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A VISUAL TOUR THROUGH THE FEATURES OF THE TEXT

Many pedagogical tools are interwoven throughout the chapters to guide students on their learning journey.

Quantum Theory and Atomic Structure
7.1 The Nature of Light

Wave Nature of Light
Particle Nature of Light

7.2 Atomic Spectra
Bohr Model of the Hydrogen Atom
Energy States of the Hydrogen Atom

7.3 The Wave-Particle Duality of Matter
and Energy
Wave Nature of Electrons and Particle

Nature of Photons
Heisenberg Uncertainty Principle

7.4 The Quantum-Mechanical Model
of the Atom
The Atomic Orbital
Quantum Numbers
Shapes of Atomic Orbitals
The Special Case of the Hydrogen

Atom

Atmospheric Excitement Charged particles (electrons and positive ions) in the solar wind collide with and
excite atoms in the atmosphere, which then relax and emit the glorious light of an aurora. As you’ll see in this
chapter, TV screens and neon signs work by the same principle.

Concepts & Skills to Review
before you study this chapter

• discovery of the electron and
atomic nucleus (Section 2.4)

• major features of atomic structure
(Section 2.5)

• changes in energy state of a
system (Section 6.1)

Hooray for the Human Mind The in-
vention of the car, radio, and airplane fos-
tered a feeling of unlimited human ability,
and the discovery of x-rays, radioactivity,
the electron, and the atomic nucleus led to
the sense that the human mind would
soon unravel all of nature’s mysteries. In-
deed, some people were convinced that
few, if any, mysteries remained.
1895 Röntgen discovers x-rays.
1896 Becquerel discovers radioactivity.
1897 Thomson discovers the electron.
1898 Curie discovers radium.
1900 Freud proposes theory of the un-

conscious mind.
1900 Planck develops quantum theory.
1901 Marconi invents the radio.
1903 Wright brothers fly an airplane.
1905 Ford uses assembly line to build cars.
1905 Rutherford explains radioactivity.
1905 Einstein publishes relativity and

photon theories.
1906 St. Denis develops modern dance.
1908 Matisse and Picasso develop modern

art.
1909 Schoenberg and Berg develop mod-

ern music.
1911 Rutherford presents nuclear model.
1913 Bohr proposes atomic model.
1914 to 1918 World War I is fought.
1923 Compton demonstrates photon mo-

mentum.
1924 De Broglie publishes wave theory of

matter.
1926 Schrödinger develops wave equation.
1927 Heisenberg presents uncertainty

principle.
1932 Chadwick discovers the neutron.

Over a few remarkable decades—from around 1890 to 1930—a revolution
took place in how we view the makeup of the universe. But revolutions
in science are not the violent upheavals of political overthrow. Rather, flaws

appear in an established model as conflicting evidence mounts, a startling dis-
covery or two widens the flaws into cracks, and the conceptual structure crum-
bles gradually from its inconsistencies. New insight, verified by experiment, then
guides the building of a model more consistent with reality. So it was when
Lavoisier’s theory of combustion superseded the phlogiston model, when Dalton’s
atomic theory established the idea of individual units of matter, and when Ruther-
ford’s nuclear model substituted atoms with rich internal structure for “billiard
balls” or “plum puddings.” In this chapter, you will see this process unfold again
with the development of modern atomic theory.

Almost as soon as Rutherford proposed his nuclear model, a major problem
arose. A nucleus and an electron attract each other, so if they are to remain apart,
the energy of the electron’s motion (kinetic energy) must balance the energy of
attraction (potential energy). However, the laws of classical physics had estab-
lished that a negative particle moving in a curved path around a positive one must
emit radiation and thus lose energy. If this requirement applied to atoms, why
didn’t the orbiting electron lose energy continuously and spiral into the nucleus?
Clearly, if electrons behaved the way classical physics predicted, all atoms would
have collapsed eons ago! The behavior of subatomic matter seemed to violate
real-world experience and accepted principles.

The breakthroughs that soon followed Rutherford’s model forced a complete
rethinking of the classical picture of matter and energy. In the macroscopic world,
the two are distinct. Matter occurs in chunks you can hold and weigh, and you
can change the amount of matter in a sample piece by piece. In contrast, energy
is “massless,” and its quantity changes in a continuous manner. Matter moves in
specific paths, whereas light and other types of energy travel in diffuse waves. As
soon as 20th-century scientists probed the subatomic world, however, these clear
distinctions between particulate matter and wavelike energy began to fade.

IN THIS CHAPTER . . . We discuss quantum mechanics, the theory that explains

our current picture of atomic structure. We consider the wave properties of

energy and then examine the theories and experiments that led to a quantized,

or particulate, model of light. We see why the light emitted by excited hydro-

gen (H) atoms—the atomic spectrum—suggests an atom with distinct energy

levels, and we look briefly at how atomic spectra are applied to chemical analy-

sis. Wave-particle duality, which reveals two faces of matter and of energy, leads

us to the current model of the H atom and the quantum numbers that identify

the regions of space an electron occupies in an atom. In Chapter 8, we’ll con-

sider atoms that have more than one electron and relate electron number and

distribution to chemical behavior.

7.1 THE NATURE OF LIGHT
Visible light is one type of electromagnetic radiation (also called electromag-
netic energy or radiant energy). Other familiar types include x-rays, microwaves,
and radio waves. All electromagnetic radiation consists of energy propagated by
means of electric and magnetic fields that alternately increase and decrease in
intensity as they move through space. This classical wave model distinguishes
clearly between waves and particles; it is essential for understanding why rain-
bows form, how magnifying glasses work, why objects look distorted under water,
and many other everyday observations. But, it cannot explain observations on the
atomic scale because, as you’ll shortly, in that unfamiliar realm, energy behaves
as though it consists of particles!

Chapter Openers

Each chapter begins with a thought-
provoking opener figure and legend that
relate to the main topic of the chapter.
The chapter opening page also contains
the Chapter Outline that shows the
sequence of topics and subtopics, and
the final paragraph of the introduction,
called In This Chapter, ties the main top-
ics to the outline. In the margin next to
the introduction, Concepts and Skills to
Review refers to key material from ear-
lier chapters that you should understand
before you start reading the current one.

Problem Solving

A worked-out sample problem appears whenever an important new concept or skill is introduced, and the problem-solving
approach helps you think through all problems logically and systematically. The stepwise approach, based on the universally
accepted four-step approach of plan, solve, check, and practice, is used consistently for every sample problem in the text.
These steps are as follows:

• Plan: analyzes the problem so that you can use
what is known to find what is unknown. This step
develops the habit of thinking through the solution
before performing calculations. Most quantitative
problems are accompanied in the margin by a
roadmap, a flow diagram that leads you visually
through the planned steps for each specific
problem.

• Solution: presents the calculation steps in the
same order as they are discussed in the plan and
shown in the roadmap.

• Check: fosters the habit of going over your work
with a rough calculation to make sure the answer is
both chemically and mathematically reasonable—a
great way to avoid careless errors. In many cases,
following the check is a Comment that provides an
additional insight, alternative approach, or
common mistake to avoid.

• Follow-up Problem: presents a similar problem to
provide immediate practice, with an abbreviated
multistep solution appearing at the end of the 
chapter.

In this edition, in addition to sample problems involv-
ing only calculations, a large number of molecular-
scene sample problems utilize depictions of 
chemical species to solve quantitative problems.

SAMPLE PROBLEM 3.18 Visualizing Changes in Concentration
PROBLEM The top circle at right represents a unit volume of a solution. Draw a circle
representing a unit volume of the solution after each of these changes:
(a) For every 1 mL of solution, 1 mL of solvent is added.
(b) One third of the solution’s total volume is boiled off.
PLAN Given the starting solution, we have to find the number of solute particles in a unit
volume after each change. The number of particles per unit volume, N, is directly related
to moles per unit volume, M, so we can use a relationship similar to Equation 3.9 to find
the number of particles to show in each circle. In (a), the volume increases, so the final
solution is more dilute—fewer particles per unit volume. In (b), some solvent is lost, so
the final solution is more concentrated—more particles per unit volume.
SOLUTION (a) Finding the number of particles in the dilute solution, Ndil:

thus,

(b) Finding the number of particles in the concentrated solution, Nconc:

thus,

CHECK In (a), the volume is doubled (from 1 mL to 2 mL), so the number of particles per
unit volume should be half of the original; of 8 is 4. In (b), the volume is reduced to of the
original, so the number of particles per unit volume should be of the original; of 8 is 12.
COMMENT In (b), we assumed that only solvent boils off. This is true with nonvolatile
solutes, such as ionic compounds, but in Chapter 13, we’ll encounter solutions in which
both solvent and solute are volatile.

FOLLOW-UP PROBLEM 3.18 The circle labeled A represents a unit volume of a solu-
tion. Explain the changes that must be made to A to obtain the solutions depicted in B and C.

3
2

3
2

2
3

1
2

Nconc � Ndil �
Vdil

Vconc
� 8 particles �

1 mL
2
3 mL

� 12 particles

Ndil � Vdil � Nconc � Vconc

Ndil � Nconc �
Vconc

Vdil
� 8 particles �

1 mL

2 mL
� 4 particles

Ndil � Vdil � Nconc � Vconc

(b)

(a)

Volume (L) of solution

multiply by M (mol/L)

Amount (mol) of solute

multiply by � (g/mol)

Mass (g) of solute

SAMPLE PROBLEM 3.16 Calculating Mass of Solute in a Given Volume
of Solution

PROBLEM A buffered solution maintains acidity as a reaction occurs. In living cells, phos-
phate ions play a key buffering role, so biochemists often study reactions in such solutions.
How many grams of solute are in 1.75 L of 0.460 M sodium hydrogen phosphate?
PLAN We know the solution volume (1.75 L) and molarity (0.460 M), and we need the
mass of solute. We use the known quantities to find the amount (mol) of solute and then
convert moles to grams with the solute molar mass, as shown in the roadmap.
SOLUTION Calculating moles of solute in solution:

Converting from moles of solute to grams:

CHECK The answer seems to be correct: �1.8 L of 0.5 mol/L contains 0.9 mol, and
150 g/mol � 0.9 mol � 135 g, which is close to 114 g of solute.

FOLLOW-UP PROBLEM 3.16 In biochemistry laboratories, solutions of sucrose
(table sugar, C12H22O11) are used in high-speed centrifuges to separate the parts of a bio-
logical cell. How many liters of 3.30 M sucrose contain 135 g of solute?

 �  114 g Na2HPO4

 Mass (g) Na2HPO4 � 0.805 mol Na2HPO4 �
141.96 g Na2HPO4

1 mol Na2HPO4

Moles of Na2HPO4 � 1.75 L soln �
0.460 mol Na2HPO4

1 L soln
� 0.805 mol Na2HPO4
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Applications

Tools of the Laboratory essays describe the key instruments and techniques that chemists
use in modern practice to obtain the data that underlie their theories.
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Spectrophotometry in Chemical Analysis

The use of spectral data to identify and quantify substances is
essential to modern chemical analysis. The terms spec-
troscopy, spectrometry, and spectrophotometry denote a

large group of instrumental techniques that obtain spectra corre-
sponding to a substance’s atomic and molecular energy levels.

The two types of spectra most often obtained are emission
and absorption spectra. An emission spectrum, such as the H
atom line spectrum, is produced when atoms in an excited state
emit photons characteristic of the element as they return to lower
energy states. Some elements produce a very intense spectral line
(or several closely spaced ones) that serves as a marker of their
presence. Such an intense line is the basis of flame tests, rapid
qualitative procedures performed by placing a granule of an ionic
compound or a drop of its solution in a flame (Figure B7.1, A).
Some of the colors of fireworks and flares are due to emissions
from the same elements shown in the flame tests: crimson from
strontium salts and blue-green from copper salts (Figure B7.1, B).

Tools of the Laboratory

The characteristic colors of sodium-vapor and mercury-vapor
streetlamps, seen in many towns and cities, are due to one or a few
prominent lines in their emission spectra.

An absorption spectrum is produced when atoms absorb
photons of certain wavelengths and become excited from lower to
higher energy states. Therefore, the absorption spectrum of an el-
ement appears as dark lines against a bright background. When
white light passes through sodium vapor, for example, it gives rise
to a sodium absorption spectrum, on which dark lines appear at
the same wavelengths as those for the yellow-orange lines in the
sodium emission spectrum (Figure B7.2).

Instruments based on absorption spectra are much more com-
mon than those based on emission spectra, for several reasons.
When a solid, liquid, or dense gas is excited, it emits so many lines
that the spectrum is a continuum (recall the continuum of colors in
sunlight). Absorption is also less destructive of fragile organic and
biological molecules.

A

B

Figure B7.1 Flame tests and fireworks. A, In general, the color of 

the flame is created by a strong emission in the line spectrum of the

element and therefore is often taken as preliminary evidence of the

presence of the element in a sample. Shown here are the crimson of

strontium and the blue-green of copper. B, The same emissions from

compounds that contain these elements often appear in the brilliant

displays of fireworks.

400 nm 750 nmSodium emission spectrum

400 nm 750 nmSodium absorption spectrum

Figure B7.2 Emission and absorption spectra of sodium atoms. The wavelengths of the bright

emission lines correspond to those of the dark absorption lines because both are created by the same

energy change: �Eemission � ��Eabsorption. (Only the two most intense lines in the Na spectra are shown.)

(continued)
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Properties of a Liquid
Of the three states of matter, only liquids combine the ability to flow
with the strength that comes from intermolecular contact, and this
combination appears in numerous applications.

Beaded droplets on waxy surfaces
The adhesive (dipole–induced dipole) forces between water and a
nonpolar surface are much weaker than the cohesive (H-bond) forces
within water. As a result, water pulls away from a nonpolar surface and
forms beaded droplets. You have seen this effect when water beads on a
leaf or a freshly waxed car after a rainfall.

How a ballpoint pen works
The essential parts of a ballpoint pen are the moving ball and the viscous ink. The material
of the ball is chosen for the strong adhesive forces between it and the ink. Cohesive forces
within the ink are replaced by those adhesive forces when the ink “wets” the ball. As the
ball rolls along the paper, the adhesive forces between ball and ink are overcome by those
between ink and paper. The rest of the ink stays in the pen because of its high viscosity.

Capillary action after a shower
Paper and cotton consist of fibers of cellulose,

long carbon-containing molecules with many
attached hydroxyl (—OH) groups. A towel 
dries you in two ways: 
First, capillary action draws the water mol-
ecules away from your body between the
closely spaced cellulose molecules. 
Second, the water molecules themselves

form adhesive H bonds to the —OH 
groups of cellulose.

Ink

Moving ball

Paper surface

Maintaining motor oil viscosity
To protect engine parts during
long drives or in hot weather,
when an oil would ordinarily
become too thin, motor oils 

contain additives, called
polymeric viscosity index
improvers, that act as

thickeners. As the oil 
heats up, the additive 

molecules change
shape from com-

pact spheres to 
spaghetti-like strands and become 
tangled with the hydrocarbon oil 
molecules. As a result of the greater
dispersion forces, there is an increase 
in viscosity that compensates for the
decrease due to heating.

Minimizing a surface
In the low-gravity environment of 

an orbiting space shuttle, the tendency
of a liquid to minimize its surface 

creates perfectly spherical droplets, 
unlike the flattened drops we see 

on Earth. For the same reason, 
bubbles in a soft drink are 

spherical because the liquid 
uses the minimum number of 
molecules needed to surround 
the gas. A water strider flits 
across a pond on wide-
spread legs that do not
exert enough pres-

sure to exceed the
surface tension.
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Engineering application

Engineering application

Biological application 

Biological application 

Some Reactions and Compounds

Group 6A(16): The Oxygen Family FAMILY PORTRAIT

Important Reactions

Halogenation and oxidation of the elements (E) appear in reac-
tions 1 and 2, and sulfur chemistry in reactions 3 and 4.
1. Halides are formed by direct combination:

(E � S, Se, Te; X � F, Cl)

2. The other elements in the group are oxidized by O2:

SO2 is oxidized further, and the product is used in the final
step of H2SO4 manufacture (Highlights of Sulfur Chemistry):

2SO2(g) � O2(g) ±£ 2SO3(g)

E(s) � O2(g) ±£ EO2 (E � S, Se, Te, Po)

E(s) � X2(g) ±£ various halides

3. Sulfur is recovered when hydrogen sulfide is oxidized:

This reaction is used to obtain sulfur when natural deposits are
not available.
4. The thiosulfate ion is formed when an alkali metal sulfite
reacts with sulfur, as in the preparation of “hypo,” photog-
rapher’s developing solution:

S8(s) � 8Na2SO3(aq) ±£ 8Na2S2O3(aq)

8H2S(g) � 4O2(g) ±£ S8(s) � 8H2O(g)

Important Compounds
1. Water, H2O. The single most important compound on Earth
(Section 12.5).
2. Hydrogen peroxide, H2O2. Used as an oxidizing agent, disin-
fectant, and bleach, and in the production of peroxy compounds
for polymerization (margin note, p. 607).
3. Hydrogen sulfide, H2S. Vile-smelling toxic gas formed during
anaerobic decomposition of plant and animal matter, in
volcanoes, and in deep-sea thermal vents. Used as a source of
sulfur and in the manufacture of paper. Atmospheric traces cause
silver to tarnish through formation of black Ag2S (see photo).

5. Sulfur trioxide (SO3) and sulfuric acid (H2SO4). SO3, formed
from SO2 over a K2O/V2O5 catalyst, is then converted to
H2SO4. The acid is the cheapest strong acid and is so widely
used in industry that its production level is an indicator of a
nation’s economic strength. It is a strong dehydrating agent that
removes water from any organic source (Highlights of Sulfur
Chemistry).
6. Sulfur hexafluoride, SF6. Extremely inert gas used as an
electrical insulator.

4. Sulfur dioxide, SO2. Colorless, choking
gas formed in volcanoes (see photo) or
whenever an S-containing material (coal,
oil, metal sulfide ores, and so on) is burned.
More than 90% of SO2 produced is used to
make sulfuric acid. Also used as a fumigant
and a preservative of fruit, syrups, and wine.
As a reducing agent, removes excess Cl2
from industrial wastewater, removes O2

from petroleum handling tanks, and prepares
ClO2 for bleaching paper. Atmospheric
pollutant in acid rain.

Untarnished 

and tarnished 

silver spoons

Chemical Connections
DNA Sequencing and Fingerprinting

to Genetics and Forensics

A
s a result of one of the most remarkable achievements in
modern science, we now know the sequence of the 3 billion
nucleotide base pairs in the DNA of the entire human genome!

The genome consists of DNA molecules; segments of their chains
are the genes, the functional units of heredity. The DNA exists in
each cell’s nucleus as tightly coiled threads arranged, in the hu-
man, into 23 pairs of chromosomes (Figure B15.6). The potential
benefits of this knowledge are profound, and central to the accom-
plishment is DNA sequencing, the process used to determine the
identity and order of bases. Sequencing is indispensable to molec-
ular biology and biochemical genetics.

Just as indispensable to forensic science is DNA fingerprint-
ing (or DNA profiling), a different process but one that employs
some similar methods. In 1985, British scientists discovered that
portions of an individual’s DNA are as unique as fingerprints. The
technique has been applied in countless situations, from parental
custody claims to crime scene investigations to identifying the
remains of victims of the September 11, 2001, terrorist attacks.

An Outline of DNA Sequencing
A given chromosome may have 100 million nucleotide bases, but
the sequencing process can handle, at one time, DNA fragments
only about 2000 bases long. Therefore, the chromosome is first
broken into pieces by enzymes that cleave at specific sites. Then,
to obtain enough sample for analysis, the DNA is replicated
through a variety of “amplification” methods, which make many
copies of the individual DNA “target” fragments.

The most popular sequencing method is the Sanger chain-
termination method, which uses chemically altered bases to stop
the growth of a complementary DNA chain at specific locations.
As you’ve seen in the previous text discussion, the chain consists
of linked 2�-deoxyribonucleoside monophosphate units (dNMP,
where N represents A, T, G, or C). The link is a phosphodiester
bond from the 3�-OH of one unit to the 5�-OH of the next. The free

monomers used to construct the chain are 2�-deoxyribonucleoside
triphosphates (dNTP) (Figure B15.7A). The Sanger method uses a
modified monomer, called a dideoxyribonucleoside triphosphate
(ddNTP), in which the 3�-OH group is also missing from the ri-
bose unit (Figure B15.7B). As soon as the ddNTP is incorporated
into the growing chain, polymerization stops because there is no
±OH group on the 3� position to form a phosphodiester bond to
the next dNTP unit.

The procedure is shown in Figure B15.8. After several prepa-
ration steps, the sample to be sequenced consists of a single-
stranded DNA target fragment, which is attached to one strand of
a double-stranded segment of DNA (Figure B15.8A). This sample
is divided into four tubes, and to each tube is added a mixture of
DNA polymerase, large amounts of all four dNTP’s, and a small
amount of one of the four ddNTP’s. Thus, tube 1 contains poly-
merase, dATP, dGTP, dCTP, and dTTP, and, say, ddATP; tube 2
contains the same, except ddGTP instead of ddATP; and so forth.
After the polymerization reaction is complete, each tube contains
the original target fragment paired to complementary chains of
varying length (Figure B15.8B). The chain lengths vary because
in tube 1, each complementary chain ends in ddA (designated A in
the figure); in tube 2, each ends in ddG (G); in tube 3, each ends in
ddC (C); and in tube 4, each ends in ddT (T).

Each double-stranded product is divided into single strands,
and then the complementary chains are separated by means of
high-resolution polyacrylamide-gel electrophoresis. This tech-
nique applies an electric field to separate charged species through
differences in their rate of migration through pores in a gel: the
smaller the species, the faster it moves. Polynucleotide fragments
are commonly separated by electrophoresis because they have
charged phosphate groups. High-resolution gels can be made with
pores that vary so slightly in size that they can separate fragments
differing by only a single nucleotide.

In this step, each sample is applied to its own “lane” on a gel,
and, after electrophoresis, the gel is scanned to locate the chains,
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Figure B15.6 DNA, the genetic material. In the cell nucleus, each

chromosome consists of a DNA molecule wrapped around globular

proteins called histones. Segments of the DNA chains are genes.

Figure B15.7 Nucleoside triphosphate monomers. The normal

deoxy monomer (dNTP; top) has no 2�-OH group but does have a

3�-OH group to continue growth of the polynucleotide chain. The

modified dideoxy monomer in the Sanger method (ddNTP; bottom)

also lacks the 3�-OH group.
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Engineering application

Biological application
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Chemical Connections essays show the inter-
disciplinary nature of chemistry by applying
chemical principles directly to related scien-
tific fields, including physiology, geology,
biochemistry, engineering, and environmen-
tal science.

Margin notes are brief, lively explanations that
apply ideas presented in the text. You’ll learn how
water controls the temperature of your body and
our planet, how crime labs track illegal drugs,
how gas behavior affects lung function, how fat-
free chips and decaf coffee are made, in addition
to handy tips for memorizing relationships, and
much more.

Illustrated Summaries of Facts and Concepts

The multipage Interchapter is a Perspective on the 
Properties of the Elements that reviews major concepts 
from Chapters 7–13, covering atomic and bonding 
properties and their resulting effects on element behavior. 

Family Portraits (within Chapter 14) display the
atomic and physical properties of each main group 
of elements and present their representative chemical
reactions and some important compounds.
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Chemical bonds are the forces that hold atoms (or ions) together in an element or com-
pound. The type of bonding, bond properties, nature of orbital overlap, and number of
bonds determine physical and chemical behavior.

• Along the right side, the ele-
ments themselves display a
gradual change from covalent
to metallic bonding.

• Along the base, compounds of
each element with sodium
display a gradual change from
ionic to metallic bonding and,
once again, a decrease in bond
polarity from left to right.

ClNa Cl Cl ClSi

Overlap 
region

Increasing overlap

Metallic bonding results from the
attraction between the cores of

metal atoms (metal cations)
and their delocalized valence
electrons. This bonding
arises through the shared
pooling of valence electrons
from many atoms and leads
to crystalline solids 

(Sections 9.6 and 12.6).

Covalent bonding results from the
attraction between two nuclei and

a localized electron pair. The
bond arises through electron
sharing between atoms with a
small �EN (usually two non-
metals) and leads to discrete
molecules with specific shapes
or to extended networks

(Section 9.3).

The actual bonding in real substances usually
lies between these distinct models (Section 9.5).

The electron density relief maps show a small
overlap region even in ionic bonding (NaCl).

This region increases in polar covalent bonding
(an SiCl bond from SiCl4) and even more in

nonpolar covalent bonding (Cl2).

Ionic bonding results from the
attraction between positive and

negative ions. The ions arise
through electron transfer

between atoms with a large
�EN (from metal to

nonmetal). This bonding
leads to crystalline solids

with ions packed tightly in
regular arrays 
(Section 9.2).
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The triangular diagram shows the contin-
uum of bond types among all the Period 3
main-group elements:

Types of Bonding
There are three idealized bonding models:
ionic, covalent, and metallic.
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• Along the left side of the 
triangle, compounds of each
element with chlorine display
a gradual change from ionic
to covalent bonding and a
decrease in bond polarity
from bottom to top.

Orbitals overlap in two ways, which leads to two types
of bonds (Section 11.2):

CH3±CH3(g) � H±Cl(g)±£ no reaction
CH2NCH2(g) � H±Cl(g) ±£ CH3±CH2±Cl(g)

Nature of Orbital Overlap
In a covalent bond, the shared electrons reside in the entire
region composed of the overlapping orbitals of the two
atoms. The diagram depicts the bonding in ethylene (C2H4).

C C

Double bond

σ bond
(end-to-end
 overlap)

σ bond (single bond)

π bond
(side-to-side
 overlap)

H H

H H

• End-to-end overlap (of s, p, and hybrid atomic
orbitals) leads to a sigma (	) bond, one with
electron density distributed symmetrically along
the bond axis. A single bond is a 	 bond.

• Side-to-side overlap (of p with p, or
sometimes d, orbitals) leads to a pi (
) bond,
one with electron density distributed above and
below the bond axis. A double bond consists of
one 	 bond and one 
 bond. A 
 bond
restricts rotation around the bond axis, allowing
for different spatial arrangements of the atoms
and, therefore, different compounds. Pi bonds
are often sites of reactivity; for example,

Bond order is one-half the
number of electrons shared.
Bond orders of 1 (single bond)
and 2 (double bond) are com-
mon; a bond order of 3 (triple
bond) is much less common.
Fractional bond orders occur
when there are resonance
structures for species with
adjacent single and double
bonds (Sections 9.3 and 10.1).

Can form more than four bonds

Cannot form more than four bonds 

Period 2

Periods
3–6

Number of Bonds and Molecular Shape
The shape of a molecule is defined by the positions of the nuclei of the bonded atoms. According to
VSEPR theory (Section 10.2), the number of electron groups in the valence level of a central 
atom, which is based on the number of bonding and lone pairs, is the key factor that deter-
mines molecular shape. The small periodic table shows that

• The elements in Period 2 cannot form more than four 
bonds because they have a maximum of four (one s
and three p) valence orbitals. (Only carbon forms four 
bonds routinely.) Molecular shapes (small circle) are 
based on linear, trigonal planar, and tetrahedral 
electron-group arrangements.

• Many elements in Period 3 or higher can form more 
than four bonds by using empty d orbitals and, thus, 
expanding their valence levels. Shapes include those 
above and others based on trigonal bipyramidal and 
octahedral electron-group arrangements (large circle).

557

Bond Properties
There are two important properties of a covalent bond 
(Section 9.3):
Bond length is the distance between the nuclei of bonded atoms.
Bond energy (bond strength) is the enthalpy change required to
break a given bond in 1 mol of gaseous molecules.

Among similar compounds, these bond properties are related to
each other and to reactivity, as shown in the graph for the carbon
tetrahalides (CX4). Note that

• As bond length increases, bond energy decreases: shorter bonds
are stronger bonds.

• As bond energy decreases, reactivity increases.
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Key Atomic and Physical Properties
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Group 6A(16): The Oxygen FamilyFAMILY PORTRAIT

Atomic Properties

Group electron
configuration is
ns2np4. As in
Groups 3A(13) and
5A(15), a lower
(�4) oxidation
state becomes more
common down the
group.

Down the group,
atomic and ionic
size increase, and
IE and EN
decrease.

ns2np4

GROUP 6A(16)

Po

Te

Se

S

O

0 1 2 3 4
Electronegativity

2.0

2.1

2.4

2.5

3.5

Po

Te

Se

S

O

–273 0 500 1000 1500 2000

Temperature  (°C)

BP

MP254

962
452

990
217

685
113

445

–219
–183

Po

Te

Se

S

O

0 3 6 9 12
Density of solid (g/mL)

9.14

6.25

4.28

2.07

1.50

8

O
16.00
2s22p4

( 1, 2)

16

S
32.07
3s23p4

( 6,
4, 2)

34
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5s25p4

( 2, 6,
4, 2)

84

Po
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6s26p4

( 4, 2)

116

(292)
7s27p4

Observed in
experiments at
Dubna, Russia,

in 2004

2,

Physical Properties
Melting points increase through Te,
which has covalent bonding, and
then decrease for Po, which has
metallic bonding.

Densities of the elements as solids
increase steadily.

Atomic No.

Symbol
Atomic mass

Valence e
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Atmosphere-Biosphere Redox Inter-
connections The diverse organisms that
make up the biosphere interact intimately
with the gases of the atmosphere. Pow-
ered by solar energy, green plants reduce
atmospheric CO2 and incorporate the C
atoms into their own substance. In the
process, O atoms in H2O are oxidized and
released to the air as O2. Certain microbes
that live on plant roots reduce N2 to NH3

and form compounds that the plant uses to
make its proteins. Other microbes that
feed on dead plants (and animals) oxidize
the proteins and release N2 again. Ani-
mals eat plants and other animals, use O2

to oxidize their food, and return CO2 and
H2O to the air.

Gallery features show how common and unusual
substances and processes relate to chemical principles.
You’ll learn how a towel dries you, why bubbles in a
drink are round, why contact-lens rinse must have a
certain concentration, and many other intriguing facts
about everyday applications.
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xx Preface

Three-Level Illustrations

A hallmark of this text, the three-level illustrations help you
connect the macroscopic and molecular levels of reality
with the symbolic level in the form of a chemical equation.

electricity

MACROSCOPIC
VIEW

ATOMIC SCAL

electricity+ O2(g)gg 2MgO(s)2Mg(s)sBALANCED
EQUATION

Figure 12.47 The random-coil shape of
mer chain. Note the random coiling of the 

carbon atoms (black). Sections of several 

chains (red, green, and yellow) are entangl

this chain, kept near one another by dis

forces. In reality, entangling chains fill an

shown here. The radius of gyration (Rg) rep

the average distance from the center of mas

coiled molecule to its outer edge.

One of several
entangled
sections of nearby
polyethylene chains

Section of
polyethylene chain
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Figure 8.23 The change in metallic behavior in Group 5A(15) and Period 3.
Moving down from nitrogen to bismuth shows an increase in metallic behavior

(and thus a decrease in ionization energy). Moving left to right from sodium to

chlorine shows a decrease in metallic behavior (and thus a general increase in

ionization energy).

Some metals and many metalloids form oxides that are ampho-
teric: they can act as acids or as bases in water.

Figure 8.24 classifies the acid-base behavior of some common
oxides, focusing once again on the elements in Group 5A(15) and
Period 3. Note that as the elements become more metallic down a
group, their oxides become more basic. In Group 5A, dinitrogen
pentaoxide, N2O5, forms nitric acid:

Tetraphosphorus decaoxide, P4O10, forms the weaker acid H3PO4:

The oxide of the metalloid arsenic is weakly acidic, whereas that
of the metalloid antimony is weakly basic. Bismuth, the most
metallic of the group, forms a basic oxide that is insoluble in water
but that forms a salt and water with acid:

Bi2O3(s) � 6HNO3(aq)   ±£ 2Bi(NO3)3(aq) � 3H2O(l)

P4O10(s) � 6H2O(l)   ±£ 4H3PO4(aq)

N2O5(s) � H2O(l)   ±£ 2HNO3(aq)

Transparency/ARIS Presentation Center,
Art Library

Transparency/ARIS Presentation Center,
Photo Library

Figure 8.24 The trend in acid-base
behavior of element oxides. The trend 

in acid-base behavior for some common

oxides of Group 5A(15) and Period 3

elements is shown as a gradation in color

(red � acidic; blue � basic). Note that the

metals form basic oxides and the

nonmetals form acidic oxides. Aluminum

forms an oxide ( purple) that can act as an

acid or as a base. Thus, as atomic size

increases, ionization energy decreases,

and oxide basicity increases.

3 Na2O MgO

5A
(15)

N2O5

As2O5

Sb2O5

Bi2O3

Al2O3 SiO2 P4O10 SO3 Cl2O7 Ar

Note that as the elements become less metallic across a period, their oxides
become more acidic. In Period 3, sodium and magnesium form the strongly basic
oxides Na2O and MgO. Metallic aluminum forms amphoteric aluminum oxide
(Al2O3), which reacts with acid or with base:

Silicon dioxide is weakly acidic, forming a salt and water with base:

The common oxides of phosphorus, sulfur, and chlorine form acids of increasing
strength: H3PO4, H2SO4, and HClO4.

SiO2(s) � 2NaOH(aq)   ±£ Na2SiO3(aq) � H2O(l)

Al2O3(s) � 2NaOH(aq) � 3H2O(l)   ±£ 2NaAl(OH)4(aq)

Al2O3(s) � 6HCl(aq)   ±£ 2AlCl3(aq) � 3H2O(l)

Demo Shakhashiri, Bassam Z. “Amphoteric
Properties of Hydroxides of Aluminum, Zinc,
Chromium, and Lead,” Chemical Demonstrations, A
Handbook for Teachers of Chemistry, Vol. 3 (The
University of Wisconsin Press, Madison, 1985),
128–135.

Accurate, Cutting-Edge Molecular Models

Author and illustrator worked side by side to create
ground-breaking visual representations.

Page Layout

Author and pager collaborated on page layout to ensure
that all figures, tables, margin notes, and sample problems
are as close as possible to their related text.

Section Summaries and Chapter Perspective

Concise summary paragraphs conclude each section, 
immediately restating the major ideas just covered. 
Each chapter ends with a brief perspective that 
places its topics in the context of previous and 
upcoming chapters.

Section Summary
A stepwise process converts a molecular formula into a Lewis structure, a two-

dimensional representation of a molecule (or ion) that shows the placement of atoms

and distribution of valence electrons among bonding and lone pairs. • When two or

more Lewis structures can be drawn for the same relative placement of atoms, the

actual structure is a hybrid of those resonance forms. • Formal charges are often use-

ful for determining the most important contributor to the hybrid. • Electron-deficient

molecules (central Be or B) and odd-electron species (free radicals) have less than

an octet around the central atom but often attain an octet in reactions. • In a mol-

ecule (or ion) with a central atom from Period 3 or higher, the atom can hold more

than eight electrons because it is larger and uses d orbitals to expand its valence shell.
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• Concept Review Questions test your qualitative understanding of 
key ideas.

• Skill-Building Exercises are presented in pairs that cover a similar 
idea, with one of each pair answered in the back of the book. These 
exercises begin with simple questions and increase in difficulty, 
gradually eliminating your need for multistep directions.

• Problems in Context apply the skills learned in the Skill-Building
Exercises to interesting scenarios, including examples from industry,
medicine, and the environment.

End-of-Chapter Problems

An exceptionally large number of problems end each chapter. These include three types of problems keyed by chapter
section followed by a number of comprehensive problems:

Chapter Review Guide

A rich assortment of study aids ends each chapter to help you review its content.

• Learning Objectives are listed, with section and/or sample problem numbers, to focus you on key concepts and
skills.

• Key Terms that are boldfaced within the chapter are listed here by section (with page numbers) and defined again
in the end-of-book Glossary.

• Key Equations and Relationships are screened and numbered within the chapter and listed here with page numbers.
• Highlighted Figures and Tables are listed with page numbers so that you can review their essential content.
• Brief Solutions to Follow-up Problems double the number of worked problems by offering multistep

calculations at the end of the chapter, rather than just numerical answers at the back of the book.

• Comprehensive Problems, based on realistic 
applications, are more challenging and rely 
on concepts and skills from any section of the 
current chapter or from previous chapters.

Moreover, in this edition, 140 molecular-scene
problems are included.

Chapter Review Guide 773

CHAPTER REVIEW GUIDE The following sections provide many aids to help you study this chapter. 
(Numbers in parentheses refer to pages, unless noted otherwise.)

Learning Objectives These are concepts and skills you should know after studying this chapter.

Relevant section and/or sample problem (SP) numbers ap-
pear in parentheses.

Understand These Concepts
1. The distinction between the speed (rate) and the extent of a re-
action (Introduction)
2. Why a system attains dynamic equilibrium when forward and
reverse reaction rates are equal (Section 17.1)
3. The equilibrium constant as a number that is equal to a particu-
lar ratio of rate constants and of concentration terms (Section 17.1)
4. How the magnitude of K is related to the extent of the reaction
(Section 17.1)
5. Why the same equilibrium state is reached no matter what the
starting concentrations of the reacting system (Section 17.2)
6. How the reaction quotient (Q) changes continuously until the
system reaches equilibrium, at which point Q � K (Section 17.2)
7. Why the form of Q is based exactly on the balanced equation
as written (Section 17.2)
8. How the sum of reaction steps gives the overall reaction, and the
product of Q’s (or K’s) gives the overall Q (or K) (Section 17.2)
9. Why pure solids and liquids do not appear in Q (Section 17.2)
10. How the interconversion of Kc and Kp is based on the ideal gas
law and �ngas (Section 17.3)
11. How the reaction direction depends on the relative values of Q
and K (Section 17.4)
12. How a reaction table is used to find an unknown quantity
(concentration or pressure) (Section 17.5)
13. How assuming that the change in [reactant] is relatively small
simplifies finding equilibrium quantities (Section 17.5)
14. How Le Châtelier’s principle explains the effects of a change
in concentration, pressure (volume), or temperature on a system at
equilibrium and on K (Section 17.6)
15. Why a change in temperature does affect K (Section 17.6)
16. Why the addition of a catalyst does not affect K (Section 17.6)

Master These Skills
1. Writing the reaction quotient (Q) from a balanced equation
(SP 17.1)

2. Writing Q and calculating K for a reaction consisting of more
than one step (SP 17.2)
3. Writing Q and finding K for a reaction multiplied by a common
factor (SP 17.3)
4. Writing Q for heterogeneous equilibria (Section 17.2)
5. Converting between Kc and Kp (SP 17.4)
6. Comparing Q and K to determine reaction direction (SPs 17.5,
17.6)
7. Substituting quantities (concentrations or pressures) into Q to
find K (Section 17.5)
8. Using a reaction table to determine quantities and find K
(SP 17.7)
9. Finding one equilibrium quantity from other equilibrium quan-
tities and K (SP 17.8)
10. Finding an equilibrium quantity from initial quantities and K
(SP 17.9)
11. Solving a quadratic equation for an unknown equilibrium
quantity (Section 17.5)
12. Assuming that the change in [reactant] is relatively small
to find equilibrium quantities and checking the assumption
(SP 17.10)
13. Comparing the values of Q and K to find reaction direction and
x, the unknown change in a quantity (SP 17.11)
14. Using the relative values of Q and K to predict the effect of
a change in concentration on the equilibrium position and on K
(SP 17.12)
15. Using Le Châtelier’s principle and �ngas to predict the effect
of a change in pressure (volume) on the equilibrium position
(SP 17.13)
16. Using Le Châtelier’s principle and �H� to predict the effect of
a change in temperature on the equilibrium position and on K
(SP 17.14)
17. Using the van’t Hoff equation to calculate K at one tempera-
ture given K at another temperature (Section 17.6)
18. Using molecular scenes to find equilibrium parameters (SP
17.15)

Key Terms These important terms appear in boldface in the chapter and are defined again in the Glossary.

Section 17.1
equilibrium constant (K) (740)

Section 17.2
law of chemical equilibrium

(law of mass action) (741)
reaction quotient (Q) (741)

Section 17.6
Le Châtelier’s principle (761)
metabolic pathway (770)
Haber process (771)

Key Equations and Relationships Numbered and screened concepts are listed for you to refer to or memorize.

17.1 Defining equilibrium in terms of reaction rates (739):
At equilibrium: ratefwd � raterev

17.2 Defining the equilibrium constant for the reaction
(740):

K �
kfwd

krev
�

[B]2
eq

[A]eq

A BA 2B

17.3 Defining the equilibrium constant in terms of the reaction quo-
tient (741):

At equilibrium: Q � K
17.4 Expressing Qc for the reaction aA � bB cC � dD (742):

Qc �
[C]c[D]d

[A]a[B]b

BA

PROBLEMS
Problems with colored numbers are answered in Appendix E
and worked in detail in the Student Solutions Manual. Prob-
lem sections match those in the text and provide the num-
bers of relevant sample problems. Most offer Concept
Review Questions, Skill-Building Exercises (grouped in
pairs covering the same concept), and Problems in Context.
The Comprehensive Problems are based on material from
any section or previous chapter.

Atomic Properties and Chemical Bonds
Concept Review Questions

9.1 In general terms, how does each of the following
atomic properties influence the metallic character of the
main-group elements in a period?
(a) Ionization energy
(b) Atomic radius
(c) Number of outer electrons
(d) Effective nuclear charge

9.2 Three solids are represented below. What is the predominant
type of intramolecular bonding in each?

9.3 What is the relationship between the tendency of a main-
group element to form a monatomic ion and its position in the
periodic table? In what part of the table are the main-group ele-
ments that typically form cations? Anions?

Skill-Building Exercises (grouped in similar pairs)
9.4 Which member of each pair is more metallic?

(a) Na or Cs (b) Mg or Rb (c) As or N
9.5 Which member of each pair is less metallic?

(a) I or O (b) Be or Ba (c) Se or Ge

9.6 State the type of bonding—ionic, covalent, or metallic—you
would expect in each: (a) CsF(s); (b) N2(g); (c) Na(s).

9.7 State the type of bonding—ionic, covalent, or metallic—you 
would expect in each: (a) ICl3(g); (b) N2O(g); (c) LiCl(s).

9.8 State the type of bonding—ionic, covalent, or metallic—you
would expect in each: (a) O3(g); (b) MgCl2(s); (c) BrO2(g).

9.9 State the type of bonding—ionic, covalent, or metallic—you 
would expect in each: (a) Cr(s); (b) H2S(g); (c) CaO(s).

9.10 Draw a Lewis electron-dot symbol for (a) Rb; (b) Si; (c) I.
9.11 Draw a Lewis electron-dot symbol for (a) Ba; (b) Kr; (c) Br.

9.12 Draw a Lewis electron-dot symbol for (a) Sr; (b) P; (c) S.
9.13 Draw a Lewis electron-dot symbol for (a) As; (b) Se; (c) Ga.

9.14 Give the group number and general electron configuration of
an element with each electron-dot symbol: (a) (b) 

9.15 Give the group number and general electron configuration of
an element with each electron-dot symbol: (a) (b) XX

XX

A B C

The Ionic Bonding Model
(Sample Problem 9.1)

Concept Review Questions
9.16 If energy is required to form monatomic ions from metals

and nonmetals, why do ionic compounds exist?
9.17 (a) In general, how does the lattice energy of an ionic com-

pound depend on the charges and sizes of the ions? (b) Ion
arrangements of three general salts are represented below. Rank
them in order of increasing lattice energy.

9.18 When gaseous Na� and Cl� ions form gaseous NaCl ion
pairs, 548 kJ/mol of energy is released. Why, then, does NaCl
occur as a solid under ordinary conditions?

9.19 To form S2� ions from gaseous sulfur atoms requires 
214 kJ/mol, but these ions exist in solids such as K2S. Explain.

Skill-Building Exercises (grouped in similar pairs)
9.20 Use condensed electron configurations and Lewis electron-

dot symbols to depict the ions formed from each of the follow-
ing atoms, and predict the formula of their compound:
(a) Ba and Cl (b) Sr and O (c) Al and F (d) Rb and O

9.21 Use condensed electron configurations and Lewis electron-
dot symbols to depict the ions formed from each of the follow-
ing atoms, and predict the formula of their compound:
(a) Cs and S (b) O and Ga (c) N and Mg (d) Br and Li

9.22 Identify the main group to which X belongs in each ionic
compound formula: (a) XF2; (b) MgX; (c) X2SO4.

9.23 Identify the main group to which X belongs in each ionic
compound formula: (a) X3PO4; (b) X2(SO4)3; (c) X(NO3)2.

9.24 Identify the main group to which X belongs in each ionic
compound formula: (a) X2O3; (b) XCO3; (c) Na2X.

9.25 Identify the main group to which X belongs in each ionic
compound formula: (a) CaX2; (b) Al2X3; (c) XPO4.

9.26 For each pair, choose the compound with the higher lattice en-
ergy, and explain your choice: (a) BaS or CsCl; (b) LiCl or CsCl.

9.27 For each pair, choose the compound with the higher lattice
energy, and explain your choice: (a) CaO or CaS; (b) BaO or SrO.

9.28 For each pair, choose the compound with the lower lattice en-
ergy, and explain your choice: (a) CaS or BaS; (b) NaF or MgO.

9.29 For each pair, choose the compound with the lower lattice en-
ergy, and explain your choice: (a) NaF or NaCl; (b) K2O or K2S.

9.30 Use the following to calculate the �H�lattice of NaCl:

¢H°f � �411 kJNaCl(s)±£Na(s) � 1
2Cl2(g)

¢H° � �349 kJCl� (g)±£Cl(g) � e�
¢H° � 496 kJNa� (g) � e�

±£Na(g)
¢H° � 243 kJ2Cl(g)±£Cl2(g)
¢H° � 109 kJNa(g)±£Na(s)

2+

2+2–

2–2+

2+

2– 2+

2+ 2+2–

2+ 2– 2+ 2–

2–

2+ 2–

2–

2+ 2–

2–

B C
+ –

– +

+ –

A

10.49 State an ideal value for each of the bond angles in each mol-
ecule, and note where you expect deviations:
(a) (b) (c)

Problems in Context
10.50 Because both tin and carbon are members of Group 4A(14),

they form structurally similar compounds. However, tin exhibits
a greater variety of structures because it forms several ionic
species. Predict the shapes and ideal bond angles, including any
deviations, for the following:
(a) Sn(CH3)2 (b) SnCl3

� (c) Sn(CH3)4

(d) SnF5
� (e) SnF6

2�

10.51 In the gas phase, phosphorus pentachloride exists as sepa-
rate molecules. In the solid phase, however, the compound is
composed of alternating PCl4

� and PCl6
� ions. What change(s)

in molecular shape occur(s) as PCl5 solidifies? How does the
Cl-P-Cl angle change?

Molecular Shape and Molecular Polarity
(Sample Problem 10.9)

Concept Review Questions
10.52 For molecules of general formula AXn (where n � 2), how

do you determine if a molecule is polar?
10.53 How can a molecule with polar covalent bonds not be polar?

Give an example.

Comprehensive Problems
10.61 In addition to ammonia, nitrogen forms three other hy-

drides: hydrazine (N2H4), diazene (N2H2), and tetrazene (N4H4).
(a) Use Lewis structures to compare the strength, length, and or-
der of nitrogen-nitrogen bonds in hydrazine, diazene, and N2.
(b) Tetrazene (atom sequence H2NNNNH2) decomposes above
0�C to hydrazine and nitrogen gas. Draw a Lewis structure for
tetrazene, and calculate �H�rxn for this decomposition.

10.62 Draw a Lewis structure for each species: (a) PF5; (b) CCl4;
(c) H3O�; (d) ICl3; (e) BeH2; (f) PH2

�; (g) GeBr4; (h) CH3
�;

(i) BCl3; (j) BrF4
�; (k) XeO3; (l) TeF4.

10.63 Give the molecular shape of each species in Problem 10.62.
10.64 Consider the following reaction of silicon tetrafluoride:

SiF4 � F� SiF �
5

(a) Which depiction below best illustrates the change in molecular
shape around Si? (b) Give the name and AXmEn designation of
each shape in the depiction chosen in part (a).

±£

A B

C D

CH

H

H H

OOO C O

O

O

C HHN H
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17.5 Finding the overall K for a reaction sequence (743):
Koverall � K1 � K2 � K3 � . . .

17.6 Finding K of a reaction from K of the reverse reaction (745):

17.7 Finding K of a reaction multiplied by a factor n (745):
K	 � Kn

17.8 Relating K based on pressures to K based on concentra-
tions (749):

Kp � Kc(RT)¢ngas

Kfwd �
1

Krev

17.9 Assuming that ignoring the concentration that reacts intro-
duces no significant error (757):

[A]init � [A]reacting � [A]eq � [A]init

17.10 Finding K at one temperature given K at another (van’t
Hoff equation) (767):

ln 

K2

K1
� �

¢H°rxn

R
 a 1

T2
�

1

T1
b

F17.2 The range of equilibrium constants (740)
F17.3 The change in Q during a reaction (742)
T17.2 Ways of expressing Q and calculating K (747)
F17.5 Reaction direction and the relative sizes of Q and K (750)
F17.6 Steps in solving equilibrium problems (760)

Highlighted Figures and Tables These figures (F) and tables (T) provide a visual review of key ideas.

F17.7 Effect of a change in concentration (762)
T17.3 Effect of added Cl2 on the PCl3-Cl2-PCl5 system (763)
F17.9 Effect of pressure (volume) on equilibrium (765)
T17.4 Effects of disturbances on equilibrium (768)

Brief Solutions to FOLLOW-UP PROBLEMS Compare your solutions to these calculation steps and answers.

17.1 (a) (b) 

17.2

� � � �

17.3 (a) Kc � Kc(ref)
1/2 � 2.8�104

(b) 

17.4

� 4.07�10�2

17.5

1. Q � 0.33, right
2. Q � 1.4, no change
3. Q � 2.0, left

17.6

Qp 
 Kp, so CH3Cl is forming.
17.7 From the reaction table for 

Also, PNO � 0.012 atm and so

17.8 Since 

Thus, PNO � 2.7�10�16 atm

¢ngas � 0, Kp � Kc � 2.3�1030 �
(0.781) (0.209)

P2
NO

Kp �
0.9882

0.0122(0.506)
� 1.3�104

PNO2
� 0.988 atm,

PO2
� 1.000 atm � x � 0.506 atm      x � 0.494 atm

2NO � O2 BA 2NO2,

Qp �
(PCH3Cl) (PHCl)

(PCH4
)(PCl2)

�
(0.24)(0.47)

(0.13)(0.035)
� 25;

Kc �
[Y]

[X]
� 1.4

 Kp � Kc(RT)�1 � 1.67 a0.0821
atm�L

mol�K
� 500. Kb�1

Kc � a 1

Kc(ref)
b2/3

� 1.2�10�6

[HBr]2

[H2][Br2]

[HBr]

[H][Br]

[HBr][H]

[Br][H2]

[Br]2

[Br2]

Qc(overall) � Qc1 � Qc2 � Qc3

Qc(overall) �
[HBr]2

[H2][Br2]

H2(g) � Br2(g) BA 2HBr(g);

Qc �
[N2O][NO2]

[NO]3Qc �
[NO]4[H2O]6

[NH3]4[O2]5

17.9 From the reaction table, [H2] � [I2] � x; [HI] � 0.242 � 2x.

Thus,

Taking the square root of both sides, ignoring the negative root,
and solving gives x � [H2] � 8.02�10�3 M.
17.10 (a) Based on the reaction table, and assuming that 
0.20 M � x � 0.20 M,

Error � 1.9�10�3%, so assumption is justified; therefore, at equi-
librium, [I2] � 0.20 M and [I] � 7.6�10�6 M.
(b) Based on the same reaction table and assumption, x � 0.10;
error is 50%, so assumption is not justified. Solve equation:

Therefore, at equilibrium, [I2] � 0.12 M and [I] � 0.16 M.

17.11 (a) 

Qc 
 Kc, so reaction proceeds to the right.
(b) From the reaction table,

So, [Cl2] � [PCl3] � 0.0900 M � x � 0.0935 M.
17.12 (a) [SiF4] increases; (b) decreases; (c) decreases; (d) no effect.
17.13 (a) Decrease P; (b) increase P; (c) increase P.
17.14 (a) will decrease; K will increase; (b) will increase;
K will decrease; (c) will increase; K will increase.

17.15 (a) Since and, in this case, V, R, and T cancel,

(b) Scene 2, to the left; scene 3, to the right. (c) There are 2 mol of
gas on each side of the balanced equation, so there is no effect on
total moles of gas.

Kp �
n2

CD

nC2
�nD2

�
16

(2)(2)
� 4

P �
n
V

RT

PPCl5

PN2
PH2

[PCl5] � 0.2100 M � x � 0.2065 M    so    x � 0.0035 M

Qc �
(0.0900)(0.0900)

0.2100
� 3.86�10�2

4x2 � 0.209x � 0.042 � 0  x � 0.080 M

Kc � 2.94�10�10 �
4x2

0.20
  x � 3.8�10�6

Kc � 1.26�10�3 �
x2

(0.242 � 2x)2

Key Equations and Relationships (continued)
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