
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ALEKS (Assessment and LEarning in Knowledge Spaces) is a web-based system 
for individualized assessment and learning available 24/7 over the Internet. ALEKS 
uses artificial intelligence to accurately determine a students’ knowledge and then 
guides them to the material that they are most ready to learn. ALEKS offers immedi-
ate feedback and access to ALEKSPedia—an interactive text that contains concise 
entries on chemistry topics. ALEKS is also a full-featured course management system 
with rich reporting features that allow instructors to monitor individual and class 
performance, set student goals, assign/grade online quizzes, and more. ALEKS allows 
instructors to spend more time on concepts while ALEKS teaches students practical 
problem-solving skills. And with ALEKS 360, your student also has access to this 
text’s eBook. Learn more at www.aleks.com/highered/science

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

®

Instructor and Student 
Resources

Instructors have access to the following instructor resources:

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

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

∙ Instructor’s Solutions Manual This supplement contains complete, worked-out 
solutions for the Practice Problem C questions, Key Skills questions, and all the 
end-of-chapter problems in the text.

∙ Computerized Test Bank Also among the instructor resources is a computer-
ized test bank. The testing software TestGen® can be used to create customized 
exams quickly. Hundreds of text-specific, open-ended, and multiple-choice ques-
tions are included in the question bank.

Create
Your Book, Your Way McGraw Hill’s Content Collections Powered by Create® is a 
self-service website that enables instructors to create custom course materials—print 
and eBooks—by drawing upon McGraw Hill’s comprehensive, cross-disciplinary con-
tent. Choose what you want from our high-quality textbooks, articles, and cases. 
Combine it with your own content quickly and easily, and tap into other rights-secured, 
third-party content such as readings, cases, and articles. Content can be arranged in 
a way that makes the most sense for your course and you can include the course name 
and information as well. Choose the best format for your course: color print, black-
and-white print, or eBook. The eBook can be included in your Connect course and 
is available on the free ReadAnywhere app for smartphone or tablet access as well. 
When you are finished customizing, you will receive a free digital copy to review in 
just minutes! Visit McGraw Hill Create®—www.mcgrawhillcreate.com—today and 
begin building!

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

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

Important features of this laboratory manual:

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

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

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

∙ Instructor’s resources (found in the Instructor Resources on Connect®) provided with 
each experiment outline variations that can be incorporated to enrich the student 
experience or tailor the lab to the resources/equipment available at the institution.
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AT ONLY a billionth of a degree above absolute zero, ultra-cold atomic gases are used 

to study the behaviors exhibited by simple quantum particles when they interact with 

one another. These quantum mechanical interactions ultimately give rise to observable 

phenomena such as high-temperature superconductivity and quantum magnetism. 

 Research on atomic behavior under these conditions may facilitate new discoveries in 

fields ranging from materials science to quantum computing.  
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Student Annotation: Macroscopic means 
large enough to be seen with the unaided eye.

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

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

Chemistry You May Already Know
You may already be familiar with some of the terms used in chemistry. Even if this 
is your first chemistry course, you may have heard of molecules and know them to 
be tiny pieces of a substance—much too tiny to see. Further, you may know that 
molecules are made up of atoms, even smaller pieces of matter. And even if you don’t 
know what a chemical formula is, you probably know that H2O is water. You may 
have used, or at least heard, the term chemical reaction; and you are undoubtedly 
familiar with a variety of common processes that are chemical reactions, such as those 
shown in Figure 1.1. Don’t worry if you are not familiar with these terms; they are 
defined in the early chapters of this book.

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

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

Before You Begin, Review These Skills

• Basic algebra
• Scientific notation [▸▸∣ Appendix 1]
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4 CHAPTER 1  Chemistry: The Science of Change

Figure 1.1 Many familiar processes are chemical  
reactions: (a) The flame of a gas stove is the  combustion 
of natural gas, which is primarily methane. (b) The  
bubbles produced when Alka-Seltzer dissolves in water 
are carbon dioxide, produced by a chemical reaction  
between two ingredients in the tablets. (c) The  formation 
of rust is a chemical reaction that occurs when iron,  
water, and oxygen are all present. (d) Many baked 
goods “rise” as the result of a chemical reaction that 
produces carbon dioxide.
(a): Caspar Benson/fStop/Getty Images; (b): Colin Anderson 
 Productions pty ltd/Stockbyte/Brand X Pictures/Getty Images; 
(c): Anthony Grote/Getty Images; (d): Sharon Dominick/iStock 
Exclusive/Getty Images

(a) (c)

(b)

(d)

Observation
Milkmaids don’t

contract smallpox.

Further
Experiment

Many more humans
inoculated with

cowpox virus, confirming
the model.

Hypothesis
Having contracted
cowpox, milkmaids

have a natural immunity
to smallpox.

Experiment
Intentionally expose

a healthy child to cowpox
and later to smallpox.

Model
Because child did not

contract smallpox,
immunity seemed to
have resulted from
cowpox exposure.

Observations
Natural phenomena

and measured events;
if universally consistent,

 can be stated
as a law

Hypothesis
Tentative explanation

that explains observations

Experiment
Procedure to test

hypothesis; measures
one variable at a time

Model (Theory)
Set of conceptual
assumptions that

explains data from
accumulated experiments;

predicts related
phenomena

Further
Experiment

Tests predictions
based on model

Hypothesis revised if
experimental results

do not support it

Model altered if
experimental results

do not support it

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

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

Until recently, almost everyone had a 
smallpox vaccine scar—usually on the  
upper arm.
Chris Livingston/Getty Images

Student Annotation: The last naturally occur-
ring case was in 1977 in Somalia.

Tips for Success in Chemistry Class
Success in a chemistry class depends largely on problem-solving ability. 
The Worked Examples throughout the text are designed to help you de-
velop problem-solving skills. Each is divided into four steps: Strategy, 
Setup, Solution, and Think About It.
Strategy: Read the problem carefully and determine what is being asked 
and what information is provided. The Strategy step is where you should 
think about what skills are required and lay out a plan for solving the  
problem. Give some thought to what you expect the result to be. If you  
are asked to determine the number of atoms in a sample of matter, for  
example, you should expect the answer to be a whole number. Determine 
what, if any, units should be associated with the result. When possible, 
make a ballpark estimate of the magnitude of the correct result, and  
make a note of your estimate.
Setup: Next, gather the information necessary to solve the problem.  
Some of the information will have been given in the problem itself. Other 
information, such as equations, constants, and tabulated data (including 
atomic masses) should also be brought together in this step. Write down 
and label clearly all of the information you will use to solve the problem. 
Be sure to write appropriate units with each piece of information.
Solution: Using the necessary equations, constants, and other information, 
calculate the answer to the problem. Pay particular attention to the units  
associated with each number, tracking and canceling units carefully 
throughout the calculation. In the event that multiple calculations are 
 required, label any intermediate results. If rounding is necessary, do  
it only after the last step in the calculation.
Think About It: Consider your calculated result and ask yourself whether 
or not it makes sense. Compare the units and the magnitude of your  

Thinking Outside the Box
result with your ballpark estimate from the Strategy step. If your result 
does not have the appropriate units, or if its magnitude or sign is not 
 reasonable, check your solution for possible errors. A very important part 
of problem solving is being able to judge whether the answer is reason-
able. It is relatively easy to spot a wrong sign or incorrect units, but you 
should also develop a sense of magnitude and be able to tell when an 
 answer is either way too big or way too small. For example, if a problem 
asks you to determine the length of a sheet of paper in millimeters and 
you calculate a number that is less than 1, you should know that it  
cannot be correct.

Each Worked Example is followed by three Practice Problems: A, B,  
and C. Practice Problem A, “Attempt,” typically is a problem very similar to 
the Worked Example that can be solved using the same strategy. Practice 
Problems B and C, “Build” and “Conceptualize” generally test the same 
skills, but require approaches slightly different from the one used to solve 
the preceding Worked Example and Practice Problems.

Finally, each section that contains one or more Worked Examples 
concludes with a Section Review. These consist of multiple-choice prob-
lems that enable you to assess your comprehension of the material in  
the section before moving on to the next section. Answers to Practice 
Problems A and B and to Section Review Questions can be found at the 
end of each chapter.

Regular use of the Worked Examples, Practice Problems, and Section 
Reviews in this text can help you develop an effective set of problem- 
solving skills. They can also help you assess whether you are ready to 
move on to the next new concepts. If you struggle with the Practice 
 Problems or Section Reviews, then you probably need to review the 
 corresponding Worked Example and the concepts that led up to it.
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Volumetric pipette
(b)

Volumetric flask
(d)

Graduated cylinder
(c)

Burette
(a)

Figure 1.3 (a) A burette is used to measure the volume of a liquid that has been added to a 
 container. A reading is taken before and after the liquid is delivered, and the volume delivered is 
determined by subtracting the first reading from the second. (b) A volumetric pipette is used to 
deliver a precise amount of liquid. (c) A graduated cylinder is used to measure a volume of liquid. It 
is less precise than the volumetric flask. (d) A volumetric flask is used to prepare a precise volume of 
a solution for use in the laboratory.

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

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

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

Student Annotation: According to the U.S. 
Metric Association (USMA), the United States is 
“the only significant holdout” with regard to 
adoption of the metric system. The other 
 countries that continue to use traditional units 
are Myanmar (formerly Burma) and Liberia.

Base Quantity Name of Unit Symbol

Length meter m

Mass kilogram kg

Time second s

Electric current ampere A

Temperature kelvin K

Amount of substance mole mol

Luminous intensity candela cd

TABLE 1.1 Base SI Units

TABLE 1.2 Prefixes Used with SI Units

Prefix Symbol Meaning Example

Tera- T 1 × 1012 (1,000,000,000,000) 1 teragram (Tg) = 1 × 1012 g
Giga- G 1 × 109 (1,000,000,000) 1 gigawatt (GW) = 1 × 109 W
Mega- M 1 × 106 (1,000,000) 1 megahertz (MHz) = 1 × 106 Hz
Kilo- k 1 × 103 (1,000) 1 kilometer (km) = 1 × 103 m
Deci- d 1 × 10−1 (0.1) 1 deciliter (dL) = 1 × 10−1 L
Centi- c 1 × 10−2 (0.01) 1 centimeter (cm) = 1 × 10−2 m
Milli- m 1 × 10−3 (0.001) 1 millimeter (mm) = 1 × 10−3 m
Micro- μ 1 × 10−6 (0.000001) 1 microliter (μL) = 1 × 10−6 L
Nano- n 1 × 10−9 (0.000000001) 1 nanosecond (ns) = 1 × 10−9 s
Pico- p 1 × 10−12 (0.000000000001) 1 picogram (pg) = 1 × 10−12 g

Student Annotation: Although historically 
 defined using physical objects, the SI base 
units meter and kilogram have been redefined 
in terms of universal physical constants. The 
 meter is now defined in terms of the speed of 
light in a vacuum [▸▸∣ Section 3.2], and the 
kilogram is defined in terms of Planck’s 
 constant [▸▸∣ Section 3.3].
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Mass
Although the terms mass and weight often are used interchangeably, they do not mean 
the same thing. Strictly speaking, weight is the force exerted by an object or sample 
due to gravity. Mass is a measure of the amount of matter in an object or sample. 
Because gravity varies from location to location (gravity on the Moon is only about 
one-sixth that on Earth), the weight of an object varies depending on where it is 
measured. The mass of an object remains the same regardless of where it is measured. 
The SI base unit of mass is the kilogram (kg), but in chemistry the smaller gram (g) 
often is more convenient and is more commonly used:

1 kg = 1000 g = 1 × 103 g

Occasionally, the most convenient and/or commonly used unit for a particular 
application is not an SI unit. One such example is the atomic mass unit. The atomic 
mass unit (amu), as the name suggests, is used to express the masses of atoms—and 
other objects of similar size. In terms of SI units, the amu is equal to 1.6605378 × 
10−24 g or 1.6605378 × 10−27 kg. Another example is the angstrom (Å), a measure 
of length that is equal to 1 × 10−10 m.

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

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

Equation 1.1  K = °C + 273.15  

Worked Example 1.1 illustrates conversions between these two temperature scales.

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

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

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

WORKED EXAMPLE 1.1

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

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

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

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

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

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

 temperature in °F =    9°F ____ 
5°C

    × (temperature in °C) + 32°F  Equation 1.2

Worked Example 1.2 lets you practice converting from Celsius to Fahrenheit.

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

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

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

(i) (ii) (iii) (iv)

WORKED EXAMPLE 1.2

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

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

Setup We use Equation 1.2:

temperature in Fahrenheit =    9°F ____ 
5°C

    × (temperature in degrees Celsius) + 32°F

(Continued on next page)
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