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MODULE 4

ELECTRONS IN ATOMS

ENCOUNTER THE PHENOMENON
How do we know what
stars are made of?

83 Ask Questions

Do you have other questions about the phenomenon? If so, add them to the driving
question board.

Claim, Evidence,

Make Your Claim Use your
CER chart to make a claim
about how we know what
stars are made of.

L GO ONLINE to play a video about

how scientists analyze the light from

stars.

Reasoning

Collect Evidence Use the
lessons in this module to
collect evidence to support
your claim. Record your
evidence as you move

through the module.

Explain Your Reasoning You
will revisit your claim and
explain your reasoning at the
end of the module.

0 GO ONLINE to access your CER chart and explore resources that can

help you collect evidence.

LESSON 1: Explore & Explain:
Failures of the Wave Model

€™ Smithsonian

LESSON 2: Explore & Explain:
Bohr’'s Atomic Model

Additional Resources
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LIGHT AND QUANTIZED ENERGY

FOCUS QUESTION
What is light made of?

The Atom and Unanswered Questions

After discovering three subatomic particles in the early 1900s, scientists continued their
quest to understand atomic structure and the arrangement of electrons within atoms.

Rutherford proposed that all of an atom'’s positive charge and virtually all of its mass are
concentrated in a nucleus that is surrounded by fast-moving electrons. The model did not
explain how the atom’s electrons are arranged in the space around the nucleus. Nor did it
address the question of why the negatively charged electrons are not pulled into the
atom'’s positively charged nucleus. Rutherford’s nuclear model did not begin to account
for the ditferences and similarities in chemical behavior among the various elements.

For example, consider the elements lithium, sodium, and potassium, which are found in
different periods on the periodic table but have similar chemical behaviors. All three
elements appear metallic in nature, and their atoms react vigorously with water to
liberate hydrogen gas. In fact, as shown in Figure 1, both sodium and potassium react

50 vinlentl}r that the h}rdmgﬂn gas can ignite and even Explucle.

Lithium Sodium Potassium

Pl b A ool o/ B e Giraw- Hilll Education

Figure 1 Different elements can have similar reactions with water.

®
COLLECT EVIDENCE INVESTIGATE

EUEE your Science Journal to ) GO ONLINE to find these activities and more resources.
record the evidence you collect as ﬁ Applying Practice: Wave Characteristics

you complete the readings and

: HS-P54-1. Use mathematical representations to support a claim regarding relationships
activities in this lesson,

among the frequency, wavelength, and speed of waves traveling in various media.

(== Identify Crosscutting Concepts
Create a table of the crosscutting concepts and fill in examples you find as you read.
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In the early 1900s, scientists began to unravel the puzzle of chemical behavior. They
observed that certain elements emitted visible light when heated in a flame. Analysis of
the emitted light revealed that an element’s chemical behavior is related to the
arrangement of the electrons in its atoms. To understand this relationship and the
nature of atomic structure, it will be helpful to first understand the nature of light.

The Wave Nature of Light

Visible light is a type of electromagnetic radiation—a form of energy that exhibits
wavelike behavior as it travels through space. It can be modeled as a wave of changing
electric and magnetic fields. Other examples of electromagnetic radiation include
microwaves, X rays, and television and radio waves.

Characteristics of waves

All waves can be described by several characteristics, a few of which might be familiar
to you from everyday experience. You might have seen concentric waves when
dropping an object into water, as shown in Figure 2a.

The wavelength (represented by A, the Greek letter lambda) is the shortest distance
between equivalent points on a continuous wave. For example, in Figure 2b, the
wavelength 1s measured from crest to crest or from trough to trough. Wavelength is
usually expressed in meters, centimeters, or nanometers (1 nm =1 X 10~? m).

The frequency (represented by v, the Greek letter nu) is the number of waves that pass
a given point per second. One hertz (Hz), the SI unit of frequency, equals one wave per
second. In calculations, frequency is expressed with units of waves per second, (1/s) or
(s7!); the term waves is understood. A particular frequency can be expressed in the
following ways: 652 Hz = 652 waves/second = 652/s = 652 57"

The amplitude of a wave is the wave’s height from the origin to a crest, or from the
Drigin to a tmugh, as illustrated in Figure 2b. Wavelength and frequenr:}r do not affect

the amplitucle of a wave.

b

o Wavelength () — i Crest

Amplitude

. Origin

.« Wavelength (\) — Trough

Figure 2 a. The concentric waves in the water show the characteristic properties of all waves. b. Amplitude,
wavelength, and frequency are the main characteristics of waves.

Identify a crest, a trough, and one wavelength in the photo.
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Longer

Figure 3 These waves illustrate the

P
I wevelengt relationship between wavelength
/\ /\ /\ /-\ and frequency. As frequency

v v \-/ v increases, wavelength decreases.
Infer Does frequency or wavelength

Shorter
wavelength

Lower frequency

affect amplitude?

A ANNANNN

TRV IRY LT,

Higher frequency

\VARVARV/

All electromagnetic waves, including visible light, travel at a speed of 3.00 X 10° m/sin a

vacuum. Because the speed of light is such an important and universal value, it is given its

own symbol, c. The speed of light is the product of its wavelength () and its frequency (V).

Electromagnetic Wave Relationship

C is the speed of light in a vacuum.
C= AV A is the wavelength,
V 15 the frequency.

The speed of light in a vacuum is equal to the product of the wavelength and the frequency.

Although the speed of all electromagnetic waves in a vacuum 1s the same, waves can have

different wavelengths and frequencies. As you can see from the equation above, wavelength

and frequency are inversely related; in other words, as one quantity increases, the other

decreases. To better understand this
relationship, examine the two waves
illustrated in Figure 3. Although both waves
travel at the speed of light, you can see that
the red wave has a longer wavelength and
lower frequency than the violet wave.

Electromagnetic spectrum

Sunlight, which is one example of white
light, contains a nearly continuous range
of wavelengths and frequencies. White
light passing through a prism separates
into a continuous spectrum of colors
similar to the spectrum in Figure 4.
These are the colors of the visible
spectrum. The spectrum is called
continuous because each point of it
corresponds to a unique wavelength
and frequency.

Figure 4 When white light passes through a prism, it is separated
into a continuous spectrum of its different components—red, orange,
vellow, green, blue, indigo, and violet light.

Phata Librarg Slamy

Andrze) Wojcicki Science
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Visible light
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Electromagnetic Spectrum

Figure 5 The electromagnetic spectrum covers a wide range of frequencies. The visible-light section of the spectrum
is very narrow. As frequency and energy increase, wavelength decreases.

The visible spectrum of light, shown in Figure 4, comprises only a small portion of the
complete electromagnetic spectrum. The complete electromagnetic spectrum is illus-
trated in Figure 5. The electromagnetic spectrum, also called the EM spectrum,
includes all forms of electromagnetic radiation, with the only differences in the types of
radiation being their frequencies and wavelengths.

Note in Figure 4 that the bend varies with the wavelengths as they pass through the
prism, resulting in the sequence of the colors red, orange, vellow, green, blue, indigo, and
violet. In examining the energy of the radiation shown in Figure 5, note that energy
increases with increasing frequency. Thus, looking back at Figure 3, the violet light, with
its greater frequency, has more energy than the red light. This relationship between
frequency and energy will be explained in the next lesson. The wavelength and frequency
of a wave are related to one another by the speed of travel of the wave, which depends on
the type of wave and the medium through which it is passing. For light waves, you can
use the formula c = AV to calculate the wavelength or frequency of any wave.

IEEYEE) Connection Electromagnetic radiation from diverse origins constantly
bombards us. In addition to the radiation from the Sun, technology such as radio and
TV signals, phone relay stations, lightbulbs, medical X-ray equipment, and particle
accelerators also produce radiation. Natural sources on Earth, such as lightning, natural
radioactivity, and even the glow of fireflies, also contribute. Our knowledge of the

universe is based on Electmmagnetic radiation emitted b}r distant nbjects and detected

with instruments on Earth.

Eajeet It?

Explain how wavelength and frequency of a wave are related.
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EXAMPLE Problem1

CALCULATING WAVELENGTH OF AN EM WAVE Microwaves are used to cook food and
transmit information. What is the wavelength of a microwave that has a frequency of
3.44 x 10° Hz?

1 ANALYZE THE PROBLEM

You are given the frequency of a microwave. You also know that because microwaves are part
of the electromagnetic spectrum, their speeds, frequencies, and wavelengths are related by
the formula ¢ = Aw. The value of ¢ is a known constant. First, solve the equation for wavelength,

then substitute the known values and solve.

Known Unknown
v = 3.44 x 10°Hz A=7m
c= 300 x 10° m/s

2 SOLVE FOR THE UNKNOWN

Solve the equation relating the speed, frequency, and wavelength of an electromagnetic wave
for wavelength (M),

C = AV State the electromagnetic wawve relationship.
A =clv Solve for A.
g
A= 3.00 X 10" m/s Substitute ¢ = 3.00 x 108 m/s and v = 3.44 x 10°Hz.

- 3.44 x10°Hz
Note that hertz is equivalent to 1/s or s,

_ 3.00 x 10°m/g
- 344 x10%s

A=872 X 107%m

A

Divide numbers and units.

3 EVALUATE THE ANSWER

The answer is correctly expressed in a unit of wavelength (m). Both of the known values in
the problem are expressed with three significant figures, so the answer should have three
significant figures, which it does. The value for the wavelength is within the wavelength range

for microwaves shown in Figure 5.

PRACTICE Problems W ADDITIONAL PRACTICE

1. Objects get their colors from reflecting only certain wavelengths when hit with white light.
Light reflected from a green leaf is found to have a wavelength of 4.90 x 1077 m. What is the
frequency of the light?

2. When light or longer wavelength electromagnetic radiation is absorbed in matter, it is
generally converted into thermal energy (heat). Shorter wavelength electromagnetic
radiation (ultraviolet, X-rays, gamma rays) can ionize atoms and cause damage to living
cells, X-rays can penetrate body tissues and are widely used
to diagnose and treat disorders of internal body structures.

What is the frequency of an X-ray with a wavelength of /\ /\ /\
115 X 107 m?
3. After careful analysis, an electromagnetic wave is found to have \_/ \_/ \_/

a frequency of 7.8 X 10® Hz. What is the speed of the wave?
4. CHALLENGE While an FM radio station broadcasts at a

frequency of 94.7 MHz, an AM station broadcasts at a frequency /'\ /\ /\
of 820 kHz. What are the wavelengths of the two broadcasts? U U U

Which of the drawings on the right corresponds to the FM
station? To the AM station?
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The Particle Nature of Light

While considering light as a wave explains much of its everyday behavior, it fails to
adequately describe important aspects of light’s interactions with matter. The wave
model of light cannot explain why heated objects emit only certain frequencies of light
at a given temperature, or why some metals emit electrons when light of a specitic
frequency shines on them. Scientists realized that a new model or a revision of the wave
model of light was needed to address these phenomena.

The quantum concept

When objects are heated, they emit glowing light. Figure 6 illustrates this phenomenon
with iron. A piece of iron appears dark gray at room temperature, glows red when
heated sufficiently, and turns orange, then bluish in color at even higher temperatures.
As the iron gets hotter, 1t has more energy and emits different colors of light. These
different colors correspond to different frequencies and wavelengths.

The wave model could not explain
the emission of these different
wavelengths. In 1900, German
physicist Max Planck (1858-1947)
began searching for an explana-
tion of this phenomenon. His
study led him to a startling
conclusion: matter can gain

or lose energy only in small,
specific amounts called quanta.
A quantum is the minimum
amount of energy that can be
gained or lost by an atom.

Planck proposed that the energy

emitted by hot objects was quan- Figure 6 The wavelength of the light emitted by heated metal, such as the
tized. He also showed that there iron above, depends on the temperature. At room temperature, iron is gray.
is a direct relationship between When heated, it first turns red, then glowing orange.

the energy of a quantum and the Identify the color of the piece of iron with the greatest kinetic energy.

frequency of emitted radiation.

Energy of a Quantum

E represents energy.

Juanium

—= JEIU 1 is Planck's constant.
quantum
V represents frequency.

The energy of a quantum is given by the product of Planck’'s constant and the frequency.

Planck’s constant, /1, has a value of 6.626 X 107 ]J-s, where ] is the symbol for joule, the
SI unit of energy. The equation shows that the energy of radiation increases as the
radiation’s frequency, v, increases. According to Planck’s theory, for a given frequency,
v, matter can emit or absorb energy only in whole-number multiples of hiv; that is, 15,
2hv, 3h, and so on.
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A useful analogy is that of a child building a wall with wooden blocks. The child can
add to or take away from the wall only in increments of whole numbers of blocks.
Similarly, matter can have only certain amounts of energy—quantities of energy between
these values do not exist.

Planck and other physicists of the time thought the concept of quantized energy was
revolutionary, and some found it disturbing. Prior experience had led scientists to think
that energy could be absorbed and emitted in continually varying quantities, with no
minimum limit to the amount. For example, think about heating a cup of water in a
microwave oven. It seems that you can add any amount of thermal energy to the water by
regulating the power and duration of the microwaves. Instead, the

water’s temperature increases in infinitesimal steps as its molecules

Real-World Chemistry
The Photoelectric Effect

absorb quanta of energy. Because these steps are so small, the
temperature seems to rise in a continuous, rather than a
stepwise, manner.

The photoelectric effect

Scientists also knew that the wave model of light could not
explain a phenomenon called the photoelectric effect. In the
photoelectric effect, electrons, called photoelectrons, are emitted
from a metal’s surface when light at or above a certain frequency
shines on the surface, as shown in Figure 7.

The wave model predicts that given enough time, even
low-energy, low-frequency light would accumulate and supply
enough energy to eject photoelectrons from a metal. In reality, a
metal will not eject photoelectrons below a specific frequency of
incident light. For example, no matter how intensely or how long
it shines, light with a frequency less than 1.14 X 10" Hz does not
eject photoelectrons from silver. But even dim light with a

frequency equal to or greater than 1.14 X 10* Hz ejects SOLAR ENERGY is somefimes isad to
photoelectrons from silver. power road signs. Photovoltaic cells

use the photoelectric effect to convert

EG et |1t? the energy of light into electric energy.

Describe the photoelectric effect.

Electron ejected
from surface

Incident beam of light

Metal surface

@ ® © .ﬁ

Figure 7 The photoelectric effect occurs when light of a certain frequency strikes a metal surface and
ejects electrons. When the intensity of the light increases, the number of electrons gjected increases.
When the frequency (energy) of the light increases, the energy of the ejected electrons increases.

Electrons

Andrew Fox/Corbis/Getty Images
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Light’s dual nature

To explain the photoelectric effect, Albert Einstein proposed in 1905 that light has a
dual nature. A beam of light has wavelike and particlelike properties. It can be thought
of, or modeled, as a beam of bundles of energy called photons. A pheton is a massless
particle that carries a quantum of energy. Extending Planck’s idea of quantized energy,
Einstein calculated that a photon’s energy depends on its frequency.

Energy of a Photon

F represents energy.

photan

e h is Planck’s constant.
photon hu
V represents frequency.

The energy of a photon is given by the product of Planck’s constant and the frequency.

Einstein also prupnsed that the energy of a phntnn must have a certain threshold value
to cause the ejection of a photoelectron from the surface of the metal. Thus, even small
numbers of phutnns with energy above the threshold value will cause the phutnelectric

effect. Einstein won the Nobel Prize in Physics in 1921 for this work.

EXAMPLE Problem 2

CALCULATE THE ENERGY OF A PHOTON Every object gets its color by reflecting a certain
portion of incident light. The color is determined by the wavelength of the reflected photons, thus
by their energy. What is the energy of a photon from the violet portion of the Sun’s light if it has a
frequency of 7.230 x 105 '?

1 ANALYZE THE PROBLEM
Known Unknown

p=7Z0xIks B =7
h=6626x107J.s

2 SOLVE FOR THE UNKNOWN
= hu State the equation for the energy of a photon.

phioton

E oo = (6626 X 107%J-5)(7.230 % 10" s7") Substitute h = 6.626 x 10°*Jsand v = 7.230 x 10"s"".

E =4791x10) Multiply and divide numbers and units.

pholon

3 EVALUATE THE ANSWER

As expected, the energy of a single photon of light is extremely small. The unit is joules, an
energy unit, and there are four significant figures.

PRACTICE Problems W ADDITIONAL PRACTICE

5. Calculate the energy possessed by a single photon of each of the following types of
electromagnetic radiation.

a.6.32 X 10?° s b. 9.50 x 10" Hz c.1.05 x 10"® 5!

6. The blue color in some fireworks occurs when copper(l) chloride is heated to approximately
1500 K and emits blue light of wavelength 4.50 x 10?2 nm. How much energy does one photon of

this light carry?

7. CHALLENGE The microwaves used to heat food have a wavelength of 0125 m. What is the
energy of one photon of the microwave radiation?
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1"

Atomic Emission Spectra

Have you ever wondered how light 1s produced in the glowing tubes of neon signs? This
is another phenomenon that cannot be explained by the wave model of light. The light
of a neon sign is produced by passing electricity through a tube filled with neon gas.
Neon atoms in the tube absorb energy and become excited. These excited atoms return
to their stable state by emitting light to release that energy. If the light emitted by the
neon 1s passed through a glass prism, neon’s atomic emission spectrum is produced.

The atomic emission spectrum of an element is the set of frequencies of the
electromagnetic waves emitted bj,f atoms of the element. Figure 8 shows the purple—pink
glow produced by excited hydrogen atoms and the visible portion of hydrogen’s

emission spectrum respnnsible for pmducing the glnw. Note that an atomic emission

spectrum is not a continuous spectrum. Rather, it consists of several individual lines of

color currespnnding to the frequencies of radiation emitted by the atoms.

Each element’s atomic emission spectrum is unique and can be used to identify an

element. For example, when a platinum wire is dipped into a strontium nitrate solution
and then held in a burner flame, the strontium atoms emit a characteristic red color.

gset 1t?

Explain how an emission spectrum is produced.

Slit

Prism separates light
into its components.

410 434 486
nm nm nm

Hydrogen gas \ . 1 1
11 INHE B {1.-1-.{-!.5'1--111} |

discharge tube
emits light. X(hnm) 400 450 500 550 600

B56
nm

0 e e e e {'i'i-i':l--ii.-i--.].l-i-t':]--ii-ii'} skl

650 700 750

Hydrogen's Atomic Emission Spectrum

Figure 8 The purple light emitted by hydrogen can be separated into its different components using a
prism. Hydrogen has an atomic emission spectrum that comprises four lines of different wavelengths.

Determine Which line has the highest energy?

STEM CAREER Connection

Astrochemist

Do you like chemistry, planetary science, chemical biology, physics, astronomy,

and computational science? A career in astrochemisty may be the career for you.

Astrochemists use telescopes, satellites, and space vehicles to collect spectro-
scopic data and analyze it. In this career, knowledge from several scientific

disciplines is used to analyze and model the data collected.

ACADEMIC VOCABULARY

phenomenon

an observable fact or event During
rainstorms, electric currents often pass
from the sky to Earth—a phenomenon
called lightning.
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400 nm Sodium emission spectrum 700 nm

400 nm Sodium absorption spectrum 700 nm

Figure 9 When excited sodium atoms return to a less excited state, they emit light at certain frequencies,
producing an emission spectrum. When a continuous spectrum of light passes through sodium gas, atoms in
the gas absorb light at those same frequencies, producing an absorption spectrum with dark spectral lines.

ayiz{ely (el ' h® Connection| Astronomers use atomic spectra to determine the

composition of the outer layers of stars. When a continuous spectrum of light from

within a star passes through the outer layers of the star, atoms in the outer layers absorb
light at certain frequencies, producing an absorption spectrum. The lines in the absorp-
tion spectrum reveal what elements are in the outer layers of the star because the
frequencies absorbed in an element’s absorption spectrum are the same as those
emitted in the element’s emission spectrum, as shown for sodium in Figure 9.

(22 Check Your Progress

Summary Demonstrate Understanding

All waves are defined by their
wavelengths, frequencies,
amplitudes, and speeds.

In a vacuum, all electromag-
netic waves travel at the speed
of light.

8.

10.

Describe the relationship between changing electric
and magnetic fields and particles.

. Compare and contrast continuous spectrum and

emission spectrum.

Discuss the way in which Einstein utilized Planck’s
quantum concept to explain the photoelectric effect.

« All electromagnetic wayes 11. Calculate Heating 235 g of water from 22.6°C to 94.4°C
have both wave and particle in @ microwave oven requires 7.06 x 104 J of energy. If
properties. the microwave frequency is 2.88 X 10"° s™', how many

« Matter emits and absorbs quanta are required to supply the 7.06 x 10° J?
energy in quanta. 12. Interpret Scientific lllustrations Use Figure 5 and

White light produces a continu-
ous spectrum. An element’s
emission spectrum consists of
a series of lines of individual
colors.

your knowledge of electromagnetic radiation to match
the numbered items with the lettered items. The
numbered items may be used more than once or

not at all.

a. longest wavelength 1. gamma rays
b. highest frequency 2. ultraviolet light

c. greatest energy 3. radio waves

LEAIRNSMAIR T Goonline to follow your personalized learning path to review, practice,
and reinforce your understanding.
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QUANTUM THEORY AND THE ATOM

FOCUS QUESTION

Why does every element produce a unique atomic
emission spectrum?

Bohr’'s Model of the Atom

The dual wave-particle model of light accounted for several previously unexplainable
phenomena, but scientists still did not understand the relationships among atomic
structure, electrons, and atomic emission spectra. Recall that hydrogen’s atomic
emission spectrum is discontinuous; that is, it is made up of only certain frequencies of
light. Why are the atomic emission spectra of elements discontinuous rather than
continuous? Niels Bohr, a Danish physicist working in Rutherford’s laboratory in 1913,
proposed a quantum model for the hydrogen atom that seemed to answer this question.
Bohr’s model also correctly predicted the frequencies of the lines in hydrogen’s atomic
emission spectrum.

Energy states of hydrogen Electron @
Building on Planck’s and WEiggtror

Einstein’s concepts of quantized

energy, Bohr proposed that the . .
hydrogen atom has only certain Nucleus Nucleus

allowable energy states, as
illustrated in Figure 10. The lowest
allowable energy state of an atom
is called its ground state. When an

atom gains energy, it is said to be

in an excited state. Figure 10 The figure shows an atom that has one electron. Note that the
illustration is not to scale. In its ground state, the electron is associated with
the lowest energy level. When the atom is in an excited state, the electron is
associated with a higher energy level.

Ground state Excited state

|
4
¢
0y
i

COLLECT EVIDENCE INVESTIGATE
EUEE your Science Journal to () GO ONLINE to find these activities and more resources.

record the evidence you collect as a Laboratory: The Photoelectric Effect

you {‘:(E'-mp:|Et'EithE readings and Use mathematical and computational thinking to observe patterns in the stability and
activities in this lesson. instability of physical systems.

Inquiry into Chemistry: Design Atomic Models

Plan and carry out an investigation to create a model of the charged subsections
of an atom.
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Table 1 Bohr’s Description of the Hydrogen Atom

E;::}i Quantum Orbit Radius itu;iipg :::;E Relative
Orbit Number (nm) i gire] Energy
First n=1 0.0529 1 E
Second n=2 0.212 2 E, =4E,
Third n=23 0.476 3 E, = 9E,
Fourth n=4 0.846 4 E, = 16E,
Fifth n=>5 132 5 E. = 25E,
Sixth n==6 1.90 6 E. = 36E,
Seventh n=17 2.59 7 E,=49E

Bohr suggested that the electron in a hydrogen atom moves around the nucleus in only
certain allowed circular orbits. The smaller the electron’s orbit, the lower the atom'’s
energy state, or energy level. Conversely, the larger the electron’s orbit, the higher the
atom'’s energy state, or energy level. Bohr assigned a number, n, called a quantum
number, to each orbit. He also calculated the radius of each orbit. Table 1 shows data
for the first seven energy levels of a hydrogen atom according to Bohr’s model.

The hydrogen line spectrum

Bohr suggested that a hydrogen atom is in the ground state when its single electron is in
the n = 1 orbit, also called the first energy level. In the ground state, the atom does not
radiate energy. When energy is added from an outside source, the electron moves to a
higher-energy orbit, putting the atom in an excited state. When the atom is in an excited
state, the electron can drop from the higher-energy orbit to a lower-energy orbit, as
shown m Figure 11.

Visible series
(Balmer)

n==6
Ultraviolet Infrared
series n=il series
(Lyman) (Paschen)

Figure 11 When an electron drops from a higher-energy orbit to a lower-energy orbit, a photon is
emitted. The ultraviolet (Lyman), visible (Balmer), and infrared (Paschen) series correspond to
electrons droppingto n =1, n = 2, and n = 3, respectively.
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Figure 12 Only certain energy levels are allowed. The energy levels are similar to the rungs of
a ladder, The four visible lines correspond to electrons dropping from a higher n to the orbit
n = 2. As nincreases, the hydrogen atom’s energy levels are closer to each other.

As a result of this transition, the atom emits a photon corresponding to the energy
difference between the two levels.

AE=E —f =E = hv

higher-energy orbit lowerenergy orbit photon

Because only certain atomic energies are possible, only certain frequencies of electromag-
netic radiation can be emitted.

You might compare hydrogen'’s atomic energy states to rungs on a ladder, as shown in
Figure 12. A person can climb up or down the ladder only from rung to rung. Similarly,
the hydrogen atom’s electron can move only from one allowable orbit to another, and
therefore, can emit or absorb only certain amounts of energy, corresponding to the energy
difference between the two orbits. Unlike rungs on a ladder, however, the hydrogen

atom’s energy levels are not E‘I.FE'D]}' spaced.

Figure 12 also illustrates the four electron transitions that account for visible lines in
hydrogen’s atomic emission spectrum, shown in Figure 8. Electron transitions from
higher-energy orbits to the second orbit account for all of hydrogen’s visible lines, which
form the Balmer series. Other electron transitions have been measured that are not
visible, such as the Lyman series (ultraviolet), in which electrons drop into the n = 1 orbit,
and the Paschen series (infrared), in which electrons drop into the n = 3 orbit.

geet 1t?

Explain why different colors of light result from electron behavior in the atom.
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The limits of Bohr’s model

Bohr’s model explained hydrogen’s observed spectral lines. However, the model failed
to explain the spectrum of any other element. Moreover, Bohr’s model did not fully
account for the chemical behavior of atoms. In fact, although Bohr's idea of quantized
energy levels laid the groundwork for atomic models to come, later experiments
demonstrated that the Bohr model was fundamentally incorrect. The movements of
electrons in atoms are not completely understood even now; however, substantial
evidence indicates that electrons do not move around the nucleus in circular orbits.

The Quantum Mechanical Model of the Atom

Scientists in the mid-1920s, convinced that the Bohr atomic model was incorrect,
formulated new and innovative explanations of how electrons are arranged in atoms.
In 1924, a French graduate student in physics named Louis de Broglie (1892-1987)
proposed a new idea, shown in Figure 13 and discussed on the following page.

o

\ \ A Figure 13 a. The string on the
i ARRAR harp vibrates between two fixed
endpoints. b. The vibrations of a
string between the two fixed
.r.: ' endpoints labeled A and B are
o limited to multiples of half-
LU SR RRE RN wavelengths. c. Electrons on
X circular orbits can only have
whole numbers of wavelengths.

! '!-'ﬁ;»,},t_ Wy

U |

—— ¥ L LY
o iy |

1 half—wavelength n = 3 wavelengths
n=2 A B
2 half-wavelengths n = 5 wavelengths
n=3 A B
3 half-wavelengths n 3 whole number (not allowed)
(©) Vibrating harp string ® Orbiting electron
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Electrons as waves

De Broglie had been thinking that Bohr’s quantized electron orbits had characteristics
similar to those of waves. For example, as Figures 13a and 13b show, only multiples of
half-wavelengths are possible on a plucked harp string because the string is fixed at
both ends. Similarly, de Broglie saw that only whole numbers of wavelengths are
allowed in a circular orbit of fixed radius, as shown in Figure 13c.

De Broglie also reflected on the fact that light—at one time thought to be strictly a wave
phenomenon—has both wave and particle characteristics. These thoughts led de Broglie
to pose a new question: If waves can have particlelike behavior, could the opposite also
be true? That is, can particles of matter, including electrons, behave like waves?

De Broglie knew that if an electron has wavelike motion and is restricted to circular orbits
of fixed radius, only certain wavelengths, frequencies, and energies are possible. Develop-
ing his idea, de Broglie derived the following equation, called the de Broglie equation.

Particle Electromagnetic-Wave Relationship

A represents wavelength.
h h is Planck’s constant.
m/ m represents mass of the particle.
V represents velocity.

The wavelength of a particle is the ratio of Planck’s constant and the product of the
particle’'s mass and its velocity.

The de Broglie equation predicts that all moving particles have wave characteristics. Note
that the equation includes Planck’s constant. Planck’s constant is an exceedingly small
number, 6.626 X 107* J-s, which helps explain why it is difficult or impossible to observe
the wave characteristics of objects at the scale of everyday experience. For example, an
automobile moving at 25 m/s and having a mass of 910 kg has a wavelength of 2.9 X 10 **m;
far too small to be seen or detected. By comparison, an electron moving at the same speed
has the easily measured wavelength of 2.9 X 107 m. Subsequent experiments have
proven that electrons and other moving particles do indeed have wave characteristics.

g‘eet 1t?

Identify which variables in the de Broglie equation represent wavelike properties.

The Heisenberg uncertainty principle

Step by step, scientists such as Rutherford, Bohr, and de Broglie had been unraveling the
mysteries of the atom. However, a conclusion reached by the German theoretical physicist
Werner Heisenberg (1901-1976) proved to have profound implications for atomic models.

Heisenberg showed that it is impossible to take any measurement of an object without
disturbing the object. Imagine trying to locate a hovering, helium-filled balloon in a
darkened room. If you wave your hand about, you can locate the balloon's position
when you touch it. However, when you touch the balloon, you transfer energy to it and
change its position. You could also detect the balloon’s position by turning on a
flashlight. Using this method, photons of light reflected from the balloon would reach
vour eyes and reveal the balloon’s location. Because the balloon is a macroscopic object,
the effect of the rebounding photons on its position is very small and not observable.
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Figure 14 When a photon interacts with an electron at rest, both the velocity and the position of the
electron are modified. This illustrates the Heisenberg uncertainty principle. It is impossible to know at the

same time the position and the velocity of a particle.

Explain Why has the photon’s energy changed?

Now imagine trying to determine an electron’s location by “bumping” it with a
high-energy photon. Because such a photon has about the same energy as an electron,
the interaction between the two particles changes both the wavelength of the photon
and the position and velocity of the electron, as shown in Figure 14. In other words, the
act of observing the electron produces a significant, unavoidable uncertainty in the
position and motion of the electron. Heisenberg’s analysis of interactions, such as those
between photons and electrons, led him to his historic conclusion. The Heisenberg
uncertainty principle states that it is fundamentally impossible to know precisely both
the velocity and position of a particle at the same time.

Although scientists of the time found Heisenberg’s principle difficult to accept, it has
been proven to describe the fundamental limitations of what can be observed. The
interaction of a photon with a macroscopic object such as a helium-filled balloon has so
little effect on the balloon that the uncertainty in its position is too small to measure.
But that is not the case with an electron moving at 6 X 10° m/s near an atomic nucleus.
The uncertainty of the electron’s position is at least 107 m, about 10 times greater than
the diameter of the entire atom.

The Heisenberg unccrtaint}r principle also means that it 1s impussible to assign hxed
paths for electrons like the circular orbits in Bohr's model. The Urﬂ},f quantit}r that can be
known is the probability for an electron to occupy a certain region around the nucleus.

E!Get It?

Identify the only quantity of an electron’s orbit that can be determined.

(#+4) CROSSCUTTING CONCEPTS

Cause and Effect What empirical evidence did scientists have that
supports the claim that electrons have both particle and wave properties?
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The Schrodinger wave equation

In 1926, Austrian physicist Erwin Schrodinger (1887-1961) furthered the wave-particle
theory proposed by de Broglie. Schrodinger derived an equation that treated the
hydrogen atom's electron as a wave. Schrodinger’s new model for the hydrogen atom
seemed to apply equally well to atoms of other elements—an area in which Bohr’s model
failed. The atomic model in which electrons are treated as waves is called the wave
mechanical model of the atom or the quantum mechanical model of the atom. Like
Bohr’s model, the quantum mechanical model limits an electron’s energy to certain
values. However, unlike Bohr’s model, the quantum mechanical model makes no
attempt to describe the electron’s path around the nucleus.

%’eet It?

Compare and contrast Bohr's model and the quantum mechanical model.

Electron’s probable location

The Schrodinger wave equation is too complex to be considered here. However, each
solution to the equation is known as a wave function, which is related to the probability
of finding the electron within a particular volume of space around the nucleus. The
wave function predicts a three-dimensional region around the nucleus, called an atomic
orbital, which describes the electron’s probable location. An atomic orbital is like a
fuzzy cloud in which the density at a given point is proportional to the probability of
finding the electron at that point.

Figure 15a illustrates the probability map that describes the electron in the atom’s
lowest energy state. The probability map can be thought of as a time-exposure
photograph of the electron moving around the nucleus, in which each dot represents
the electron’s location at an instant in time. The high density of dots near the nucleus
indicates the electron’s most probable location. However, it is also possible that the
electron might be found at a considerable distance from the nucleus.

gG et It?

Describe where electrons are located in an atom.

Figure 15 The density map

© b} represents the probability of finding

: Boundary an electron at a given position
around the nucleus. a. The higher
density of points near the nucleus
shows that the electron is more
likely to be found close to the
nucleus. b. At any given time, there
is @ 90% probability of finding the
electron within the circular region
shown. This surface is sometimes
chosen to represent the boundary
of the atom. In this illustration, the
circle corresponds to a projection of
the 3-dimensional sphere that
contains the electrons,

. Nucleus

Density Maps
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Hydrogen’s Atomic Orbitals

Because the boundary of an atomic orbital is fuzzy, the orbital does not have an exact
defined size. To overcome the inherent uncertainty about the electron’s location,
chemists arbitrarily draw an orbital’s surface to contain 90% of the electron’s total
probability distribution. This means that the probability of finding the electron within
the boundary is 0.9 and the probability of finding it outside the boundary is 0.1. In
other words, it is more likely to find the electron close to the nucleus and within the
volume defined by the boundary, than to find it outside the volume. The circle shown in

Figure 15b encloses 90% of the lowest-energy orbital of hydrogen.

Principal quantum number

Recall that the Bohr atomic model assigns quantum numbers to electron orbits.
Similarly, the quantum mechanical model assigns four quantum numbers to atomic
orbitals. The first one is the principal quantum number (1) and indicates the relative
size and energy of atomic orbitals. As 1 increases, the orbital becomes larger, the
electron spends more time farther from the nucleus, and the atom’s energy increases.
Therefore, n specifies the atom’s major energy levels. Each major energy level is called a
principal energy level. An atom'’s lowest principal energy level is assigned a principal
quantum number of 1. When the hydrogen atom’s single electron occupies an orbital
with n = 1, the atom is in its ground state. Up to 7 energy levels have been detected for
the hydrogen atom, giving n values ranging from 1 to 7.

Energy sublevels

Principal energy levels contain energy sublevels. Principal energy level 1 consists of a
single sublevel, principal energy level 2 consists of two sublevels, principal energy
level 3 consists of three sublevels, and so on. To better understand the relationship
between the atom's energy levels and sublevels, picture the seats in a wedge-shaped
section of a theater, as shown in Figure 16. As you move away from the stage, the rows

become higher and contain more seats. Similarly, the number of energy sublevels in a
principal energy level increases as n increases.

geet It?

Explain the relationship between energy levels and sublevels.

‘-. n =4 (4 sublevels)

‘-.n = 3 (3 sublevels)
-.n = 2 (2 sublevels)
- n =1 (1sublevel)

Figure 16 Energy levels can be thought of as rows of seats in a theater. The rows that are higher up and
farther from the stage contain more seats. Similarly, energy levels related to orbitals farther from the nucleus
contain more sublevels.
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Shapes of orbitals

Sublevels are labeled s, p, d, or f according to the shapes of the atom’s orbitals. All s
orbitals are spherical, and all p orbitals are dumbbell-shaped; however, not all d or f
orbitals have the same shape. Each orbital can contain, at most, two electrons. The
single sublevel in principal energy level 1 corresponds to a spherical orbital called the
1s orbital. The two sublevels in principal energy level 2 are designated 2s and 2p. The
2s sublevel corresponds to the 2s orbital, which is spherical like the 1s orbital but larger
in size, as shown in Figure 17a. The 2p sublevel corresponds to three dumbbell-shaped
p orbitals designated 2p,, 2p,, and 2p.. The subscripts x, y, and z merely designate the
orientations of p orbitals along the x, y, and z coordinate axes, as shown in Figure 17b.
Each of the p orbitals related to an energy sublevel has the same energy.

Eﬁet It?

Describe the shapes of s and p orbitals.

Principal energy level 3 consists of three sublevels designated 3s, 3p, and 3d. Each d
sublevel relates to five orbitals of equal energy. Four of the d orbitals have identical
shapes but different orientations along the x, y, and z coordinate axes. However, the
fifth orbital, d_, is shaped and oriented differently than the other four. The shapes and
orientations of the five d orbitals are illustrated in Figure 17c. The fourth principal
energy level (n = 4) contains a fourth sublevel, called the 4f sublevel, which relates to
seven f orbitals of equal energy. The f orbitals have complex, multilobed shapes.

1s orbital

dh}’ dxz d vz dy2— y2

Figure 17 The shapes of atomic orbitals describe the probable distribution of electrons in energy sublevels.
a. All s orbitals are spherical, and their size increases with increasing principal quantum number.

b. The three p orbitals are dumbbell-shaped and are oriented along the three perpendicular x, y, and z axes.
c. Four of the five d orbitals have the same shape but lie in different planes. The d orbital has its own
unique shape.
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Table 2 Hydrogen’s First Four Principal Energy Levels

Total Number of

Principal Sublevels (Types SSUIDEL Of Orbitals Related to
Quantum of Orbitals) Orbitals Related Prriar e
Number (n) Present to Sublevel E 2 o+
Level (n9)
1 s 1 1
5 1
2 ; 3 4
5 1
3 P 3 °
d 5
< 1
D 3
4 7 - 16
f 7

Hvdrogen's first four principal energy levels, sublevels, and related atomic orbitals are
summarized in Table 2. Note that the number of orbitals related to each sublevel is
alwa}rs an odd number, and that the maximum number of orbitals related to each

principal energy level equals

At any given time, the electron in a hydrogen atom can occupy just one orbital. You can

think of the other orbitals as unﬂcr:upi{-zd spaces—spaces available should the atom’s

energy increase or decrease.

& Check Your Progress

Summary

Bohr's atomic model attributes
hydrogen’s emission spectrum
to electrons dropping from
higher-energy to lower-energy
orbits.

The de Broglie equation relates
a particle’s wavelength to its
mass, its velocity, and Planck’s
constant.

The quantum mechanical
model assumes that electrons
have wave properties.

Electrons occupy three-
dimensional regions of space
called atomic orbitals.

Demonstrate Understanding

13:

14.

15.

16.

17.

18.

Explain the reason, according to Bohr's atomic
model, why atomic emission spectra contain only
certain frequencies of light.

Differentiate between the wavelength of visible light
and the wavelength of a moving soccer ball.

Explain why the location of an electron in an atom is
uncertain using the Heisenberg uncertainty principle.
How is the location of electrons in atoms defined?

Compare and contrast Bohr's model and the
quantum mechanical model of the atom.

Enumerate the sublevels contained in the hydrogen
atom’s first four energy levels. What orbitals are
related to each s sublevel and each p sublevel?

Calculate Use the information in Table 1 to calculate
how many times larger the hydrogen atom’s seventh
Bohr radius is than its first Bohr radius.

LEARNSMAIR T Goonline to follow your personalized learning path to review, practice,

and reinforce your understanding.
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ELECTRON CONFIGURATION

FOCUS QUESTION
How are electrons arranged in atoms?

Ground-State Electron Configuration

The arrangement of electrons in an atom is called the atom’s electron configuration.
Because low-energy systems are more stable than high-energy systems, electrons in an
atom tend to assume the arrangement that gives the atom the lowest energy possible.
The most stable, lowest-energy arrangement of the electrons is called the element’s
ground-state electron configuration.

Three rules, or principles—the aufbau | | K
principle, the Pauli exclusion | RE EEEs EEEEN- HEERRERN 5
principle, and Hund'’s rule—define _ AEmmm o CTT 1] B
how electrons can be arranged in an 5 % || [ ] e — 4d
's orbitals. - - —
atom's or % EEE
The aufbau principle a 4 S
=
The aufbau principle states that each % W HEE3p
electron occupies the lowest energy =
orbital available. Therefore, your first S BER
step in determining an element’s B s
ground-state electron configuration is
learning the sequence of atomic
orbitals from lowest energy to highest Hs
energy. This sequence, known as an Figure 18 The aufbau diagram shows the energy of each sublevel
aufbau diagram, is shown in Figure 18. relative to the energy of other sublevels.
In the diagram, each box represents Determine Which sublevel has the greater energy, 4d or 5p?

an atomic orbital.

COLLECT EVIDENCE INVESTIGATE
EUEE your Science Journal to ) GO ONLINE to find these activities and more resources.
record the evidence you collect as a Virtual Investigation: Electron Configuration

you complete the readings and

e Obtain, evaluate, and communicate information on the patterns present in the periodic
activities in this lesson.

table that translate into patterns of electron states,

Laboratory: Electron Charge-to-Mass Ratio
Analyze and interpret data to determine the proportion of charge to mass for an electron.
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Table 3 Features of the Aufbau Diagram

All orbitals related to an energy sublevel are of All three 2p orbitals are of equal
equal energy. energy.

In @ multi-electron atom, the energy sublevels
within a principal energy level have different
energies.

The three 2p orbitals are of higher
energy than the 2s orbital.

In order of increasing energy, the sequence of
energy sublevels within a principal energy level is
s, p,d, and f.

If n = 4, then the sequence of energy
sublevels is 4s, 4p, 4d, and 4f.

Orbitals related to energy sublevels within one The orbital related to the atom'’s 4s
principal energy level can overlap orbitals related | sublevel has a lower energy than the
to energy sublevels within another principal level. | five orbitals related to the 3d sublevel.

Table 3 summarizes several features of the aufbau diagram. Althﬂugh the auftbau
principle describes the sequence in which orbitals are filled with electrons, it is
i_mpnrtant to know that atoms are not built up electron h}r electron.

The Pauli exclusion principle

Every electron has an associated spin, similar to the way a top spins on its point. Like a
top, an electron is able to spin in only one of two directions. The Pauli exclusion
principle, proposed by Austrian physicist Wolfgang Pauli (1900-1958), states that a
maximum of two electrons can occupy a single atomic orbital, but only if the electrons
have opposite spins.

Electrons in orbitals can be represented by arrows in boxes. An arrow pointing up T+

represents the electron spinning in one direction, and an arrow pointing down | |

represents the electron spinning in the uppusite direction. An empty box represents

an unoccupied orbital, a box containing a single up arrow | T | represents an orbital with

one electron, and a box containing both up and down arrows [[ || represents a filled

orbital c{mtaining a pair of electrons with Dppﬂsite spins.

Hund'’s rule

The fact that negatively charged electrons repel each other affects the distribution of
electrons in equal-energy orbitals. Hund’s rule states that single electrons with the same
spin must occupy each equal-energy orbital before additional electrons with opposite
spins can occupy the same orbitals. For example, the boxes below show the sequence

in which six electrons occupy the three 2p orbitals. One electron enters each of the
orbitals before a second electron enters any of the orbitals.

1.1 2T ([T 3.7 (T ||t

EGE’( It?

State the three rules that define how electrons are arranged in atoms.
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Electron Arrangement

You can represent an atom’s electron cnnfiguratiﬂn using one of two
convenient methods: orbital diagrams or electron I:aniguratiun
notation.

Orbital diagrams

As mentioned earlier, electrons in orbitals can be Iepresented by
arrows in boxes. Each box is labeled with the principal quantum
number and sublevel associated with the orbital. For example, the
orbital diagram for a ground-state carbon atom, shown below, contains

two electrons in the 1s orbital, two electrons in the 2s orbital, and one Neon athm
electron in two of three separate 2p orbitals. The third 2p orbital TL T | TH|TL|TY
1s 25 2p

remains unoccupied.
Figure 19 The s, 2s, and 2p
orbitals of a neon atom overlap.

T[T (T
s 2s 2p

Determine how many electrons a

) . ) neon atom has.
Electron configuration notation

The electron configuration notation designates the principal energy level and energy
sublevel associated with each of the atom’s orbitals and includes a superscript
representing the number of electrons in the orbital. For example, the electron
configuration notation of a ground-state carbon atom is written 1s°2s°2p”.

Orbital diagrams and electron configuration notations for the elements in periods one and
two of the periodic table are shown in Table 4. Figure 19 illustrates how the 1s, 2s, 2p,,
2p,, and 2p, orbitals illustrated earlier in Figure 17 overlap in the neon atom.

Table 4 Electron Configurations and Orbital Diagrams for
Elements 1-10

Atomic Orbital Diagram Electron Configuration
Number s 2s 2p 2p 2p, Notation
1 T 1s’

Hydrogen X
Helium | 2 | Il | 152
Lithium 3 | 152 25’
Beryllium 4 I 15? 252
Boron | 5 | Tel [ |7 | 152 252 2p'
Carbon | 6 | il SR I | 152 252 2p?
Nitrogen 7 {0 ] 2 A ! I 152 252 2p?
Srcaen | e Ml [ MMM 15?252 2p*
Fluorine I 9 | 10 1 o A ) I | 152 252 2p"
Neon | 10 TL (Tl (TL] (Tl [T | 1s2 252 2pF
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Note that the electron configuration notation does not usually show the orbital
distributions of electrons related to a sublevel. It is understood that a de:%ignatiun
such as nitrogen’s 2p” represents the orbital occupancy 2p '2p '2p .

For sodium, the first ten electrons occupy 1s, 2s, and 2p orbitals. Then, according to
the aufbau sequence, the eleventh electron occupies the 3s orbital. The electron
configuration notation and orbital diagram for sodium are written as follows.

1522522p03s!

TLUTLITLUTLNTLL T
1s 25 2p 3s

Noble-gas notation Noble gases are the elements in the last column of the periodic
table. Their outermost energy levels are full, and they are unusually stable. Noble-gas
notation uses bracketed symbols to represent the electron configurations of noble gases.
For example, [He] represents the electron configuration for helium, 1s°, and [Ne]
represents the electron configuration for neon, 1s°2s°2p°.

Compare the electron configura-  Taple 5 Electron Configurations for Elements 11-18
tion for neon with sodium’s

configuration above. Note that Atomic Complete Electrnn_

, : : Element NGhiker Electron Configuration
the inner-level configuration for Configuration | Using Noble Gas
sodium 1s 1identical to the elec- _
tron configuration for neon. _ Sodium _ n _ 1s*25*2p*3s' _ [Nej3s’
Using noble-gas notation, sodi- Magnesium 12 15225*2p%35° [Ne]3s®
um'’s electron configuration can Altriinem 13 1522522p°3523p’ [Ne]3s23p'
be shortened to the form [Ne]3s'. = = g TN | e
The electron cunfiguratiun for an i | | TR STl INelis 3P
element can be represented using PhﬂS_Ph'DrUS | 15 | 1522522PE3523F'3 | [NE‘__]3523P3
the noble-gas notation for the Sulfur 16 1522522p53s23p* [Ne]3s23p?
hoble gasintie previous period e e 17 | 1s?2522ps3s23p° [Ne]3s23p*
and the electron configuration - - =

Argon 18 15?25%2p°®3s*3p° [Ne]3s3p°or [Ar]

for the additional orbitals being
filled. The complete and abbrevi-
ated (using noble-gas notation) electron configurations of the period 3
elements are shown in Table 5.

E&.et 1t?

Explain how to write the noble-gas notation for an element. What is the noble-gas
notation for calcium?

SCIENCE USAGE V. COMMON USAGE WORD ORIGIN

period aufbau

Science usage: a horizontal row of elements in the current periodic table comes from the German word
There are seven periods in the current periodic table. aufbauen, which means to build up
Common usage: an interval of time determined by some recurring phenomenon or arrange

The period of Earth’s orbit is one year.
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Exceptions to predicted configurations

You can use the aufbau diagram to write correct ground-state electron configurations
for all elements up to and including vanadium, atomic number 23. However, if you were
to proceed in this manner, your configurations for chromium, [Ar]4s*3d*, and copper,
[Ar]4s°3d”, would be incorrect. The correct configurations for these two elements are
|Ar]4s'3d” for chromium and [Ar]4s'3d" for copper. The electron configurations for
these two elements, as well as those of several other elements, illustrate the increased

stability of half-filled and filled sets of s and d orbitals.

PROBLEM-SOLVING STRATEGY

Filling Atomic Orbitals /
By drawing a sublevel diagram and following the arrows, you can
write the ground-state electron configuration for any element. / /
1. Sketch the sublevel diagram on a blank piece of paper.
2. De_termine the nu_n_'aber of electrons in one at-z::m of the element for / / /

which you are writing the electron configuration. The number of

electrons in a neutral atom equals the element’s atomic number.

/ / / e

3. Starting with 1s, write the aufbau sequence of atomic orbitals
by following the diagonal arrows from the top of the sublevel

diagram to the bottom. When you complete one line of arrows, / / ,/ //
move to the right, to the beginning of the next line of arrows.

As you proceed, add superscripts indicating the numbers of / / /
electrons in each set of atomic orbitals. Continue only until

you have sufficient atomic orbitals to accommodate the total

number of electrons in one atom of the element. / /

4. Apply noble-gas notation.

The sublevel diagram shows the order
in which the orbitals are usually filled.

Apply the Strategy
Write the ground-state electron configuration for zirconium.

PRACTICE Problems W ADDITIONAL PRACTICE

19. Write ground-state electron configurations for the following elements.
a. bromine (Br) c. antimony (Sb) e. terbium (Th)
b. strontium (Sr) d. rhenium (Re) f. titanium (Ti)

20. A chlorine atom in its ground state has a total of seven electrons in orbitals related to the atom’s
third energy level. How many of the seven electrons occupy p orbitals? How many of the 17
electrons in a chlorine atom occupy p orbitals?

21. When a sulfur atom reacts with other atoms, electrons in the atom’s third energy level are involved.
How many such electrons does a sulfur atom have?

22. An element has the ground-state electron configuration [Kr]5s°4d'5p’. It is part of some
semiconductors and used in various alloys. What element is it?

23. CHALLENGE In its ground state, an atom of an element has two electrons in all orbitals related
to the atom’s highest energy level for which n = 6. Using noble-gas notation, write the electron
configuration for this element, and identify the element.
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Valence Electrons

Only certain electrons, called valence electrons, determine the chemical properties of an
element. Valence electrons are defined as electrons in the atom’s outermost orbitals—
genera]l}r those orbitals associated with the atom's highest ]Jrirlcipal energy level. For

example, a sulfur atom contains 16 electrons, only six of which occupy the outermost 3s

and 3p orbitals, as shown by sulfur’s electron configuration, [Ne]3s*3p*. Sulfur has six

valence electrons. Similarly, although a cesium atom has 55 electrons, it has just one

valence electron, the 6s electron shown in cesium'’s electron configuration, [Xe]6s'.

gGet It?

Cite Evidence How do the properties of electrons influence the properties of

elements?

Electron-dot structures

Because valence electrons are involved in forming chemical bonds, chemists often

represent them visually using a
simple shorthand method, called
electron-dot structure. An atom’s
electron-dot structure consists of the
element’s symbol, which represents
the atomic nucleus and inner-level
electrons, surrounded by dots
representing all of the atom’s valence
electrons. In writing an atom’s
electron-dot structure, dots repre-
senting valence electrons are placed
one at a time on the four sides of the
symbol (they may be placed in any
sequence) and then paired up until
all are shown. Table 6 shows exam-
ples for the second period.

EXAMPLE Problem 3

Table 6 Electron Configurations and Dot
Structures

Atomic Electron Electron-Dot
Number | Configuration Structure
Li-

Lithium 3 1525’
| Beryllium 4 152252 | ‘Be-
| Boron 5 1522522p' | B
Carbon 6 1s25°2p° C
| Nitrogen 7 1s°2s°2p° _ N
| Oxygen 8 15225?2p* | C‘.l
 Fluorine 9 1225225 | -
" Neon 10 | 1s22s22p5 | Ne:

ELECTRON-DOT STRUCTURES Some toothpastes contain stannous fluoride, a compound of tin
and fluorine. What is tin's electron-dot structure?

1 ANALYZE THE PROBLEM

Consult the periodic table to determine the total number of electrons in a tin atom. Write out
tin's electron configuration, and determine its number of valence electrons. Then use the rules
for electron-dot structures to draw the electron-dot structure for tin.

2 SOLVE FOR THE UNKNOWN

Tin has an atomic number of 50. Thus, a tin atom has 50 electrons.

[Kr]5524d°5p?

Write out tin's electron configuration using noble-
gas notation. The closest noble gas is Kr.

The two 5s and the two 5p electrons (the electrons in the orbitals related to the atom’s
highest principal energy level) represent tin’s four valence electrons. Draw the four valence
electrons around tin’s chemical symbol (Sn) to show tin’s electron-dot structure.

- S:n .
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EXAMPLE Problem 3 (continued)

3 EVALUATE THE ANSWER

The correct symbeol for tin (Sn) has been used, and the rules for drawing electron-dot structures

have been correctly applied.

PRACTICE Problems W ADDITIONAL PRACTICE

24. Draw electron-dot structures for atoms of the following elements.

a. magnesium b. thallium

C. xenaon

25, An atom of an element has a total of 13 electrons. What is the element, and how many electrons
are shown in its electron-dot structure?

26. CHALLENGE This element exists in the solid state at room temperature and at normal
atmospheric pressure and is found in emerald gemstones. It is known to be one of the X o
following elements: carbon, germanium, sulfur, cesium, beryllium, or argon. ldentify the
element based on the electron-dot structure at right.

i Check Your Progress

Summary

« The arrangement of electrons
in an atom is called the atom’s
electron configuration.

« Electron configurations are
defined by the aufbau princi-
ple, the Pauli exclusion princi-
ple, and Hund'’s rule.

- An element’s valence electrons
determine the chemical proper-
ties of the element.

« Electron configurations can be
represented using orbital
diagrams, electron configura-
tion notation, and electron-dot
structures.

Demonstrate Understanding

27. Apply the Pauli exclusion principle, the aufbau
principle, and Hund’s rule to write the electron
configuration and draw the orbital diagram for each of
the following elements.

a. silicon b. fluorine c. calcium d. krypton
28. Define valence electron.

29. lllustrate and describe the sequence in which ten
electrons occupy the five orbitals related to an atom’s
d sublevel.

30. Extend the aufbau sequence through an element that
has not yet been identified, but whose atoms would
completely fill 7p orbitals. How many electrons would
such an atom have? Write its electron configuration using
noble-gas notation for the previous noble gas, radon.

31. Interpret Scientific lllustrations Which is the correct
electron-dot structure for an atom of selenium? Explain.

LB L L]

a. Se b. .Se. ¢ .Se- d .S.

LEAIRNSMAIRT S Goonlineto follow your personalized learning path to review, practice,

and reinforce your understanding.
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SCIENTIFIC BREAKTHROUGHS

Batteries of the Future: Super Charged!

ZOONAR GMBH LBRF/age fotostack

Batteries are fundamental to modern
technology. Since the invention of the lithium
ion battery, researchers have been looking for
a better energy source for cars, smart phones,
and computers.

The New Wave of Battery Power

In most batteries available in devices today,
the electrolyte is liquid. However, some
researchers are working to develop safer
batteries with water-based, air, or solid
electrolytes.

The U.S. Army Research Laboratory, in
collaboration with the University of Maryland,
is shaking things up with new technology that
uses a saltwater electrolyte. The researchers
say this eliminates the fire and explosion risk
associated with some non-aqueous lithium
ion batteries, which is especially a concern for
military personnel in combat situations. The
technology needs to be perfected before it is
made commercially available, but so far, it is
the first battery of its kind to reach the 4.0 volt
mark essential for many electronics.

Lithium-air batteries are another promising
possibility for the future. It is projected they

o MAKE AND DEFEND A CLAIM

Research one type of battery described in this
feature. Write a report summarizing why you
think this battery will or will not be successful
in the marketplace.

Lithium ion batteries are used in electronics.

could provide three times as much power for
a given weight compared with lithium-ion
batteries. Researchers across the country are
working to determine which electrolyte
material, such as lithium iodide, will be most
efficient in these batteries to make them
cheaper and more powerful.

Solid state batteries use polymer electrolytes
to eliminate the liguid electrolyte entirely. This
creates a safer, fire-resistant, more powerful,
and rechargeable energy source. Solid state
batteries are an important advancement to
the electric automotive industry, which is
currently limited by the range of the best
lithium ion batteries.

Given the pervasiveness of battery-powered
electronics, new faster, stronger, and safer
options could be the catalyst for the next big
breakthrough in battery technology.
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TUDY GUIDE

0 GO ONLINE to study with your Science Notebook

Lesson 1 LIGHT AND QUANTIZED ENERGY
 All waves are defined by their wavelengths, frequencies,
amplitudes, and speeds.
c= AV
* In a vacuum, all electromagnetic waves travel at the speed of light.

All electromagnetic waves have both wave and particle properties.

Matter emits and absorbs energy in quanta.
= hv

quantum

White light produces a continuous spectrum. An element’s
emission spectrum consists of a series of lines of individual colors.

-

electromagnetic radiation
wavelength

frequency

amplitude
electromagnetic spectrum
quantum

Planck’s constant
photoelectric effect
photon

atomic emission spectrum

Lesson 2 QUANTUM THEORY AND THE ATOM

» Bohr's atomic model attributes hydrogen’s emission spectrum to
electrons dropping from higher-energy to lower-energy orbits.

AE=E

higher-energy orbit lower-energy orbit

— .E‘Fhﬂmn = hv

* The de Broglie equation relates a particle’s wavelength to its mass,
its velocity, and Planck’s constant.

A= h/mv

* The quantum mechanical model assumes that electrons have
wave properties.

* Electrons occupy three-dimensional regions of space called
atomic orbitals.

ground state

quantum number

de Broglie equation

Heisenberg uncertainty principle
quantum mechanical model of
the atom

atomic orbital

principal quantum number
principal energy level

energy sublevel

Lesson 3 ELECTRON CONFIGURATION

* The arrangement of electrons in an atom is called the atom’s
electron configuration.

* Electron configurations are defined by the autbau principle, the
Pauli exclusion principle, and Hund's rule.

* An element’s valence electrons determine the chemical properties
of the element.

» Electron configurations can be represented using orbital diagrams,
electron configuration notation, and electron-dot structures.

electron configuration
aufbau principle

Pauli exclusion principle
Hund's rule

valence electron
electron-dot structure
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Eric Lowenbach/ Moment/ Gethy [mages

THREE-DIMENSIONAL THINKING

Module Wrap-Up

REVISIT THE PHENOMENON

How do we know what
stars are made of?

Claim, Evidence, Reasoning

Explain Your Reasoning Revisit the claim you made when you encountered the
phenomenon. Summarize the evidence you gathered from your investigations and
research and finalize your Summary Table. Does your evidence support your claim?
If not, revise your claim. Explain why your evidence supports your claim.

AR STEM UNIT PROJECT

c, 4 Now that you've completed the module, revisit your STEM unit project. You will

summarize your evidence and apply it to the project.

GO FURTHER

&3 Data Analysis Lab
What electron transitions account for the Balmer series?

Hydrogen’s emission spectrum comprises three series of
lines. Some wavelengths are ultraviolet (Lyman series) and
infrared (Paschen series). Visible wavelengths comprise the
Balmer series. The Bohr atomic model attributes these
spectral lines to transitions from higher-energy states with
electron orbits in which n = n to lower-energy states with
smaller electron orbits in which n = n..

Analyze and Interpret Data

Some hydrogen balmer lines are designated H_(6562 f\},

H, (4861A), H (4340 A), and H, (4101 A). Each wavelength ()
is related to an electron transition within a hydrogen atom by
the following equation, in which 1.09678 x 10’ m™ is known
as the Rydberg constant.

1 = 109678 x 107 (i = i) m-"

n? n?
For hydrogen’s Balmer series, electron orbit transitions occur
from larger orbits to the n = 2 orbit; that is, n, = 2.

Analyze and Interpret Data
1. Calculate the wavelengths for the

following electron orbit transitions.
a.n=3;n=2 c.n=5n=2
b.n=4;n =2 d.n=6n=2

. Claim, Evidence, Reasoning Relate

the Balmer-series wavelengths you
calculated in Question 1to those
determined experimentally. Allowing
for experimental error and
calculation uncertainty, do the
wavelengths match? Explain your
answer. One angstrom (.fi] equals
0% m.

. Apply the formula E = hc/A to

determine the energy per quantum
for each of the orbit transitions in
Question 1.
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Videa Supplied by BBC Worldwide Learning

MODULE 5

THE PERIODIC TABLE AND PERIODIC LAW

ENCOUNTER THE PHENOMENON

What can we learn from the

periodic table?

k]

the elements.

833 Ask Questions

Do you have other questions about the phenomenon? If so, add them to the driving

question board.

Claim, Evidence, Reasoning

Make Your Claim Use your Collect Evidence Use the
CER chart to make a claim lessons in this module to
about what we can learn from collect evidence to support
the periodic table. your claim. Record your
evidence as you move
through the module.

7| (Q GO ONLINE to play a video about
| Mendeleev’s approach to organizing

Explain Your Reasoning You
will revisit your claim and
explain your reasoning at the
end of the module.

0 GO ONLINE to access your CER chart and explore resources that can

help you collect evidence.

- ! & ” u &
1] i I o

i § m . : .
o o €™ Smithsonian
» : M.

15
LESSON 1: Explore & Explain: LESSON 2: Explore & Explain: Additional Resources
Groups and Periods Electron Configuration and the

Periodic Table
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DEVELOPMENT OF THE MODERN PERIODIC TABLE

FOCUS QUESTION
How are elements organized in the periodic table?

Development of the Periodic Table

In the late 1700s, French scientist Antoine Lavoisier (1743-1794) compiled a list of all
elements that were known at the time. The list, shown in Table 1, contained 33 elements
organized in four categories. Many of these elements, such as silver, gold, carbon, and
oxygen, have been known since prehistoric times.

The 1800s brought a large increase in the number of known elements. The advent of
electricity, which was used to break down compounds into their components, and the
development of the spectrometer, which was used to identify the newly isolated elements,
played major roles in the advancement of chemistry. The industrial revolution of the mid-
1800s also played a major role, which led to the development of many new chemistry-based
industries, such as the manufacture of petrochemicals, soaps, dves, and fertilizers. By 1870,
there were over 60 known elements.

Along with the discovery of new elements came volumes of new scientific data related
to the elements and their compounds. Chemists of the time were overwhelmed with
learning the properties of so many new elements and compounds. What chemists
needed was a tool for organizing the many facts associated with the elements.

Table 1 Lavoisier’s Table of Simple Substances (Old English Names)

Gases light, heat, dephlogisticated air, phlogisticated gas, inflammable air

antimony, silver, arsenic, bismuth, cobalt, copper, tin, iron, manganese,

Metals

mercury, molybdena, nickel, gold, platina, lead, tungsten, zinc

sulphur, phosphorus, pure charcoal, radical muriatique®, radical fluorique;

Nonmetals : : i
radical boracique

Earths chalk, magnesia, barote, clay, siliceous earth

‘no English name

e e ey L - = ] - s
e "'...'. - = - = A5 = — =)

-
R T T T P . i e T e e ML e o A T T i e e S e e i e e I T A g T e R A e S
2N THINKING Niecinlinary Cara ldaae ~racectitting Concante i a PN - Rl et A L s A
it R E HaWih L% ENSCIPITEary Lore 10eds AT LU AL L LS adbiErie e o EFNGITEETIriy Frall LILES

' e Kl b Rl v ¥ ¢ . ' e — bt -

COLLECT EVIDENCE INVESTIGATE
EUEE your Science Journal to &) GO ONLINE to find these activities and more resources.

record the evidence you collect as @ Virtual Investigation: Periodic Properties

L {‘:(?m[}:|EtE‘IhE readings and Analyze and interpret the data in the periodic table of elements for patterns of organization
activities in this lesson. and the properties of matter,

ChemLAB: Investigate Descriptive Chemistry
Analyze and interpret data to determine patterns of properties in representative elements.
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Organizing the elements

A significant step toward developing a tool for organizing the elements and the large
amount of data about their properties came in 1860, when chemists agreed upon a
method for accurately determining the atomic masses of the elements. Until this time,
different chemists used different mass values in their work, making the results of one
chemist’s work hard to reproduce by another.

With newly agreed-upon atomic masses for the elements, the search for relationships
between atomic mass and elemental properties, and a way to organize the elements,
began in earnest.

John Newlands
In 1864, English chemist John Newlands (1837-1898) proposed an organizational

scheme for the elements. He noticed that when the elements were arranged by increas-
ing atomic mass, their properties repeated every eighth element. A pattern such as this
is called periodic because it repeats in a specific manner. Newlands named the periodic
relationship that he observed in chemical properties the law of octaves, after the musi-

cal octave in which notes repeat every eighth tone.

Figure 1 shows how Newlands organized 14 of

the elements known in the mid-1860s. Accep-

tance of the law of octaves was hampered because Elements with similar properties

the law did not work for all of the known ele- are in the same row.

ments. Also, the use of the word octave was at e i
harshly criticized by fellow scientists, who thought AH 1 A F 8 ==andsoon =»

that the musical analogy was unscientific. While
his law was not generally accepted, the passage of

B Li 2 B Na 9 -

a few years would show that Newlands was
basically correct: the properties of elements do
repeat in a periodic way. C'6 3 CMg|) m——————

s
Meyer and Mendeleev f§.< DIBo 4 D Al Y =——
In 1869, German chemist Lothar Meyer —
(1830-1895) and Russian chemist Dmitri e (R ——
Mendeleev (1834-1907) each demonstrated a
connection between atomic mass and the
properties of elements. Mendeleev, however, is FREERE6 F QRS =—
generally given more credit than Meyer because
he published his organizational scheme first. 4 GO 7 GIS 14 m——————

Like Newlands several years earlier, Mendeleev

noticed that when the elements were ordered by Figure 1 John Newlands noticed that the properties of

increasing atomic mass, there was a periodic elements repeated every eighth element in the same way
pattern in their properties. musical notes repeat every eighth note and form octaves.

EGet It?

Describe the pattern that both Newlands and Mendeleev noticed about the
properties of the elements.
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By arranging the elements in order of increasing atomic mass into columns with similar

properties, Mendeleev organized the elements into a periodic table.

Mendeleev’s table, shown in Figure 2, became widely accepted because he predicted the

existence and properties of undiscovered elements that were later found. Mendeleev

left blank spaces in the table where he thought the undiscovered elements should go.

By noting trends in the properties of known elements, he was able to predict the

properties of the yet-to-be-discovered elements scandium, gallium, and germanium.

K = 39 | Rb = B85 | Cs = 183 —
Ca= 40 | Br = B7 | Ba = 137 —
— Yt = B8??Di = 1387| Er = 1787
Ti = 487 | Zr = 90 | Co = 1407 |?La = 1807 221
V = 5l Nb = 94 e Ta = 182
Cr= 52 | Moo= 96 — W = 184 240
Mn= 55 — — i
Fe = 56 | Ru = 104 - O8s = 1957
Typische Elemente Co = 59 Rh = 104 — Ir = 197
R e L Ni = 59 | Pd = 108 —_ Pt = 1987
H=1 i = 7 Na = 23 Cu= 63 | Ag = 108 —_ Aun = 1997
Be = 94 Mg = 24 IZn= 65 | Cd = 112 — Hg= 200
B = 11 Al = 27,3 — In =113 —_— Tl = 204
C =13 Bi = 28 — Bn = 118 —_ Fb = 207
N = 14 P =31 As = 75 | 8b = 122 — Bi = 208
0O = 16 8 = 32 Se = 78 | Te = 1257% — -—
F =19 Cl = 855 Br=80 |J =127 —_ -—

Figure 2 In the first version of his table, published in 1869, Mendeleev arranged elements with similar
chemical properties horizontally. He left empty spaces for elements that were not yet discovered.

Moseley

Mendeleev's table, however, was not completely correct. After several new elements
were discovered and the atomic masses of the known elements were more accurately
determined, it became apparent that several elements in his table were not in the
correct order. Arranging the elements by mass resulted in several elements being placed
in groups of elements with differing properties. The reason for this problem was deter-
mined in 1913 by English chemist Henry Moseley (1887-1915). Moseley discovered that
atoms of each element contain a unique number of protons in their nuclei—the number
of protons being equal to the atom’s atomic number. By arranging the elements in order
of increasing atomic number, the problems with the order of the elements in the peri-
odic table were solved and a clear periodic pattern of properties resulted.

The statement that there 1s a peri{}dic rﬂpetitiun of chemical and ph};sical pmperties of
the elements when tha.'f_‘jg.,F are arrangﬂd b}r incrcasing atomic number i1s called the
periodic law.

@hGet It?

Compare and contrast the ways in which Mendeleev and Moseley organized the
elements.

Stience & Society Picture Library/Ge by Images
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Table 2 summarizes the contributions of Newlands, Meyer, Mendeleev, and Moseley to

the development of the periodic table.

The perindic table bruught order to SEEIﬂiﬂgl}r unrelated facts and became a significant
tool for chemists. It is a useful reference for understanding and predicting the proper-

ties of elements and for organizing knowledge of atomic structure.

Table 2 Contributions to the Classification of Elements

John Newlands (1837-1898)

- arranged elements by increasing atomic mass
- noticed the repetition of properties every eighth element
- created the law of octaves

Lothar Meyer (1830-1895)

- arranged the elements in order of increasing atomic mass

Dmitri Mendeleev (1834-1907)

- demonstrated a connection between atomic mass and elements’ properties

- arranged the elements in order of increasing atomic mass
» predicted the existence and properties of undiscovered elements

Henry Moseley (1887-1915)

- demonstrated a connection between atomic mass and elements’ properties

periadic pattern of properties

- discovered that atoms contain a unique number of protons called the atomic number
- arranged elements in order of increasing atomic number, which resulted in a

The Modern Periodic Table

The modern periodic table consists of boxes, each containing an
element name, symbol, atomic number, and atomic mass. A typical
box from the table is shown in Figure 3.

The table orders elements horizontally by the number of protons in
an atom’s nucleus, and places those with similar chemical proper-
ties in columns. The columns are called groups or families. The
rows are called periods.

The periodic table is shown in Figure 4 on the next page and on the
inside back cover of your textbook. Becoming familiar with the
periodic table will help you understand how the properties of
different elements relate to one another.

(555 CROSSCUTTING CONCEPTS

Patterns Different patterns can be observed in the periodic table, The patterns
organize and can predict the properties of elements. Compare and contrast the
periods and groups of the table, shown in Figure 4, based on their atomic number
and atomic mass. Create a graphic organizer or other simple visual that will help you
and your classmates remember the patterns.

Atomic ——8 0 — symbol
number

Oxygen — Element

Atomic 15,999

mass

Figure 3 A typical box from the
periodic table contains the ele-
ment's name, its chemical symbol,
its atomic number, and i1ts atomic
mass.

WORD ORIGIN
periodic
comes from the Greek word

periodos, meaning way around,
circuit
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Groups and periods

Beginning with hydrogen in period 1, there are a total of seven periods. Each group 1s
numbered 1 through 18. For example, period 4 contains potassium and calcium. Oxy-
gen 1s in group 16, The elements in groups 1, 2, and 13 to 18 possess a wide range of
chemical and physical properties. For this reason, they are often referred to as the main
group, or representative elements. The elements in groups 3 to 12 are referred to as the
transition elements. Elements are also classified as metals, nonmetals, and metalloids.

Metals

Elements that are generally shiny when smooth and clean, solid at room temperature,
and good conductors of heat and electricity are called metals. Most metals are also
malleable and ductile, meaning that they can be pounded into thin sheets and drawn
into wires, respectively, as shown in Figure 5.

Most representative elements and all transition elements are metals. If you look at
boron (B) in column 13, you will see a heavy stairstep line that zigzags down to astatine
(At) at the bottom of group 17. This stairstep line is a visual divider between the metals
and the nonmetals on the table. In the periodic table shown in Figure 4 metals are
represented by the blue boxes.

Alkali Metals Except for hydrogen, all of the elements on the left side of the table are
metals. The group 1 elements (except for hydrogen) are known as the alkali metals.
Because they are so reactive, alkali metals usually exist as compounds with other
elements. Two familiar alkali metals are sodium (Na), one of the components of salt,
and lithium (Li), often used in batteries.

Figure 5 Copper, like most
metals, is ductile and
conducts electricity well,
For these reasons copper is
used for electrical wiring.

SCIENCE USAGE V. COMMON USAGE

conductor

Science usage: a substance or body capable of transmitting electricity, heat,
or sound

Copper is a good conductor of heat.

Common usage: a person who conducts an orchestra, chorus, or other group
of musical performers

The new conductor helped the orchestra perform at its best.
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Alkaline Earth Metals The alkaline earth metals are in group 2. They are also highly
reactive. Calcium (Ca) and magnesium (Mg), two minerals important for your health,
are examples of alkaline earth metals. Because magnesium is strong and relatively
light, it 1s used in applications in which strength and low mass are important, as shown

in Figure 6.

Figure 6 Because magnesium is light and strong,
it is often used in the production of safety devices
such as these caribiners used by climbers.

Transition and Inner Transition Metals The transition elements are divided into
transition metals and inner transition metals. The two sets of inner transition metals,
known as the lanthanide series and actinide series, are located along the bottom of the
periodic table. The rest of the elements in groups 3 to 12 make up the transition metals.
Elements from the lanthanide series are used extensively as phosphors, substances that
emit light when struck by electrons. Because it 1s strong and hight, the transition metal
titanium is used to make frames for bicycles and eyeglasses.

Nonmetals

=j[e]Ke[c) @ Connection | Nonmetals occupy the upper-right side of the periodic
table. They are represented by the yellow boxes in Figure 4. Nonmetals are elements
that are generally gases or brittle, dull-looking solids. They are poor conductors of heat

and electricity. The only nonmetal that is a liquid at room temperature is bromine (Br).
The most abundant element in the human body is the nonmetal oxygen, which consti-
tutes 65% of the body mass.

Group 17 comprises highly reactive elements that are known as halogens. Like the
group 1 and group 2 elements, the halogens are often part of compounds. Compounds
made with the halogen fluorine (F) are commonly added to toothpaste and drinking
water to prevent tooth decay. The extremely unreactive group 18 elements are com-
monly called the noble gases. They are used in applications where their unreactivity is
an advantage, such as in lasers, a variety of light bulbs, and neon signs.

Cicu Bemus/iStock/Gelly Images
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Metalloids

The elements in the green boxes burdering
the stairstep line in Figure 4 are called metalloids,

or semimetals.

Metalloids have physical and chemical properties
of both metals and nonmetals. Silicon (Si) and
germanium (Ge) are two important metalloids
used extensively in computer chips and solar cells.
Silicon is also used to make prosthehics or in
lifelike applications, as shown in Figure 7.

This introduction to the periodic table touches Figure 7 Scientists developing submarine technology created
only the surface of its durable explanatory this robot that looks and swims like a real fish. Its body is
power. You can refer to the Elements Hand- made of a silicon resin that softens in water.

book at the end of your textbook to learn more

about the elements and their various groups.

‘& Check Your Progress

Summary Demonstrate Understanding

« The elements were first orga- 1. Describe the development of the periodic table.
nized by increasing atomic 2. Sketch a simplified version of the periodic table, and
mass, which led to inconsisten- indicate the location of metals, nonmetals, and metalloids.
cles, Loter they weee orgarized 3. Describe the general characteristics of metals, non-

by increasing atomic number. metals, and metalloids.

« The periodic law states that 1
when the elements are
arranged by increasing atomic

. ldentify each of the following as a representative
element or a transition element.

number, there is a periodic a. lithium (Li) c. promethium (Pm)
repetition of their chemical and b. platinum (Pt) d. carbon (C)
physical properties. 5. Compare For each of the given elements, list two

. The periodic table organizes the other elements with similar chemical properties.
elements into periods (rows) and a. iodine (I) b. barium (Ba) c. iron (Fe)
groups or families (columns); 6. Compare According to the periodic table, which two
elements with similar properties elements have an atomic mass less than twice their
are in the same group. Stormic nimber?

- Elements are classified as 7. Interpret Data A company plans to make an electronic
metals, nonmetals, or device. They need to use an element that has chemical
metalloids. behavior similar to that of silicon (Si) and lead (Pb). The

element must have an atomic mass greater than that of
sulfur (S) but less than that of cadmium (Cd). Use the
periodic table to predict which element the company

will use,.

LEAIRNSMAIR TS Goonline to follow your personalized learning path to review, practice,
and reinforce your understanding.
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CLASSIFICATION OF THE ELEMENTS

FOCUS QUESTION

Why do elements in the same group have similar
properties?

Organizing the Elements by Electron
Configuration

As you learned previously, electron configuration determines the chemical properties
of an element. Writing out electron configurations using the aufbau diagram can be
tedious. Fortunately, you can determine an atom’s electron configuration and its num-
ber of valence (outermost) electrons from its position on the periodic table. The
repeating patterns of the table reflect patterns of outer electron states. The electron
configurations for some of the group 1 elements are listed in Table 3. All four
configurations have a single electron in their outermost orbitals.

Valence electrons

Recall that electrons in the highest principal energy level of an atom are called valence
electrons. Each of the group 1 elements has one valence electron. The group 1 elements
have similar chemical properties because they have the same number of valence elec-
trons. This is one of the most important relationships in chemistry: atoms in the same
group have similar chemical properties because they have the same number of valence
electrons. Each group 1 element has a valence electron configuration of s'. Each group 2
element has a valence electron configuration of s*. Groups 1, 2, and 13 to 18 all have
their own valence electron configurations.

Table 3 Electron Configuration for the Group 1 Elements
Period 1 hydrogen 1s' 15
Period 2 lithium 1s2s' [He]2s'
sodium 1522522pf3s! [Ne]3s!
potassium 15°25°2p"3s5°3p64s’ [Ar]4s!

COLLECT EVIDENCE INVESTIGATE
EUEE your Science Journal to ) GO ONLINE to find these activities and more resources.

record the evidence you collectas | (559 Identify Crosscutting Concepts

U ﬂ:ft?mptlete‘the readings and Create a table of the crosscutting concepts and fill in examples you find as you read.
activities in this lesson. by, b
<2 Revisit the Encounter the Phenomenon Question

What information from this lesson can help you answer the module question?
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Figure 8 The figure shows the electron-dot
structure of most representative elements.

Observe How does the number of valence
electrons vary within a group?

The energy level of an element’s valence electrons indicates the p{_‘l'i{}d on the periudic

table in which it is found. For example, lithium'’s valence electron is in the second

energy level and lithium is found in period 2. Now look at gallium, with its electron

configuration of [Ar]4s°3d"4p'. Gallium’s valence electrons are in the fourth energy

level, and gallium is found in the fourth period.

Valence electrons of the representative elements

Elements in group 1 have one valence electron; group 2 elements have two valence

electrons. Group 13 elements have three valence electrons, group 14 elements have

four, and so on. The noble gases in group 18 each have eight valence electrons, with the

exception of helium, which has only two valence electrons. Figure 8 shows how the

electron-dot structures you studied previuusly illustrate the connection between group

number and number of valence electrons. Notice that the number of valence electrons

for the elements in groups 13 to 18 is ten less than their group number.

The s-, p-, d-, and f-Block Elements

The perindic table has columns and rows of var}ring sizes. The reason behind the table’s

odd shape becomes clear if it is divided into sections, or blocks, representing the atom's

energy sublevel bEing filled with valence electrons. Because there are four different

energy sublevels (s, p, d, and {), the periodic table is divided into four distinct blocks, as

shown in Figure 9 on the next page.

s-Block elements

The s-block consists of groups 1 and 2, and the element helium. Group 1 elements have

partiall}r filled s orbitals cuntaini_ng one valence electron and electron cunfigurati{}ns

Ending in s'. Gmup 2 elements have cﬂmpletely filled s orbitals -::{}ntaining two valence

electrons and electron cnnfigurati{}ns Ending in s°. Because s orbitals hold two electrons

at most, the s-block spans two groups.
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S bl igure e periodic table is divided into
I Fi 9 Th d divided
1 four blocks—s, p, d, and f.

Analyze What is the relationship between
the maximum number of electrons an
energy sublevel can hold and the number of
columns in that block on the diagram?

4 block

| 1 block |

p-Block elements

After the s sublevel is filled, the valence electrons next occupy the p sublevel. The p-block is
comprised of groups 13 through 18 and contains elements with filled or partially filled p
orbitals. There are no p-block elements in period 1 because the p sublevel does not exist for
the first principal energy level (n = 1). The first p-block element is boron (B), which is in the
second period. The p-block spans six groups because the three p orbitals can hold a maxi-

mum of six electrons.

The group 18 elements, which are called the noble gases, are unique members of the
p-block. The atoms of these elements are so stable that they undergo virtually no chemical
reactions. The electron configurations of the first four noble gas elements are shown in
Table 4. Here, both the s and p orbitals corresponding to the period’s principal energy level
are completely filled. This arrangement of electrons results in an unusually stable atomic
structure. Together, the s- and p-blocks comprise the representative elements.

d-Block elements

The d-block contains the transition metals and is the largest of the blocks. With some
exceptions, d-block elements are characterized by a filled outermost s orbital of energy
level n, and filled or partially filled d orbitals of energy level n -1.

Table 4 Noble Gas Electron Configuration

Period Principal Energy Level Element CDE:,?;EED”
1 n=1 helium 152
2 n=2 neon [He]2s22p®
3 3 argon [Ne]3s?3p°®
4 n=4 krypton [Ar]4s23d™®4p"

ACADEMIC VOCABULARY

structure

something made up of more-or-less interdependent elements or parts
Many scientists were involved in the discovery of the structure of the atom.
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As you move across a period, electrons fill the d orbitals. For example, scandium (Sc),
the first d-block element, has an electron configuration of [Ar|4s°3d’. Titanium (Ti), the
next element on the table, has an electron configuration of [Ar]4s°3d". Note that titani-
um'’s filled outermost s orbital has an energy level of n = 4, while the d orbital, which is
partially filled, has an energy level of n = 3.

As you learned previously, the aufbau principle states that the 4s orbital has a lower
energy level than the 3d orbital. Therefore, the 4s orbital is filled before the 3d orbital.
The five d orbitals can hold a total of 10 electrons; thus, the d-block spans 10 groups on
the periodic table.

f-Block elements

The f-block contains the inner transition metals. Its elements are characterized by a filled,
or partially filled outermost s orbital, and filled or partially filled 4f and 5f orbitals.

The electrons of the f sublevel do not fill their orbitals in a predictable manner.
Because there are seven f orbitals holding up to a maximum of 14 electrons, the
f-block spans 14 columns of the periodic table.

EXAMPLE Problem 1

ELECTRON CONFIGURATION AND THE PERIODIC TABLE Strontium, which is used to produce
red fireworks, has an electron configuration of [Kr]5s?, Without using the periodic table, determine
the group, period, and block of strontium.

1 ANALYZE THE PROBLEM
You are given the electron configuration of strontium.

Known Unknown
Electron configuration = [Kr]5s? Group =7
Period =7
Block =7

2 SOLVE FOR THE UNKNOWN

The s* indicates that strontium’s valence electrons fill
the s sublevel. Thus, strontium is in group 2 of the s-block.

For representative elements, the number
of valence electrons can indicate the group
number.

The 5 in 5s? indicates that strontium is in period 5. The number of the highest energy level
indicates the period number.

3 EVALUATE THE ANSWER

The relationships between electron configuration and
position on the periodic table have been correctly applied.

STEM CAREER Connection

Physical Chemist

Does the idea of using computers and sophisticated laboratory instruments to
model, simulate, and analyze experimental results appeal to you? Are you
someone who enjoys developing new theories? Physical chemists are interested
in how matter behaves at the molecular and atomic level. They have a strong
interest and background in chemistry, physics, and math.
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Figure 10

History of the
Periodic Table

The modern periodic table is the result of the
work of many scientists over the centuries
who studied elements and discovered
periodic patterns in their properties.

1894-1900
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PRACTICE Problems W ADDITIONAL PRACTICE

8. Without using the periodic table, determine the group, period, and block of an atom with the
following electron configurations.

a. [Ne]3s? b. [He]2s? c. [Kr]5s24d"5p®
9. What are the symbols for the elements with the following valence electron configurations?

a. s‘d’ b. s°p° o o

10. CHALLENGE Write the electron configuration of the following elements.
a. the group 2 element in the fourth period
b. the group 12 element in the fourth period
c. the noble gas in the fifth period
d. the group 16 element in the second period

The development of the periodic table took many years, but like all scientific knowl-
edge, 1t 1s open to change. As new elements are synthetized, identified, and named, and
as new data about elements arise from experimentation, the periodic table is updated.

Refer to Figure 10 on the previous page to learn more about the history of the periodic
table and the work of the many scientists who contributed to its development. The
periodic table is an essential tool in understanding and exploring chemistry and you
will use it throughout your study of the subject.

22 Check Your Progress

Summary Demonstrate Understanding

« The periodic table has four 11. Explain what determines the blocks in the periodic
blocks (s, p, d, ). table.

« Elements within a group have 12. Determine in which block of the periodic table are the
similar chemical properties. elements having the following valence electron

. The group number for configurations.
elements in groups 1and 2 a. s’p? c. s°d'
equals the element’s number b gl d. s?p'

of valence electrons. 13. Infer Xenon, a nonreactive gas used in strobe lights,

- The energy level of an atom’s is a poor conductor of heat and electricity. Would you
valence electrons equals its expect xenon to be a metal, a nonmetal, or a metal-
period number. loid? Where would you expect it to be on the periodic

table? Explain.

14. Explain why elements within a group have similar
chemical properties.

15. Model Make a simplified sketch of the periodic table,
and label the s-, p-, d-, and f-blocks.

LEAIRNSMAIR TS Goonline to follow your personalized learning path to review, practice,
and reinforce your understanding.
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FOCUS QUESTION

How can you use the periodic table to predict an
element’s properties?

Atomic Radius

Many properties of the elements tend to change in a predictable way, known as a trend,
as you move across a perind or down a group. Atomic size 1s one such periudic trend.
The sizes of atoms are influenced by electron cnnfiguratiun.

Recall that the electron cloud surrounding a nucleus does not have a clearly defined
edge. The outer limit of an electron cloud is defined as the spherical surface within
which there is a 90% probability of finding an electron. However, this surface does not
exist in a physical way, as the outer surface of a golf ball does. Atomic size is defined by
how closely an atom lies to a neighboring atom. Because the nature of the neighboring
atom can vary from one substance to another, the size of the atom itself also tends to
vary somewhat from substance to substance.

For metals such as sodium, the atomic radius is defined as half the distance between adja-
cent nuclei in a crystal of the element, as shown in Figure 11. For elements that commonly
occur as molecules, such as many nonmetals, the atomic radius is defined as half the
distance between nuclei of identical atoms that are chemically bonded together. The atomic
radius of a nonmetal diatomic hydrogen molecule (H,) is shown in Figure 11.

Bonded metallic

sodium atoms in

. Bonded nonmetal hydrogen
a crystal lattice

atoms in a molecule

Radius
Radius
The radius of a metal atom Is one-half The radius of a nonmetal atem Is often Figu":_- M Atomic radii depend on the t‘;’pE"
the distance between two adjacent determined from a molecule of two
atoms in the crystal. ariica] atamms. of bonds that atoms form.

= |
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COLLECT EVIDENCE INVESTIGATE
EUSE your Science Journal to 3 GO ONLINE to find these activities and more resources.

record the evidence you collect as nﬂ Applying Practice: Electron Patterns of Atoms

el F?mEIEt‘EimE readings and HS-P51-1. Use the periodic table as a model to predict the relative properties of elements
activities in this lesson. based on patterns of electrons in the outermost energy level of atoms.
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1 | Chemical symbol 18
H 37 K 221 — Atomic radius He 31
1 F Relative size
: 2 13 14 15 16 17 .
Li 152 Be 112 B8 C77 N75 073 F72 NeT

‘'@® ®@ o o o o o o

Na 186 Mg 160 Al 143 Si118 P10 S 103 CI100 Ar 98

‘'@ O © 6 ¢ ¢ o o

K 227 ca 197 Ga135 Ge122 As120 Se 119 Br 114 Kr 112

‘@O © 0 00 0 o

Rb 248 sr 215 In 167 Sn140 Sb140 Te 142 ] 133 Xe 131

5 Figure 12 The atomic radii of the
. . . . . . . . representative elements, given in

- — N— - picometers (107 m), vary as you

Cs 265 Ba 222 TI170 Pb146 Bi 150 Po168 At140 Rn 140 move from left to right within a

6 period and down a group.
. . . . . . Infer why the atomic radii increase

as you mave down a group.
Trends within periods

In general, there is a decrease in atomic radii as you move from left to right across

a period. This trend is illustrated in Figure 12. It is caused by the increasing positive
charge in the nucleus and the fact that the principal energy level within a period
remains the same. Each successive element has one additional proton and electron,
and each additional electron is added to orbitals corresponding to the same princi-
pal energy level. Moving across a period, no additional electrons come between the
valence electrons and the nucleus. Thus, the valence electrons are not shielded from
the increased nuclear charge, which pulls the outermost electrons closer to the
nucleus.

Eeet It?

Discuss how the fact that the principal energy level remains the same within a
period explains the decrease in the atomic radii across a period.

Trends within groups

Atomic radii generally increase as you move down a group on the periodic table.
The nuclear charge increases, and electrons are added to orbitals corresponding to
successively higher principal energy levels. However, the increased nuclear charge
does not pull the outer electrons toward the nucleus to make the atom smaller as
vou might expect. Why does the increased nuclear charge not make the atom
smaller?
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Generally decreases Moving down a group, the outermost orbital

@ e Increases in size alung with the increasing

% i principal energy level; thus, the atom becomes

.E I. larger. The larger orbital means that the outer

‘UEJ 1= electrons are farther from the nucleus. This

:E* increased distance offsets the pull of the

Trends in Atomic Radii : i
increased nuclear charge. Also, as additional

Figure 13 Atomic radii generally orbitals between the nucleus and the outer
decrease from left to right in a period electrons are occupied, these electrons shield the

and generally increase as you move

outer electrons from the nucleus. Figure 13
down a group.

summarizes the group and periud trends.

EXAMPLE Problem 2

ELECTRON CONFIGURATION AND THE PERIODIC TABLE Which has the largest atomic radius:
carbon (C), fluorine (F), beryllium (Be), or lithium (Li)? Answer without referring to Figure 12. Explain
your answer in terms of trends in atomic radii.

1 ANALYZE THE PROBLEM

You are given four elements. First, determine the groups and periods the elements occupy.
Then apply the general trends in atomic radii to determine which has the largest atomic radius.

2 SOLVE FOR THE UNKNOWN
From the periodic table, all the elements are found to be in period 2. Determine the periods.

Ordering the elements from left-to-right across the period yields:

Li, Be, C, and F.
Apply the trend of decreasing

The first element in period 2, lithium, has the largest radius. radii across a period.

3 EVALUATE THE ANSWER

The period trend in atomic radii has been correctly applied. Checking radii
values in Figure 12 verifies the answer.

PRACTICE Problems W ADDITIONAL PRACTICE

Answer the following questions using your knowledge of group and period trends in atomic radii.
Do not use the atomic radii values in Figure 12 to answer the questions.

16. Which has the largest atomic radius: magnesium (Mg), silicon (Si), sulfur (S),
or sodium (Na)? The smallest?

17. The figure on the right shows helium, krypton, and radon. Which .
one is krypton? How can you tell?

18. Can you determine which of two unknown elements has the larger A B cC
radius if the only known information is that the atomic number of one
of the elements is 20 greater than the other? Explain.

19. CHALLENGE Determine which element in each pair has the largest atomic radius:
a. the element in period 2, group 1; or the element in period 3, group 18
b. the element in period 5, group 2; or the element in period 3, group 16
c. the element in period 3, group 14; or the element in period 6, group 15
d. the element in period 4, group 18; or the element in period 2, group 16
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lonic Radius

Atoms can gain or lose one or more elec-
trons to form ions. Because electrons are
negatively charged, atoms that gain or lose
electrons acquire a net charge. Thus, an 1on
is an atom or a bonded group of atoms that
has a positive or negative charge.

You will learn more about ions later, but for
now, consider how the formation of an ion
affects the size of an atom.

Losing electrons

When atoms lose electrons and form
positively charged ions, they always
become smaller. The reason is twofold. The
electron lost from the atom will almost
always be a valence electron. The loss of a
valence electron can leave a completely
empty outer orbital, which results in a
smaller radius. Furthermore, the electro-
static repulsion between the now-fewer
number of remaining electrons decreases.
As a result, they experience a greater

-

& B
186 pm 102 pm

e
=)

Sodium atom (Na) Sodium ion (Na™)

[Ne)3s' [Ne]
(b
¢ — | —_
100 pm ) 181pm

Chlorine ion (CI7)
[Ne]3s23pPor [Ar]

Chlorine atom (Cl)
[Ne]3s23p?

Figure 14 The size of atoms varies greatly when they
form ions.

a. Positive ions are smaller than the neutral atoms from which
they form.

b. Negative ions are larger than the neutral atoms from which
they form.

nuclear i:harge allnwirlg these rﬁ'maining electrons to

be pulled closer to the positively charged nucleus.

Figure 14a illustrates how the radius of sodium decreases when sodium atoms form

positive ions. The outer orbital of the sodium atom is unoccupied in the sodium ion, so

the sodium ion is much smaller than the sodium atom.

Gaining electrons

When atoms gain electrons and form negatively charged ions, they become larger. The

addition of an electron to an atom increases the electrostatic IEpuisiun between the

atom’s outer electrons, furcing them to move farther apart. The increased distance

between the outer electrons results in a Iarger radius.

Figure 14b shows how the radius of chlorine increases when chlorine atoms form

negativ& 10NSs. ﬁddmg an electron to a chlorine atom increases the electrostatic repul-

s10N among its valence electrons. The increased repuisinn causes the electrons to move

farther apart and results in the radius of a chloride ion being almost twice as large as

that of a chlorine atom.

Eajset It?

Explain why a lithium ion is smaller than a lithium atom.
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lonic radius
Chemical symbol

Charge

Relative size

Figure 15 The ionic radii of most of the representative elements are shown in picometers (1072 m).

Explain why the ionic rodii increase for both positive and negative ions as you move down a group.

Trends within periods

The ionic radii of most of the representative elements are shown in Figure 15. Note that
elements on the left side of the table form smaller positive ions, and elements on the
right side of the table form larger negative ions.

In general, as you move from left to right across a period, the size of the positive ions
gradually decreases. Then, beginning in group 15 or 16, the size of the much-larger
negative ions also gradually decreases.

Trends within groups

As you move down a group, an ion’s outer electrons are in orbitals corresponding to
higher principal energy levels, resulting in a gradual increase in ionic size. Thus, the
ionic radii of both positive and negative ions increase as you move down a group. The
group and period trends in ionic radii are summarized in Figure 16.

e Eee‘t It?

Positive ions decrease  |decrease s R T -
Explain why calcium has a greater atomic radius
i than magnesium.

IIIII.IIIII..II Figure 16 The diagram summarizes the general trends in

Trends in lonic Radii ionic radii.

Generally increases
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lonization Energy

To form a positive ion, an electron must be removed from a neutral atom. This requires
energy. The energy 1s needed to overcome the attraction between the pusitive charge of
the nucleus and the negative chargr-: of the electron.

Ionization energy is defined as the energy required to remove an electron from a
gaseous atom. For example, 8.64 X 107" | is required to remove an electron from a
gaseous lithium atom. The energy required to remove the first outermost electron from
an atom is called the first ionization energy. The first ionization energy of lithium equals
8.64 x 107 ]. The loss of the electron results in the formation of a Li' ion. The first
ionization energies of the elements in periods 1 through 5 are plotted on the graph in

Figure 17.

@Get 1t?

Define ionization energy.

Think of ionization energy as an indication of how strongly an atom’s nucleus holds
onto its valence electrons. A high ionization energy value indicates the atom has a
strong hold on its electrons. Atoms with large ionization energy values are less likely to
form positive 1ons. Likewise, a low 1onization energy value indicates an atom loses an
outer electron easily. Such atoms are likely to form positive ions. Lithium’s low ioniza-
tion energy, for example, is important for its use in lithium-ion computer backup
batteries, where the ability to lose electrons easily makes a battery that can quickly
provide a large amount of electrical power.

First lonization Energy of Elements in Periods 1-5
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Figure 17 The first ionization energies for elements in periods 1through 5
are shown as a function of the atomic number.

Describe how ionization energy and atomic number are related as shown
on this scatter plot.
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Each set of connected points on the graph in Figure 17 represents the elements in a
period. The group 1 metals have low ionization energies. Thus, group 1 metals (Li, Na,
K, Rb) are likely to form positive ions. The group 18 elements (He, Ne, Ar, Kr, Xe) have
high ionization energies and are unlikely to form 10ons. The stable electron configuration
of gases of group 18 greatly limits their reactivity.

Removing more than one electron

After removing the first electron from an atom, it is possible to remove additional
electrons. The amount of energy required to remove a second electron from a 1+ ion is
called the second ionization energy, the amount of energy required to remove a third
electron from a 2+ ion is called the third ionization energy, and so on. Table 5 lists the
first through ninth ionization energies for elements in period 2.

Reading across Table 5 from left to right, vou will see that the energy required for each
successive ionization always increases. However, the increase in energy does not occur
smoothly. Note that for each element there is an ionization for which the required
energy increases dramatically. For example, the second 1onization energy of lithium
(7300 kJ/mol) is much greater than its first ionization energy (520 k]/mol). This means
that a lithium atom is likely to lose its first valence electron but extremely unlikely to
lose its second.

Eeet It?

Infer how many electrons carbon is likely to lose.

If you examine the Table 5, you will notice that the ionization at which the large
Increase in energy occurs is related to the atom’s number of valence electrons. The
element lithium has one valence electron and the increase occurs after the first ioniza-
tion energy. Lithium easily forms the common lithium 1+ ion but is unlikely to form a
lithium 2+ ion. The increase in ionization energy shows that atoms hold onto their
inner core electrons much more strongly than they hold onto their valence (outermost)
electrons.

Table 5 Successive lonization Energies for the Period 2 Elements

S etic | on 3 4" 5 6 7t gt gt
Li : 520 | 7300 | 11,810

Be 2 900 | 1760 | 14,850 | 21,010

B 3 800 | 2430 | 3660 | 25,020 | 32,820

C 4 1090 | 2350 | 4620 | 6220 | 37.830 | 47.280

N 5 1400 | 2860 | 4580 | 7480 | 9440 | 53270 | 64,360

o 6 1310 | 3390 | 5300 | 7470 | 10,980 | 13,330 | 71,870 | 84,080

F 7 1680 | 3370 | 6050 | 8410 | 1,020 | 15160 | 17,870 | 92,040 | 106,430
Ne 8 2080 | 3950 | 6120 | 9370 | 12180 | 15,240 | 20,000 | 23,070 | 115,380

‘mol is an abbreviation for mole, a quantity of matter
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Trends within DEFiDdS Generally increases
—

Trends in First lonization Energies

As shown in Figure 17 and by the values in Table 5,
first ionization energies generally increase as you
move from left to right across a period. The increased
nuclear charge of each successive element produces

Generally decreases

an increased hold on the valence electrons.

Figure 18 lonization energies
generally increase from left to right in

First ionization energies generally decrease as you a period and generally decrease as
you move down a group.

Trends within groups

move down a group. This decrease in energy occurs
because atomic size increases as you move down the group. Less energy is required to
remove the valence electrons farther from the nucleus. Figure 18 summarizes the group
and period trends in first ionization energies.

Octet rule

When a sodium atom loses its single valence electron to form a 1+ sodium 1on, its
electron configuration changes as shown below.

Sodium atom 1s°25°2p“3s' Sodium ion 1s*2s572p°

Note that the sodium ion has the same electron configuration as neon (1s°2s°2p°), a
noble gas. This observation leads to one of the most important principles in chemistry,
the octet rule. The octet rule states that atoms tend to gain, lose, or share electrons in
order to acquire a full set of eight valence electrons. This reinforces what you learned
earlier, that the electron configuration of filled s and p orbitals of the same energy

level (consisting of eight valence electrons) is unusually stable.

Note that the first-period elements are an exception to the Real-World Chemistry
rule, as they are complete with only two valence electrons. lonization Energy

Electronegativity

The Electrﬂnegativity of an element indicates the relative
ability of its atoms to attract electrons in a chemical bond.
As shown in Figure 19, on the next page, electronegativity

generally decreases as you move down a group. Figure 19 i

o 3 T'::"."'ﬁ.i"_-::;h'-"
SCUBA DIVING The increased pressure
that scuba divers experience far below
the water’s surface can cause too much
oxygen to enter their blood, which would

also indicates that electronegativity generally increases as
you move from left to right across a period. Fluorine is the
most electronegative element, with a value of 3.98, meaning
it attracts electrons more strongly than any other element

in a chemical bond. Cesium and francium are the least result in confusion and nausea. To avoid
electronegative elements, with values of 0.79 and 0.70, this, divers sometimes use a gas mixture
repectively. In a chemical bond, the atom with the greater called heliox—oxygen diluted with helium.

Helium’s high ionization energy ensures

that it will not react chemically in the
bloodstream.

Electrunegativity more stmngl}' attracts the bond’s elec-
trons. Note that because the noble gases form very few
compounds, they do not have electronegativity values.
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Increasing electronegativity

Figure 19 The electronegativ-
ity values for most of the
elements are shown. The
values are given in Paulings, a
unit named after American

scientist Linus Pauling
(1901-1994).

Infer why electronegativity
values are not listed for the

noble gases.
Electronegativity Values in Paulings

= Check Your Progress
Summary Demonstrate Understanding
« Atomic and ionic radii decrease 20. Explain how the period and group trends in atomic

from left to right across a radii are related to electron configuration.

period, and increase as you 21. Indicate whether fluorine or bromine has a larger

move down a group. value for each of the following properties.
- lonization energies generally a. electronegativity c. atomic radius

Increase from left to right
across a period, and decrease
down a group.

b. ionic radius d. ionization energy

22. Explain why it takes more energy to remove the
second electron from a lithium atom than it does to

- The octet rule states that atoms remove the fourth electron from a carbon atom.

gain, lose, or share electrons to
acquire a full set of eight
valence electrons.

23. Calculate Determine the differences in electronega-
tivity, ionic radius, atomic radius, and first ionization
energy for oxygen and beryllium.

24. Make and Use Graphs Graph the atomic radii of the
representative elements in periods 2, 3, and 4 versus
their atomic numbers. Connect the points of elements
in each period, so that there are three separate
curves on the graph. Summarize the trends in atomic
radii shown on your graph. Explain.

« Electronegativity generally
increases from left to right
across a period, and decreases
down a group.

LEARNSMAIRT S Goonline to follow your personalized learning path to review, practice,

and reinforce your understanding.
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NATURE OF SCIENCE

The Evolving Periodic Table

BananaStock/Getty Images

Chemists have used the periodic table since
its development in the late 1860s, but it has
evolved over the years, and it is still evolving
today.

The Adaptable Periodic Table

The design of the periodic table that we use
today was developed in the 19th century, before
the discovery of all of the naturally occurring
elements, including the noble gases, and before
the synthesis of elements. Initially, the elements
were organized on the periodic table by atomic
mass. This caused some inconsistencies. Once
the atomic number was used to align the
elements into rows and properties were used to
organize the elements into columns, the mod-
ern periodic table was born.

The modern periodic table demonstrates the
elegance of the nature of science. The early
periodic table evolved to incorporate new
information. For example, a new column was
added when the noble gases were discovered.
Period 7 is now completely filled after the

recently discovered elements 113, 115, 117, and
118 were added.

Newly synthesized elements must now be
added to another row. If and when these new
elements are discovered, period 8 will be
added to the periodic table.

When the periodic table was being developed
chemists did not understand why these groups

& APPLY SCIENTIFIC PRINCIPLES
7 AND EVIDENCE

Explain how a discovery about an element or elements
was incorporated into the modern periodic table.

This Russian stamp commemorates Dmitri Mendeleev, who
first published the periodic table in 1869.

of elements had similar properties, but they
recognized the periodic trend in these proper-
ties. Today, students and chemists understand
that elements in a group have similar properties
and the same number of valence electrons. Our
understanding of the atom evolved along with
our understanding of what elements in a group
on the periodic table have in common in terms
of valence electrons, reactivity, and properties.

While the nature of atoms and elements were
not understood at the time of the periodic
table’s development, the original table was
well designed. As new information was
discovered about atoms and elements, the
periodic table evolved and incorporated the
new information resulting in a table that is just
as useful today as it was when it was first
developed.
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TUDY GUIDE

0 GO ONLINE to study with your Science Notebook.

Lesson 1 DEVELOPMENT OF THE MODERN PERIODIC TABLE

* The elements were first organized by increasing atomic mass,
which led to inconsistencies. Later, they were organized by
increasing atomic number.

* The periodic law states that when the elements are arranged by
increasing atomic number, there is a periodic repetition of their
chemical and physical properties.

* The periodic table organizes the elements into periods (rows) and
groups or families (columns); elements with similar properties are
in the same group.

» Elements are classified as metals, nonmetals, or metalloids.

Atomic —8 () — Symbol
number

Oxygen — Element
15.999

Atomic
mass

» periodic law

« group

» period

» representative element
« transition element

- metal

« alkali metal

» alkaline earth metal

« transition metal

« inner transition metal
» lanthanide series

« actinide series

» nonmetal

« halogen

« noble gas

- metalloid

Lesson 2 CLASSIFICATION OF THE ELEMENTS

* The periodic table has four blocks (s, p, d, f).
* Elements within a group have similar chemical properties.

* The group number for elements in groups 1 and 2 equals the
element’s number of valence electrons.

* The energy level of an atom’s valence electrons equals its period
number.

Lesson 3 PERIODIC TRENDS

 Atomic and ionic radii decrease from left to right across a period,
and increase as you move down a group.

* lonization energies generally increase from left to right across a
period, and decrease down a group.

* The octet rule states that atoms gain, lose, or share electrons to
acquire a full set of eight valence electrons.

* Electronegativity generally increases from left to right across a
period, and decreases down a group.

« ion

« ionization energy
» octet rule

« electronegativity
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Module Wrap-Up

REVISIT THE PHENOMENON

What can we learn from
the periodic table?

Claim, Evidence, Reasoning

Explain Your Reasoning Revisit the claim you made when you encountered the
phenomenon. Summarize the evidence you gathered from your investigations and
research and finalize your Summary Table. Does your evidence support your claim? If not,
revise your claim. Explain why your evidence supports your claim,

AR STEM UNIT PROJECT
Now that you've completed the module, revisit your STEM unit project. You will
apply your evidence from this module and complete your project.

GO FURTHER

&332 Data Analysis Lab
Can you predict the properties of an element?

Francium was discovered in 1939, but its existence was pre-

dicted by Mendeleev in the 1870s. It is the least stable of the Alkali MEtaIS Data

first 101 elements, with a half-life of just 22 minutes for its m
most stable isotope. Use the properties of other alkali metals, Point (*C) | Point (°C) | (pm)
shown in the table, to predict some of francium’s properties. Lithium 180.5 1342

Analyze and Interpret Data Sodium 978 883 186

Use the given information about the known properties of the Potassium 63.4 759 227

alkali metals to devise a method for predicting the Rubidium | 393 688 248
corresponding properties of francium. Cesium 284 671 265
1. Claim, Evidence, Reasoning Devise an approach that clearly Francium ? ? ?

displays the trends for each of the properties given in the
table and allows you to extrapolate a value for francium. Use
the periodic law as a guide.
2. Claim, Evidence, Reasoning Predict whether francium is a
solid, a liquid, or a gas. How can you support your prediction?
3. Infer which column of data presents the greatest possible
error in making a prediction. Explain.
4. Determine why producing 1 million francium atoms per
second is not enough to make measurements, such as
density or melting point.

Will & Deni Melnby red Science Source
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MODULE 6

JIONIC COMPOUNDS AND METALS

ENCOUNTER THE PHENOMENON

Why do some crystals

form cubes?

833 Ask Questions

Do you have other questions about the phenomenon? If so, add them to the driving
question board.

L) GO ONLINE to play a video
about mineral crystals that have

formed in a cave.

Claim, Evidence, Reasoning

Make Your Claim Use your
CER chart to make a claim
about why some crystals form
cubes.

Collect Evidence Use the
lessons in this module to
collect evidence to support
your claim. Record your
evidence as you move
through the module.

Explain Your Reasoning You
will revisit your claim and
explain your reasoning at the
end of the module.

0 GO ONLINE to access your CER chart and explore resources that can

help you collect evidence.

LESSON 2: Explore & Explain:
lonic Bond Formation

LESSON 2: Explore & Explain:
Properties of lonic Compounds

€™ Smithsonian

Additional Resources
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FOCUS QUESTION
Why do elements form compounds?

Valence Electrons and Chemical Bonds

Imagine going on a scuba dive, diving below the ocean’s surface and observing the
awe-inspiring world below. You might explore the colorful and exotic organisms teem-
ing around a coral reef, such as the one shown in Figure 1. The reef is formed from a
compound called calcium carbonate, which is just one of thousands of compounds
found on Earth. How do so many compounds form from the relatively few elements
known to exist? The answer to this question involves the electron structure of atoms
and the nature of the forces between atoms.

In previous chapters, you learned that elements within a group on the periodic table
have similar prnperties. Man}r of these prnperties depend on the number of valence

electrons the atom has. These valence electrons are involved in the formation of chemi-
cal bonds between two atoms. A chemical bond is the force that holds two atoms
tﬂgether.

Figure 1 As carbon dioxide dissolves in ocean water,
carbonate ions are produced. Coral polyps capture these
carbonate ions, producing crystals of calcium carbonate,

E

" . E
which they secrete as an exoskeleton. Over time, the coral ¥
reef forms. A coral reef is a complex habitat that supports r
coral, algae, mollusks, echinoderms, and a variety of E
fishes. %
=

=

COLLECT EVIDENCE INVESTIGATE
EUSE your Science Journal to 3 GO ONLINE to find these activities and more resources.

record the evidence you collect as | (=33 |dentify Crosscutting Concepts
you complete the readings and

s i Create a table of the crosscutting concepts and fill in examples you find as you read.
activities in this lesson.

{E} Review the News

Obtain information from a current news story about ion formation. Evaluate your source and
communicate your findings to your class.
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Chemical bonds can form by the attraction between the positive nucleus of one atom
and the negative electrons of another atom, or by the attraction between positive ions
and negative ions. This chapter discusses chemical bonds formed by ions, atoms that
have acquired a positive or negative charge. You will learn about bonds that form from
the sharing of electrons in a later chapter.

Valence electrons

Recall that an electron-dot structure is a type of diagram used to keep track of valence
electrons. Electron-dot structures are especially helpful when used to illustrate the
formation of chemical bonds. Table 1 shows several examples of electron-dot structures.
For example, carbon, with an electron configuration of 1s°2s*2p*, has four valence
electrons in the second energy level. These valence electrons are represented by the
four dots around the symbol C in the table.

Table 1 Electron-Dot Structures

17

*O: e || S

Diagram

Z

Recall that ionization energy refers to how easily an atom loses an electron. Electron
affinity (EA) is a term used to describe how much attraction an atom has for electrons.
Noble gases, which have high ionization energies and low electron affinities, show a
general lack of chemical reactivity. Other elements on the periodic table react with each
other, forming numerous compounds. The difference in reactivity is directly related to
the valence electrons.

The difference in reactivity involves the octet—the stable arrangement of eight valence
electrons in the outer energy level. Unreactive noble gases have electron configurations
that have a full outermost energy level. This level is filled with two electrons for helium
(1s%) and eight electrons for the other noble gases (ns*np®). Elements tend to react to
acquire the stable electron structure of a noble gas.

Positive lon Formation

A positive ion forms when an atom loses one or more valence electrons in order to
attain a noble gas configuration. A positively charged ion 1s called a cation. To under-
stand the formation of a positive ion, compare the electron configurations of the noble
gas neon (atomic number 10) and the alkali metal sodium (atomic number 11).

157257 2p°
15"25*2p°3s'

Neon atom (Ne)
Sodium atom (Na)

Note that the sodium atom has one 3s valence electron; it differs from the noble gas
neon by that single valence electron. When sodium loses this outer valence electron, the
resulting electron configuration is identical to that of neon.
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Figure 2 shows how a sodium atom loses its valence electron
to become a sodium cation. By losing an electron, the sodium
atom acquires the stable outer electron configuration of neon.
It is important to understand that although sodium now has
the electron configuration of neon, it is not neon. Itis a
sodium ion with a single positive charge. The 11 protons that
establish the character of sodium still remain within its
nucleus.

Eeet It?

Identify the number of electrons in the outermost energy
level that are associated with maximum stability.

Metal ions

Metal atoms are reactive because they lose valence electrons
easily. The group 1 and 2 metals are the most reactive metals
on the periodic table. For example, potassium and magne-
sium, group 1 and 2 elements, respectively, form K+ and Mg**
ions. Some group 13 atoms also form ions. The ions formed
by metal atoms in groups 1, 2, and 13 are summarized in

Table 2.

Transition metal ions

Recall that, in general, transition metals have an outer energy
level of ns®. Going from left to right across a period, atoms of
each element fill an inner d sublevel. When forming positive
1ons, transition metals commonly lose their two valence elec-
trons, forming 2+ 1ons. However, it 1s also possible for d elec-
trons to be lost. Thus, transition metals also commonly form
ions of 3+ or greater, depending on the number of d electrons

in the electron structure. It is difficult to predict the number of

electrons that will be lost. For example, iron (Fe) forms both

Neutral 498 %
sodium
atom

N electrons
/ (11—)

\— 1 protons

(114)

10 electrons — ?udium

(10—) \ ion

f + e
11 protons
(11+)
Sodium ¥ lonization
atom energy
Sodium Electron

on(Nat) T (e)

Figure 2 In the formation of a positive ion,
a neutral atom loses one or more valence
electrons. The atom is neutral because it
contains equal numbers of protons and
electrons; the ion, however, contains more
protons than electrons and has a positive
charge.

Analyze Does the removal of an electron
from a neutral atom require energy or
release energy?

Fe’* and Fe®* ions. A useful rule of thumb for these metals is that they form ions with a

2+ or a 3+ charge.

ﬁeet 1t?

Explain in your own words why transition metals can form ions with 2+ or 3+

charges.

Table 2 Group 1, 2, and 13 lons

1 [noble gas]ns’

1+ when the s' electron is lost

2 [noble gas]ns?

2+ when the s? electrons are lost

13 [noble gas)ns*np’

3+ when the s?p' electrons are lost
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Matt headows! McCraw-Hill Education

Zn
AL
i A
(A [T {TL(TLTLTL(TL] + energy —
ds 3d
When the two 4s valence electrons Zn?+
are lost, a stable pseudo-noble gas A

-4 - . . Ty r -\
configuration consisting of filled s, p, B
and d sublevels is achieved. Note [Ar] TLTL T4 |TL[TL] +2e

S =9 that the filled 3s and 3p orbitals exist 3d
as part of the [Ar] configuration.

Figure 3 When zinc reacts with iodine, the heat of the reaction causes solid iodine to sublimate into a purple
vapor. At the bottom of the tube, Znl, is formed containing Zn** ions with a pseudo-noble gas configuration.

Pseudo-noble gas configurations

Although the formation of an octet is the most stable electron configuration, other
electron configurations can also provide some stability. For example, elements in groups
11-14 lose electrons to form an outer energy level containing full s, p, and d sublevels.
These relatively stable electron arrangements are referred to as pseudo-noble gas
configurations. The zinc atom has the electron configuration of 1s*2s*2p°®3s°3p°4s°3d",
in Figure 3. When forming an ion, the zinc atom loses the two 4s electrons in the outer
energy level, and the stable configuration of 1s*2s5*2p®3s?3p®3d'” results in a pseudo-
noble gas configuration.

17 electrons Neutral chlorine atom

. . 7=\
Negative lon Formation i e
J E
17 protons

Nonmetals, which are located on the right side of the periodic
table, easily gain electrons to attain a stable outer electron config-
uration. Examine Figure 4. To attain a noble-gas configuration, (17+)

chlorine gains one electron, forming an ion with a 1- charge. _L
After gaining the electron, the chloride ion has the electron

Cunfiguratiun of an argon atom. Chloride ion

Chlorine atom (Cl) 1522522p®3523p° 18 ?‘IEEBC—H}GHS j
Argon atom (Ar) 15725*2p*3s73p°

Chloride fon (CI)  152s22p3s23p* /
An anion is a negatively charged ion. To designate an anion, the 7 stokons | \
kJ

ending -ide 1s added to the root name of the element. Thus, a (174)

chlorine atom becomes a chloride anion. 349 i

Figure 4 During the formation of the negative chloride ion, a neutral atom gains Chlorine , electron

one electron. The process releases 349 kJ/mol of energy. atom (e™)

Compare How do the energy changes accompanying positive ion and negative — ‘Chorde + energy

ion formation compare? ion (CI™)
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Table 3 Group 15-17 lons

15 [noble gas]ns’np® 3— when three electrons are gained
16 [noble gaslns*np? 2— when two electrons are gained
17 [noble gas|ns*np” 1— when one electron is gained

Nonmetal ions

As shown in Table 3, nonmetals gain the number of electrons that, when added to their
valence electrons, equals 8. For example, consider phosphorus, with five valence
electrons. To form a stable octet, the atom gains three electrons and forms a phosphide
ion with a 3- charge. Likewise, oxygen, with six valence electrons, gains two electrons
and forms an oxide ion with a 2- charge.

Some nonmetals can lose or gain other numbers of electrons to form an octet. For
example, in addition to gaining three electrons, phosphorus can lose five. However, in
general, group 15 elements gain three electrons, group 16 elements gain two, and group
17 elements gain one to achieve an octet.

E Check Your Progress

Summary Demonstrate Understanding
« A chemical bond is the force 1. Relate the properties of atoms, their position in the
that holds two atoms together. periodic table, and their number of valence electrons
. Some atoms form ions to gain to their chemical reactivity.
stability. A stable configuration 2. Describe two different causes of the force of attraction
involves a complete outer in a chemical bond.
Siv=igy level, usually consisting 3. Apply Why are all of the elements in group 18 rela-
of eight valence electrons. tively unreactive, whereas those in group 17 are very
« lons are formed by the loss or reactive?
gain of valence electrons. 4. Summarize ionic bond formation by correctly pairing
« The number of protons remains these terms: cation, anion, electron gain, and electron
unchanged during ion loss.
formation. 5. Apply Write out the electron configuration for each

atom. Then, predict the change that must occur in each
to achieve a noble-gas configuration.

a. nitrogen b, sulfur c. barium d. lithium

6. Model Draw models to represent the formation of the
positive calcium ion and the negative bromide ion.

LEAIRNSMAIRT S Goonline to follow your personalized learning path to review, practice,
and reinforce your understanding.
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LESSON 2

IONIC BONDS AND IONIC COMPOUNDS

FOCUS QUESTION
How are the ions in ionic compounds arranged?

Formation of an lonic Bond

What do the reactions shown in Figure 5 have in common? In both cases, elements react
with each other to form a compound. Figure 5a shows the reaction between the elements
sodium and chlorine. During this reaction, a sodium atom transfers its valence electron to

a chlorine atom and becomes a positive ion. The chlorine atom accepts the electron into its
outer energy level and becomes a negative 1on. The oppositely charged ions attract each
other, forming the compound sodium chloride. The electrostatic force that holds oppositely
charged particles together in an ionic compound is referred to as an ionic bond. Com-
pounds that contain ionic bonds are ionic compounds. If ionic bonds occur between metals
and the nonmetal oxygen, oxides form. Most other 1onic compounds are called salts.

Figure 5 Each of these chemical
reactions produces an ionic
compound while releasing a large
amount of energy. a. The reaction
between elemental sodium and
chlorine gas produces a white
crystalline solid. b. When a ribbon
of magnesium metal burns in air,
it forms the ionic compound

| magnesium oxide.

(ndrew Lambert Photography/Science Source, (FCharkes O, Winters/Science Source

COLLECT EVIDENCE INVESTIGATE

@Use your Science Journal to .3 GO ONLINE to find these activities and more resources.
record the evidence you collect as
you complete the readings and
activities in this lesson.

a ChemLAB: Synthesize an lonic Compound
Carry out an investigation to determine if a compound has ionic bonds based on physical
properties.
Probeware Lab: Conductivity

Obtain, evaluate, and communicate information to discover the function of an electric
current to determine the properties of a dissolved solid.
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Binary ionic compounds

Thousands of compounds contain ionic bonds. Many ionic compounds are binary,
which means that they contain only two different elements. Binary ionic compounds
contain a metallic cation and a nonmetallic anion. Sodium chloride (NaCl) is a binary
compound because it contains two different elements, sodium and chlorine. Magne-
sium oxide (MgO), the reaction product shown in Figure 5b on the previous page, is
also a binary ionic compound.

Table 4 summarizes several ways in which the formation of an ionic compound such as
sodium chloride can be represented.

Table 4 Formation of Sodium Chloride

Chemical Equation

Na + Cl — Na"+ CI™ + energy

Electron Configurations

One electron is transferred.

[Ne]3s') + [Ne]3sZ3p® — [Ne] + [Ar] + energy

—— — N
Na cl Nat  CI™

Orbital Notation

One electron is transferred.
'--r-’______..--'-'-_ _-_-HH""-\,.
ity [y [+ [y pyrey oy pyeap ] —
\Js 25 2p Z-'r_ﬁ_JIII 115 25 2p 3 3p i
YT i, 8 octet
MNa Cl >
r '
TLTLL (TH{TL|TL] + [TL[TL] (T4 TLTL] |TL] (T4|TL][TL] + eneray
ﬂs 25 2p P '.,_15 25 2p 3s 3p i
N Y
Na* CI™

Electron-Dot Structures

One electron is transferred.

Na @CI — [Na]t + [:'*i:;“]_ + energy

Atomic Models

11 electrons 17 electrons 10 electrons 18 electrons
/i) /=) / 0-) /8-

.\ 4 .\ — .\ + .\ +  energy
11 protons 17 protons 11 protons ~» 17 protons

(M) (7+) (1+) 7+

Sodium atom Chlorine atom Sodium ion Chloride ion
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What role does ionic charge play in the formation of ionic
compounds? To answer this question, consider how calcium
fluoride forms. Calcium has the electron configuration
|Ar]4s®, and needs to lose two electrons to attain the stable
configuration of argon. Fluorine has the configuration
[He]2s*2p°, and must gain one electron to attain the stable
configuration of neon. Because the number of electrons lost
and gained must be equal, two fluorine atoms are needed to
accept the two electrons lost from the calcium atom. As you
can see, the overall charge of one unit of calcium fluoride

(CaF,) is zero.
1 Cadorr (2 )+2 Eiens (s )= (1) 24) + (2)(1-) =0

Next, consider aluminum oxide, the whitish coating that

forms on aluminum chairs. To acquire a noble-gas configu-
ration, each aluminum atom loses three electrons and each
oxygen atom gains two electrons. Thus, three oxygen
atoms are needed to accept the six electrons lost by two
aluminum atoms. The neutral compound formed is alumi-
num oxide (AL,O,).

2 Aliens (5--)+ 3 Oliens (S3s) =263+ +3@-) =0

Real-World Chemistry
lonic Compounds

MINERAL SUPPLEMENTS To function
properly, your body requires a daily intake of
many different minerals. To ensure they are
getting what they need, many people take a
daily multivitamin and a mineral supplement.
The minerals in these supplements come
from a variety of ionic compounds. In fact,
the majority of minerals found in mineral
supplements come from ground-up rocks.

PRACTICE Problems W ADDITIONAL PRACTICE

Explain how an ionic compound forms from these elements.

7. sodium and nitrogen 9. strontium and fluorine

8. lithium and oxygen 10. aluminum and sulfur

11. CHALLENGE Explain how elements in the two groups
shown on the periodic table at the right combine to form
an ionic compound.

Properties of lonic Compounds

Group 17 —|
— Group 2

The chemical bonds 1n a cumpuund determine many of its prﬂperties and applicatinnsi
For 1onic compounds, electrical forces in the ionic bonds produce unique physical

structures, unlike those of other compounds. The physical structures of ionic com-

pounds also contribute to their bulk physical properties.

Physical structure

In an ionic compound, large numbers of positive ions and negative ions exist together
in a ratio determined b}r the number of electrons transferred from the metal atom to the
nonmetal atom. These ions are packed into a regular repeating pattern that balances the

forces of attraction and repulsion between the ions.
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Figure 6 When viewed with a scanning
electron microscope, the cubic shape of a

é Chloride ion sodium chloride crystal is visible. The
& {* iy structure of the crystal is highly ordered.
_ Compare the shape of the crystal at the
\\ Sodium ion atomic scale to the shape of the crystal at
(Na™) the bulk scale.
\ Sodium chloride crystal -

Examine the pattern of the ions in the sodium chloride crystal shown in Figure 6. Note
the highly organized nature of an ionic crystal—the consistent spacing of the ions and
the uniform pattern formed by them. Although the ion sizes are not the same, each
sodium ion in the crystal 1s surrounded by six chloride ions, and each chloride 1on is
surrounded by six sodium ions. What shape would you expect a large crystal of this
compound to be? As shown in Figure 6, the one-to-one ratio of sodium and chloride
ions produces a highly ordered cubic crystal. As in all ionic compounds, in NaCl, no
single unit consisting of only one sodium ion and one chloride ion is formed. Instead,
large numbers of sodium ions and chloride ions exist together. If you can, obtain a
magnifying lens and use it to examine some crystals of table salt (NaCl). What is the
shape of these small salt crystals?

Egieet t?

Explain what determines the ratio of positive ions to negative ions in an ionic
mineral crystal.

The strong attractions among the positive ions and the negative ions in an ionic com-
pound result in the formation of a crystal lattice. A crystal lattice is a three-dimensional
geometric arrangement of particles. In a crystal lattice, each positive ion is surrounded
by negative ions, and each negative ion is surrounded by positive ions. lonic crystals
vary in shape due to the sizes and relative numbers of the ions bonded, as shown by the

minerals in Figure 7.

lII

o L ;
{ 5 y P .1
i 5 .-ﬂ.?’: 1 -
e I e e

Aragonite (CaCO,) Barite (BaSO ) Beryl (Be Al Si

(bl Mastya22/ S tockphoto/Gethy Images, (be) WMeGraw-Hill Education, (be)Pi-Lens/iStockphotos/ Get by [mages

b 18

Figure 7 Aragonite (CaCO,), barite (BaSO,), and beryl (Be AL Si.0, ) are examples of minerals that are ionic

276 B
compounds. The ions that form them are bonded together in a crystal lattice. Differences in ion size and

charge result in different ionic crystal shapes, a topic that will be discussed later.

(EEShen Neva/Carhis,
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a4l B-le |5 (e @ Connection | The minerals in Figure 7, on the previous page,

are just a few of the types studied by mineralogists, scientists who study minerals. They
make use of several classification schemes to organize the thousands of known
minerals. Color, crystal structure, hardness, chemical, magnetic, and electric
properties, and numerous other characteristics are used to classify minerals. The types
of anions minerals contain can also be used to identify them. For example, more than
one-third of all known minerals are silicates, which are minerals that contain an anion
that is a combination of silicon and oxygen. Halides contain fluoride, chloride, bromide,
or iodide ions. Other mineral classes include boron-containing anions known as
borates and carbon-oxygen containing anions known as carbonates.

Eset 1t?

Identify In Figure 7, which mineral is a silicate, and which mineral is a carbonate?
Can you classify any of the minerals in the video about crystal formation in caves?

Physical properties Table 5 Melting and Boiling Points
Melting point, boiling point, and hardness are of Some lonic Cnmpuu nds
bulk physical properties of matter that are deter- Melting Point | Boiling Point
: i Compound S :

mined by the strength of electrical forces between ("C) (°C)
particles that make up the matter. Because ionic Nal 660 1304
bonds are relatively strong, 1ionic crystals require KBr 734 1435
a laIgE‘ an:lcmnt of energy tf:] be brulfen ap_art. NaBr 747 1390
T+hu5, 1:{1‘{1(: cr}fs‘tala have high fru:-ltmg points and cacl, 282 ~1600
high boiling points, as shown in Table 5. Many

e 3 1 o NacCl 801 1413
crystals, including gemstones, have brilliant

MgO 2852 3600

colors. These colors are due to the presence of
transition metals in the crystal lattices.

lonic crystals are also hard, rigid, brittle solids due to the strong attraction between
electric charges that holds the ions in place. When an external force is applied to the
crystal—a force strong enough to overcome the attractive forces holding the ions in
position within the crystal—the crystal cracks or breaks apart, as shown in Figure 8. The
crystal breaks apart because the applied force repositions the like-charged ions next to
each other; the resulting repulsion between electric forces breaks apart the crystal.

+44

e

Undisturbed ionic crystal Applied force realigns particles. Forces of repulsion break crystal apart.
Before the force is applied, the crystal If the applied force is strang enaugh, A repulsive force created by nearby
has a uniform pattern of lons. it pushes the ions out of alignment. like-charged ions breaks apart the crystal.

Figure 8 Strong attractive forces hold the ions in place until a force strong enough to overcome the
attraction is applied.
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Another property—the ability of a material to conduct electricity—depends on the
availability of freely moving charged particles. lons are charged particles, so whether
they are free to move determines whether an ionic compound conducts electricity. In
the solid state, the 1ons n an ionic compound are locked into fixed positions by strong
attractive forces. As a result, 1onic solids do not conduct electricity.

The situation changes dramatically, however, when an ionic solid melts to become a
liquid or is dissolved in solution. The ions—previously locked in position—are now free
to move and conduct an electric current. Both ionic compounds in solution and in the
liquid state are excellent conductors of electricity. An 1onic compound whose aqueous
solution conducts an electric current is called an electrolyte.

Energy and the lonic Bond

During every chemical reaction, energy is either absorbed or released. It energy is
absorbed during a chemical reaction, the reaction 1s endothermic. If energy is released,
it is exothermic. The formation of ionic compounds from positive ions and negative ions
is always exothermic. The attraction of the positive ion for the negative ions close to it
forms a more stable system that is lower in energy than the individual ions. If the
amount of energy released during bond formation is reabsorbed, the bonds holding the
positive ions and negative ions together will break apart.

Lattice energy

Because the 10ons in an ionic compound are arranged in a crystal lattice, the energy
required to separate 1 mol of the ions of an ionic compound is referred to as the lattice
energy. The strength of the electrical forces holding ions in place is reflected by the
lattice energy. The greater the lattice energy, the stronger the force of attraction.

Lattice energy is directly related to the size of the ions bonded. Smaller ions form
compounds with more closely spaced ionic charges. Because the electrostatic force of
attraction between opposite charges increases as the distance between the charges
decreases, smaller ions produce stronger attractions and greater lattice energies. For
example, the lattice energy of a lithium compound is greater than that of a potassium
compound with the same anion because a lithium 1on 1s smaller than a potassium ion.

'ﬁ’ Get It?

Explain the relationship between lattice energy and the size of the ions in an ionic
compound.

SCIENCE USAGE v. COMMON USAGE

conduct

Science usage: to transmit light, heat, sound, or electricity
The material did not conduct electricity well.

Common usage: to guide or lead

It was the manager’s job to conduct the training session.
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The value of lattice energy is also

Table 6 Lattice Energies of Some lonic Compounds

attected by the charge of the 1on.
The ionic bond formed from the
attraction of ions with larger positive
or negative charges generally has a
greater lattice energy. The lattice
energy of MgO is almost four times
greater than that of NaF because the
charge of the ions in MgO is greater
than the charge of the ions in NaF.
The lattice energy of SrCl, is
between the lattice energies of MgO
and NaF because 5rCl, contains ions
with both higher and lower charges.

C Lattice Energy Lattice
ompound (kJ/mol) Compound Energy
(kJ/mol)
K 632 KF 808
e 671 AgCl 910
RbF 774 NaF 910
Nal 682 LiF 1030
NaBr 732 SrCl, 2142
i 153 MgO 3795

Table 6 shows the lattice energjﬂs of some ionic cumpuunds. Examine the lattice
energies of RbF and KF. Because K+ has a smaller ionic radius than Rb+, KF has a
greater lattice energy than RbF. This confirms that lattice energy is related to 1on size.

Notice the lattice energies of SrCl, and AgCl. How do they show the relationship

between lattice energy and the charge of the 1ons mvolved?

Summary

- lonic compounds contain ionic
bonds formed by the attraction
of oppositely charged ions.

« lons in an ionic compound are
arranged in a repeating pattern
known as a crystal lattice.

- lonic compound properties are
related to ionic bond strength.

« lonic compounds conduct an
electric current in the liquid
phase and in agqueous solution.

« Lattice energy is the energy
needed to remove 1 mol of ions
from its lattice.

& Check Your Progress

Demonstrate Understanding

12. Explain how an ionic compound made up of charged
particles can be electrically neutral.

13. Describe the endothermic and exothermic energy
changes associated with ionic bond formation, and
relate these to stability.

14. Identify three physical properties of ionic compounds
that are associated with ionic bonds, and relate them
to bond strength.

15. Explain how ions form bonds, and describe the struc-
ture of the resulting compound.

16. Relate lattice energy to ionic-bond strength.

17. Apply Use electron configurations, orbital notation,
and electron-dot structures to represent the formation
of an ionic compound from the metal strontium and the
nonmetal chlorine.

18. Design a concept map that shows the relationships
among ionic bond strength, physical properties of ionic
compounds, lattice energy, and stability.

LEARNSMART

Go online to follow your personalized learning path to review, practice,

and reinforce your understanding.
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NAMES AND FORMULAS FOR IONIC COMPOUNDS

FOCUS QUESTION
What are the names and formulas of ionic compounds?

Formulas for lonic Compounds

Because chemists around the world need to be able to communicate with one another,
they have developed a set of rules for naming compounds. Using this standardized
naming system, you can write a chemical formula from a compound’s name and name a
compound given its chemical formula.

Recall that an ionic compound is made up of ions arranged in a repeating pattern. The
chemical formula for an ionic compound, called a formula unit, represents the simplest
ratio of the ions involved. For example, the formula unit of magnesium chloride is
MgCl, because the magnesium and chloride ions exist in a 1:2 ratio.

The overall charge of a formula unit is zero because the formula unit represents the
entire crystal, which is electrically neutral. The formula unit for Mg(l, contains one
Mg** ion and two CI” ions, for a total charge of zero.

Monatomic ions Table 7 Common Monatomic lons
Binary ionic compounds are composed of positively Atoms that Charge of
charged monatomic ions of a metal and negatively Group | Commonly Form lons
charged monatomic ions of a nonmetal. A monatomic lons

ion is a one-atom ion, such as Mg** or Br—. Table 7 1 H, Li, Na, K, Rb, Cs 1+
indicates the charges of common monatomic ions 2 Be, Mg, Ca, Sr, Ba 2+
according to their location on the periodic table. What 15 N, P, As 3—

is the formula for the beryllium ion? The iodide ion? 16 0. S, Se, Te B
The nitride ion? 17 F CLBr | 1—

Transition metals, which are in groups 3 through 12,

and metals in groups 13 and 14 are not included in Table 7 because of the variance in
ionic charges of atoms in the groups. Most transition metals and metals in groups 13
and 14 can form several different positive ions.

COLLECT EVIDENCE INVESTIGATE
EUEE your Science Journal to .3 GO ONLINE to find these activities and more resources.

record the evidence you collectas | (Z59 |dentify Crosscutting Concepts
you complete the readings and

activities in this lesson. L
{ﬁ} Review the News

Evaluate your source and communicate your findings to your class.

Create a table of the crosscutting concepts and fill in examples you find as you read.

Obtain information from a current news story about recent additions to the periodic table.
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Oxidation numbers

The oxidation number of a monatomic ion, also Table 8 Monatomic Metal lons

called its oxidation state, is equal to the net charge
. . - rou aommaon 1ons
of the ion. As shown in Table 8, most transition P

metals and group 13 and 14 metals have more 3 Sc*, ¥, La™

than one possible 1onic charge. Note that the ionic 4 L

charges given in the table are the most common 5 Ve, VA

ones, but not the only ones possible. 6 Cr2t+, Cr3t

The oxidation number of an element in an ionic 7 Mn®*, Mn®", Tc*"
compound equals the number of electrons trans- 8 Fet, Fe™

ferred from the atom to form the ion. For exam- 9 Co? €3t

ple, a sodium atom transfers one electron to a 10 Ni2* Pd2t, Pt2t+, Pt
chlorine atom to form sodium chloride. This 1 Cu*, Cu**, Ag*, Au*, Au*
results in ];\Ia* fmd CI". Thus, the1uxidatiun num- 12 Zn*, Cd**, Hg.?*, Hg?*
ber of sodium in the compound is 1+ because one = ARt Eait DL In::* E—
electron was transferred from the sodium atom. : : i : L it
Because an electron is transferred to the chlorine 14 Sn**, Sn", Pb?", Pb

atom, its oxidation number is 1-.

Formulas for binary ionic compounds

In the chemical formula for any 10nic compound, the symbol of the cation 1s always
written first, followed by the symbol of the anion. Subscripts, which are small numbers
to the lower right of a symbol, represent the number of ions of each element in an ionic
compound. If no subscript is written, it is assumed to be one. You can use oxidation
numbers to write formulas for 10nic compounds. Recall that ionic compounds have no
charge. If you add the oxidation number of each ion multiplied by the number of these
ions in a formula unit, the total must be zero.

Suppose you need to determine the formula for one formula unit of the compound that
contains sodium and fluoride ions. Start by writing the symbol and charge for each ion:
Na* and F. The ratio of ions in a formula unit of the compound must show that the
number of electrons lost by the metal equals the number of electrons gained by the
nonmetal. This occurs when one sodium atom transfers one electron to the fluorine
atom; the formula unit is NaF.

gGet It?

Relate the charge of an ion to its oxidation number.

STEM CAREER Connection ACADEMIC VOCABULARY

transfer

to cause to pass from one to another
Carlos had to transfer to a new school
when his parents moved to a new
neighborhood.

Pharmacist

Would you like using chemistry to help people treat disease? Pharmacists prepare
and dispense medications to patients and provide expertise on the safe and
proper use of medications. They may work in retail pharmacies or in hospitals.
Pharmacists also conduct health screenings, give immunizations such as flu shots,
and advise patients on general health topics such as diet, exercise, and managing
stress.
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EXAMPLE Problem 1

FORMULA FOR AN IONIC COMPOUND Determine the formula for the ionic compound formed
from potassium and oxygen.

1 ANALYZE THE PROBLEM

You are given that potassium and oxygen ions form an ionic compound, the formula for the
compound is the unknown. First, write out the symbol and oxidation number for each ion

involved in the compound. Potassium, from group 1, forms 1+ ions, and oxygen, from group
16, forms 2— ions.

K* 02"

Because the charges are not the same, you need to determine the subscripts to use to indicate
the ratio of positive ions to negative ions.

2 SOLVE FOR THE UNKNOWN

A potassium atom loses one electron. while an oxygen atom gains two electrons. If combined
in a one-to-one ratio, the number of electrons lost by potassium will not balance the number

of electrons gained by oxygen. Thus, two potassium ions are needed for each oxide ion. The
formula is K O.

3 EVALUATE THE ANSWER
The overall charge of the compound is zero.

2Kions (s ) +10qem (g2e=) = 2(1+) + 12—) = 0

EXAMPLE Problem 2

FORMULA FOR AN IONIC COMPOUND Determine the formula for the compound fermed from
aluminum ions and sulfide ions.
1 ANALYZE THE PROBLEM

You are given that aluminum and sulfur form an ionic compound; the formula for the ionic
compound is the unknown. First, determine the charges of each ion. Aluminum, from group 13,
forms 3+ ions, and sulfur, from group 16, forms 2— ions.

ﬂ|3+ Sl—

Each aluminum atom loses three electrons, while each sulfur atom gains two electrons. The
number of electrons lost must equal the number of electrons gained.

2 SOLVE FOR THE UNKNOWN

The smallest number that can be divided evenly by both 2 and 3 is 6. Therefore, six electrons
are transferred. Three sulfur atoms accept the six electrons lost by two aluminum atoms. The

correct formula, Allﬂg, shows two aluminum ions bonded to three sulfide ions.

3 EVALUATE THE ANSWER
The overall charge of one formula unit of this compound is zero.

2 Aliens (S5-) + 3 Siens (2=-) = 23+) +3(2-) =0
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PRACTICE Problems W ADDITIONAL PRACTICE

Write formulas for the ionic compounds formed by the following ions.

Use units as a guide to your solutions.
19. potassium and iodide
20. magnesium and chloride

23. CHALLENGE Write the general formula for the ionic
compound formed by elements from the two groups

21. aluminum and bromide
22. cesium and nitride

shown on the periodic table at the right.

Formulas for polyatomic ionic compounds

Group 17 —‘
— Group 2 -

Many ionic compounds contain polyatomic ions, which are ions made up of more than
one atom. Table 9 and Figure 9 list some common polyatomic ions. Also see Table R-5
in the Student Resources. A pul}ratmm'c 1on acts as an individual 1on in a cﬂmpnund and

its charge applies to the entire group of atoms. Thus, the formula for a polyatomic
compound follows the same rules used for a binary compound.

Because a polyatomic ion exists as a unit, never change subscripts of the atoms within

the ion. If more than one polyatomic ion is needed, place parentheses around the ion

and write the appropriate subscript outside the parentheses. For example, consider the
compound formed from the ammonium ion (NH,”) and the oxide ion (O*). To balance

the charges, the compound must have two ammonium ions for each oxide ion. To add a

subscript to ammonium, enclose it in parentheses, then add the subscript. The correct
formula is (NH,) O.

Table 9 Common Polyatomic lons

NH,* ammonium 1O, periodate
N!.'.'Jg‘ nitrite C,H,O,” | acetate
= ; - dihydrogen

NO, nitrate H,PO, Shesphate
OH" hydroxide CoLF carbonate

CN- cyanide 50, sulfite
MnO, | permanganate SO,* sulfate

_ | hydrogen e :

HCO, T S0, thiosulfate
€10 hypochlorite Q.= peroxide
Gl chlorite CrO > chromate
Clo, chlorate Cr,0, | dichromate
ClOo - perchlorate HPO Z Iydragen

3 4 phosphate

BrO, bromate P phosphate

10, iodate AsO,* arsenate

Ammonium ion
(NHg™)

Phosphate ion
(PO4*)

Figure 9 Ammonium and phosphate ions are
polyatomic; that is, they are made up of more than
one atom. Each polyatomic ion, however, acts as a
single unit and has one charge.

Identify What are the charges of the ommonium
ion and phosphate ion, respectively?
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EXAMPLE Problem 3

FORMULA FOR A POLYATOMIC IONIC COMPOUND A compound formed by calcium ions and
phosphate ions is often used In fertilizers. Write the compound'’s formula.

1 ANALYZE THE PROBLEM

You know that calcium and phosphate ions form an ionic compound; the formula for the
compound is the unknown. First, write each ion along with its charge. Calcium, from group 2,
forms 2+ ions, and the polyatomic phosphate acts as a single unit with a 3— charge.

Ca?* PO,

Each calcium atom loses two electrons, while each polyatomic phosphate group gains three
electrons. The number of electrons lost must equal the number of electrons gained.

2 SOLVE FOR THE UNKNOWN

The smallest number evenly divisible by both charges is 6. Thus, a total of six electrons are
transferred. The negative charge from two phosphate ions equals the positive charge from
three calcium ions. In the formula, place the polyatomic ion in parentheses and add a subscript
to the outside. The correct formula for the compound is Ca_(PO,)..

3 EVALUATE THE ANSWER

The overall charge of one formula unit of calcium phosphate is zero.

3 Cotons (245)+ 2£0,i0ms (5

= )z 32+) + 2(3-) =0

PRACTICE Problems W ADDITIONAL PRACTICE

Write formulas for ionic compounds composed of the following ions.

Use units as a guide to your solutions.

24. sodium and nitrate
25. calcium and chlorate
26. aluminum and carbonate

27. CHALLENGE Write the formula for an ionic compound formed by ions from a group 2 element
and polyatomic ions composed of only carbon and oxygen.

Names for lons and lonic Compounds

Scientists use a systematic appmach when nami_ng lonic u:nmpuunds. Because 1onic
compounds have both cations and anions, the naming system accounts for both of

these 10ns.

Naming an oxyanion

An oxyanion is a polyatomic ion
composed of an element, usually a
nonmetal, bonded to one or more
oxygen atoms. More than one
oxyanion exists for some nonmet-
als, such as nitrogen and sulfur.
These ions are easily named using

the rules in Table 10.

Table 10 Oxyanion Naming Conventions for Sulfur and Nitrogen

- [dentify the ion with the greatest number of oxygen atoms.
This ion is named using the root of the nonmetal and the
suffix -ate.

- |[dentify the ion with fewer oxygen atoms. This ion is named
using the root of the nonmetal and the suffix -ite.

Examples: NO,~ NO_- SO S50

nitrate nitrite sulfate sulfite
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As shown in Table 11, chlorine forms four oxyanions that are Table 11 Oxyanion Naming
named according to the number of oxygen atoms present. Names Conventions for Chlorine
of similar oxyanions formed by other halogens follow the rules used
for chlorine. For example, bromine forms the bromate ion {BIOE_},
and iodine forms the periodate ion (I0,”) and the iodate ion (IO,).

- The oxyanion with the greatest
number of oxygen atoms is
named using the prefix per-, the
root of the nonmetal, and the

Naming ionic compounds
g y suffix -ate.

Chemical nomenclature 1s a systematic way of naming com-
- The oxyanion with one fewer

oxygen atom is named using

the root of the nonmetal and
1. Name the cation followed by the anion. Remember that the the suffix -ate.

pounds. Now that you are familiar with chemical formulas, you
can use the fﬂllﬂwing five rules to name 1onic Eumpuunds.

cation is always written first in the formula. . The oxyanion with two fewer

oxygen atoms is named using

the root of the nonmetal and
3. For monatomic anions, use the root of the element name plus the suffix «fio.

the suffix -ide.

2. For monatomic cations, use the element name.

- The oxyanion with three fewer

Example: oxygen atoms is named using
|'E”|E' 15 the prefix hypo-, the root of
C<Br Cesium bromide the nonmetal, and the suffix
Ll Rule 2 e
Rule 3 Examples:

ClO,~ perchlorate
ClO,~ chlorate
ClO,~ chlorite
ClO- hypochlorite

4. To distinguish between multiple oxidation numbers of the
same element, the name of the chemical formula must indicate

the oxadation number of the cation. The oxidation number is

written as a Roman numeral in parentheses after the name of
the cation.

Note: This rule applies to the transition metals and metals on the right side of the
periodic table, which often have more than one oxidation number. See Table 8 earlier

m this lesson. It does not apply to group 1 and group 2 cations, as they have only one
oxidation number.

Examples: Fe*" and O, ions form FeQO, known as iron(Il) oxide.
Fe’* and O, ions form Fe O, known as iron(Ill) oxide.

5. When the compound contains a polyatomic ion, simply use the name of the
polyatomic ion in place of the anion or cation.

Examples: The name for NaOH is sodium hydroxide.
The name for (NH,),5 is ammonium sulfide.

PRACTICE Problems W ADDITIONAL PRACTICE

Interpret the formula representations and name these compounds.

28. NaBr 32. Ag,CrO,
29. CaCl, 33. CHALLENGE The ionic compound NH, CIO, is a key reactant used in solid
30. KOH rocket boosters, such as those that powered the Space Shuttle into orbit. Name

31. Cu(NO,), this compound.
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Example . Example
PROBLEM-SOLVING STRATEGY Hangq Bﬂ:ﬁmﬂ;ﬁm}w Fezfi:;

Naming lonic Compounds

Naming ionic compounds is easy if you follow this

naming-convention flowchart.

Apply the Strategy

Name the compounds KOH and Ag,CrO, using “’7 \T

this flowchart.

Cation —1 L Anion
Anion J I— Cation

Iron can
have several

Sodium has
only one

oxidation number. . {mfdﬂﬂunﬁﬁmhuﬂ?

=

: ‘Write the name of the cation

\Write the name of the cation, i
“ihian write bhe mwmnmnm.
ﬂﬂ:ﬂnn.ftﬁaﬂﬂiﬁm R

MNazPQ4 = sodium phosphate

Fe;05 = iron{lll} oxide

Naming 1onic compounds is important in communicating the cation and anion in a

cr}rstalline solid or aqueous solution. The Prnblum-Sﬂlving E}i:ratvz:*gj,,F reviews the steps

used 1n naming ionic Cﬂ[ﬂpﬂlﬂ]dﬂ if the formula is known. How might you changﬁ- the

cliagram to hr-:lp you write the formulas for 1onic -':Drnpuundﬁ if you know their names?

{0 Check Your Progress

Summary

« A formula unit gives the ratio of
cations to anions in the ionic
compound.

« A monatomic ion is formed
from one atom. The charge of a
monatomic ion is equal to its
oxidation number.

« Roman numerals indicate the
oxidation number of cations
having multiple possible
oxidation states.

- Polyatomic ions consist of more
than one atom and act as a
single unit.

« To indicate more than one
polyatomic ion in a chemical
formula, place parentheses
around the polyatomic ion and
use a subscript.

Demonstrate Understanding

34.

35

36.

3

38.

39,

State the order in which the ions associated with a
compound composed of potassium and bromine
would be written in the chemical formula and the
compound name.

Determine the difference between a monatomic ion
and a polyatomic ion, and give an example of each.

Apply lon X has a charge of 2+, and ion Y has a
charge of 1—. Write the formula unit of the compound
formed from the ions.

State the name and formula for the compound
formed from Mg and CI.

Write the name and formula for the compound
formed from sodium ions and nitrite ions.

Analyze What subscripts would you most likely use if
the following substances formed an ionic compound?

a. an alkali metal and a halogen
b. an alkali metal and a nonmetal from group 16
c. an alkaline earth metal and a halogen

d. an alkaline earth metal and a nonmetal from group 16

oxidation numbers.

LEAIRNSGMAIRT S Goonlineto follow your personalized learning path to review, practice,
and reinforce your understanding.
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LESSON 4

METALLIC BONDS AND THE PROPERTIES
OF METALS

FOCUS QUESTION
How do metals and ionic compounds compare and contrast?

Metallic Bonds

Although metals are not ionic, they share several properties with ionic compounds. The
hunding in both metals and 1onic u:nmpﬂunds 1s based on the attraction of particles with
unlike charges. In the solid state, metals often form lattices similar to ionic crystal

lattices. In such a lattice, 8 to 12 other metal atoms closely surround each metal atom.

A sea of electrons

In a metallic lattice, metal atoms do not share their valence electrons with neighboring
atoms, nor do they lose their valence electrons. Instead, the outer energy levels of the
metal atoms overlap, as shown in Figure 10. This unique arrangement is described by
the electron sea model, which proposes that all the metal atoms in a metallic solid
contribute their valence electrons to form a “sea” of electrons that surrounds the metal
cations in the lattice. The electrons present in the outer energy levels of the bonding
metallic atoms are not held by any specific atom and can move easily from one atom to
move, they are often referred to

the next. Because they are free to

as delocalized electrons. When . ,_. :. _. = . —._' r
the atom’s outer electrons move — . = . = . _._ .— . —ﬁ “Sea" of electrons
freely throughout the solid, a = - B = - —W_

tallic bond is the attract £ Figure 10 The valence electrons in metals (shown as a blue cloud of minus
s e 15 LIE dtiactan o signs) are evenly distributed among the metallic cations (shown in red).

a metallic cation for delocalized Attractions between positive cations and the negative “sea” hold the metal
electrons. atoms together in a lattice.

Explain Why are electrons in metals known as delocalized electrons?

Metal cation

metallic cation is formed. Each
such ion is bonded to the lattice
h}r the sea of valence electrons. A

COLLECT EVIDENCE INVESTIGATE
EUSE‘ your Science Journal to L3 GO ONLINE to find these activities and more resources.

record the evidence you collect as bﬂ Applying Practices: Modeling Electrostatic Forces—Ilonic and Metallic Bonding

yod r:[?mr.u_lete‘the readings and HS-P52-4. Use mathematical representations of Newton’s Law of Gravitation and
activities in this lesson. Coulomb's Law to describe and predict the gravitational and electrostatic forces between
objects.

Quick Investigation: Observe Properties
Construct an explanation of the structures and malleable properties of steel.
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Properties of metals Table 12 Melting and Boiling Points

The physical properties of metals at the bulk Melting Point Boiling Point
scale can be explained by metallic bonding. ("C) (°C)
These properties provide evidence of the Lithium 180 1342
strength of metallic bonds. Tin 239 2602
Melting and boiling points The melting Aluminum 660 2519
points of metals vary greatly. Mercury is a Barium 727 1897
liquid at room temperature, which makes it Silver 962 2162
useful in scientific instruments such as Copper 1085 9562

thermometers and barometers. On the other
hand, tungsten has a melting point of 3422°C. Lightbulb filaments are usually made
from tungsten, as are certain spacecraft parts. In general, metals have moderately high
melting points and high boiling points, as shown in Table 12. The melting points are
less extreme than the boiling points because the cations and electrons are mobile in a
metal, so it does not take much energy for them to be able to move past each other.
However, during buiﬁng, atoms must be completely separated from the lattice, which
requires much more energy.

Thermal conductivity and electrical conductivity The movement of mobile
electrons around positive metallic cations makes metals good conductors. The
delocalized electrons move heat from one place to another much more quickly than the
electrons in a material that does not contain mobile electrons. Mobile electrons easily
move as part of an electric current when an electric potential is applied to a metal.
These same delocalized electrons interact with light, absorbing and releasing photons,
thereby creating the property of luster in metals.

Malleability, ductility, and durability Metals are malleable, which means they can
be hammered into sheets, and they are ductile, which means they can be drawn into
wire. Figure 11 shows how the mobile particles involved in metallic bonding can be
pushed or pulled past each other. Metals are generally durable. Although metallic
cations are mobile in a metal, they are strongly attracted to the electrons surrounding
them and are not easily removed from the metal.

External

Metal is deformed. . . .
e

Figure 11 An applied force causes metal ions to move through delocalized electrons, making
metals malleable and ductile.

Describe in your own words what happens to metal ions when a metal is struck with @ hammer.
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Hardness and strength The mobile electrons in transition metals consist not only of
the two outer s electrons but also of the inner d electrons. As the number of delocalized
electrons increases, so do the properties of hardness and strength. For example, strong
metallic bonds are found in transition metals such as chromium, iron, and nickel,
whereas alkali metals are considered soft because they have only one delocalized
electron, ns'.

geet 1t?

Contrast the behavior of metals and ionic compounds when each is struck by
a hammer.

Metal Alloys

Due to the nature of metallic bonds, it is relatively easy to introduce other elements into
the metallic crystal, forming an alloy. An alloy is a mixture of elements that has metallic
properties. Because of their unique blend of properties, alloys have a wide range of
commercial applications. Stainless steel, brass, and cast iron are a few of the many
useful alloys. Table 13 lists some commercially important alloys and their uses.

You likely have items made of alloys in your home, but you might not have realized it.
Magnets often are used to attach decorative items or mementos to refrigerator doors.
Candlesticks made of brass are common home accessories. Yellow gold jewelry is made
of an alloy of copper and gold. Silver gold jewelry often is made of an alloy of gold with
silver or palladium. Stainless steel often is used to make kitchen sinks, appliance doors
and exposed sides, and tableware.

Table 13 Commercial Alloys

Common Name Composition Uses

Alnico Fe 50%, Al 20%, Ni 20%, Co 10% | magnets
Brass Cu 67-90%, Zn 10-33% plumbing, hardware, lighting
Bronze Cu 70-95%, Zn 1-25%, Sn 1-18% | bearings, bells, medals
Cast iron Fe 96-97%, C 3—4% casting
Gold, 10-carat Au 42%, Ag 12-20%, Cu 37.46% jewelry
Lead shot Pb 99.8%, As 0.2% shotgun shells
Pewter Sn 70-95%, Sb 5-15%, Pb 0-15% | tableware
Stainless steel Fe 73-79%, Cr 14-18%, Ni 7-9% instruments, sinks
Sterling silver Ag 92.5%, Cu 7.5% tableware, jewelry
{559 CROSSCUTTING CONCEPTS WORD ORIGIN
Structure and Function Make a list of the properties of metals discussed in this alloy
lesson. For each item on the list, explain how that property could be seen as comes from the Latin word alligare,

evidence of the structure of metals at the atomic scale. which means to bind
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Properties of alloys

The properties of alloys differ somewhat from the properties of the
elements they contain. For example, steel is iron mixed with at least
one other element. Some properties of iron are present, but steel has
additional properties, such as increased strength. Alloys are classified
into two basic types, substitutional alloys and interstitial alloys.

Substitutional alloys In a substitutional alloy, some of the atoms in
the original metal are replaced by other metals of similar atomic size.
Sterling silver is an example of a substitutional alloy. In sterling silver,
copper atoms replace some of the silver atoms in the metallic crystal.
The resulting solid has properties of both silver and copper.

Interstitial alloys An interstitial alloy, such as the titanium alloy
shown in Figure 12, is formed when the small holes (interstices) in a
metallic crystal are filled with smaller atoms. The best-known

Figure 12 Bicycle frames are
sometimes made of 3/2.5

o interstitial allu}' 15 carbon steel, in which holes in an iron cr}fstal are
titanium alloy, an alloy of

titanium containing 3% aluminum
and 2.5% vanadium. the added carbon makes the solid harder, stronger, and less ductile.

filled with carbon atoms. Iron alone is relatively soft and malleable, but

i® Check Your Progress

Summary Demonstrate Understanding
- A metallic bond forms when 40. Contrast the structures of ionic compounds and
metal cations attract freely metals.
moving, delocalized valence 41. Explain how the conductivity of electricity and the
electrons. high beiling points of metals are explained by metallic
« In the electron sea model, bonding.
electrons move through the 42. Contrast the cause of the attraction in ionic bonds
metallic crystal and are not and metallic bonds.

held by any particular atom. 43. Summarize alloy types by correctly pairing these

+ The electron sea model terms and phrases: substitutional, interstitial,

explains the physical properties replaced, and filled in.

of metallic solids. 44. Design an experiment that could be used to distin-

- Metal ?"Uhfs are furmed when a guish between a metallic solid and an ionic solid.
metal is mixed with one or Include at least two different methods for comparing
more other elements. the solids. Explain your reasoning.

45. Model Draw a model to represent the physical
property of metals known as ductility, or the ability to
be drawn into a wire. Base your drawing on the
electron sea model shown in Figure 10.

LEARNSMAIRT" Goonlinetofollow your personalized learning path to review, practice,
and reinforce your understanding.

Mindscape Studio/Shutterstock com



UAE Inspire Science Chemistry, Student Edition, Grade 11-12, 2025-26

ENGINEERING & TECHNOLOGY

From Salty to Fresh

Patrick T. Fallon/Bloamberg/Cetty Images

Desalination is the process of removing
dissolved salts from seawater. Desalination
technologies are becoming more important as
other sources of fresh water are depleted.

Taking the Salt out of Saltwater

Only 1 percent of all water on Earth is
accessible fresh water. Most of Earth’s
water is in oceans. As fresh water sources
are depleted, looking to the oceans as a
source of water seems an obvious solution.
The challenge for engineers is to develop
desalination processes that are efficient,
economical, and environmentally friendly.

Thermal distillation is a technique that has
been used for thousands of years. In this
process, heat is used to evaporate seawater.
The water becomes a vapor and the other
substances in seawater are left behind as a
residue. The evaporated water is collected
and condensed by cooling. The condensed
water contains no salts or other dissolved
impurities and is safe to drink.

A variety of technologies use thermal distilla-
tion, ranging from small solar stills that produce
fresh water for individuals to huge distillation
plants that produce fresh water for cities.

The main problem with thermal distillation is
that it requires a lot of energy. Since the

DEVELOP A MODEL TO ILLUSTRATE

Make diagrams that compare desalination
using thermal distillation and reverse osmosis.
Be sure to include labels and captions.

Desalination plants such as this one can produce millions
of liters of fresh water from seawater every day.

mid-1900s, desalination research has focused
on another process called reverse osmosis,
which uses much less energy than thermal
distillation. In reverse osmosis, water is
subjected to high pressure to cause it to pass
through a semi-permeable membrane. The
membrane allows water molecules but not
lons to pass through, resulting in salt-free,
drinkable water on one side of the membrane,
and concentrated seawater on the other.

Reverse osmosis can be used in small devices
and large desalination plants. The technology
has drawbacks, though, including potential
harm to marine life when the concentrated
seawater is released back to the ocean.
Engineers and scientists continue to improve
desalination technologies to ensure a stable,
safe source of drinking water for the future.
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TUDY GUIDE

0 GO ONLINE to study with your Science Notebook.

Lesson 1 ION FORMATION

* A chemical bond is the force that holds two atoms together.

» Some atoms form ions to gain stability. This stable configuration
involves a complete outer energy level, usually consisting of eight
valence electrons.

* lons are formed by the loss or gain of valence electrons.

* The number of protons remains unchanged during ion formation.

- chemical bond
« cation
« anion

Lesson 2 IONIC BONDS AND IONIC COMPOUNDS

* lonic compounds contain ionic bonds formed by the attraction of
oppositely charged ions.

* lons in an ionic compound are arranged in a repeating pattern
known as a crystal lattice.

* lonic compound properties are related to ionic bond strength.
* lonic compounds conduct an electric current in the liquid phase
and in aqueous solution.

+ Lattice energy is the energy needed to remove 1 mol of ions from
its lattice.

» ionic bond

= ionic compound
« crystal lattice

» electrolyte

- lattice energy

Lesson 3 NAMES AND FORMULAS FOR IONIC COMPOUNDS

* A formula unit gives the ratio of cations to anions in the ionic
compound.

* A monatomic ion is formed from one atom. The charge of a
monatomic ion is equal to its oxidation number.

* Roman numerals indicate the oxidation number of cations having
multiple possible oxidation states.

* Polyatomic ions consist of more than one atom and act as a single
unit.

* To indicate more than one polyatomic ion in a chemical formula,
place parentheses around the polyatomic ion and use a subscript.

« formula unit

« monatomic ion
« polyatomic ion
« Oxyanion

Lesson 2 METALLIC BONDS AND THE PROPERTIES
OF METALS

* A metallic bond forms when metal cations attract freely moving,
delocalized valence electrons.

* In the electron sea model, electrons move through the metallic
crystal and are not held by any particular atom.

* The electron sea model explains the physical properties of
metallic solids.

+ Metal alloys are formed when a metal is mixed with one or more
other elements.

« electron sea model
» delocalized electron
» metallic bond

« alloy
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THREE-DIMENSIONAL THINKING

Module Wrap-Up

REVISIT THE PHENOMENON

Why do some crystals
form cubes?

Claim, Evidence, Reasoning

Explain Your Reasoning Revisit the claim you made when you encountered the
phenomenon. Summarize the evidence you gathered from your investigations and
research and finalize your Summary Table. Does your evidence support your claim? If not,
revise your claim. Explain why your evidence supports your claim.

AR STEM UNIT PROJECT
Now that you've completed the module, revisit your STEM unit project. You will
summarize your evidence and apply it to the project.

GO FURTHER

Based on Real Data*

&3 Data Analysis Lab

Can embedding nanoparticles of silver into a polymer give the
polymer antimicrobial properties?

Researchers tested the antimicrobial properties of a new Data and Observations
composite material—the polymer poly(4-vinyl-N-hexylpyridinium
bromide), known as NPVP, which attracts cations. It is known
that silver ions from silver bromide and silver nitrate exhibit

E. coli Population v. Time

) _ o ‘ ‘ s EE’ 26 1A — 21% NPVP
antimicrobial activity. Silver bromide was embedded into the =8 k\"'ﬁ"‘- = AgBr
NPVP polymer. Scientists tested the antimicrobial properties of E j 30 \\.‘ i Ei’:wp
the composite material. Their results, illustrated in the graph, _%E 20 %;._.: 43% NPVP
show the growth of E. coli bacteria over a period of approxi- S i 10 g\ - ?»?QHW
mately four hours. Each line represents the E. coli population in W 0 e T s O [

response to the introduction of a particular substance. 50 100 150 200 250

Time (min)
Analyze and Interpret Data “Data obtained from: Sambhy, V., et al. Published on
1. Claim Does the addition of silver bromide (AgBr) ions to the Web 7/7/2006. Silver Bromide Nanoparticle/
NPVP improve the antimicrobial properties of the composite? Polymer Composites. Journal of the American
2. Evidence, Reasoning Does a composite polymer containing el A0ce
NPVP and silver bromide show antimicrobial properties?
Explain your answer.

hark A, Schneider/Scence Source
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(DVideo Supplied by BEC Worldwide Learning; (bl br) Stephen Frischy Mo raw-Hill Educaton

MODULE 7

COVALENT BONDING

ENCOUNTER THE PHENOMENON

Why does water expand

when it freezes?

833 Ask Questions

Do you have other questions about the phenomenon? If so, add them to the driving

guestion board.

Claim, Evidence,

Make Your Claim Use your
CER chart to make a claim
about why water expands
when it freezes.

Reasoning

Collect Evidence Use the
lessons in this module to
collect evidence to support
your claim. Record your
evidence as you move

through the module.

Explain Your Reasoning You
will revisit your claim and
explain your reasoning at the
end of the module.

0 GO ONLINE to access your CER chart and explore resources that can

help you collect evidence.

LESSON 4: Explore & Explain:
Hybridization and Molecular

Shape

LESSON 5: Explore & Explain:
Intermolecular Forces and

Properties of Covalent
Compounds

€™ Smithsonian

Additional Resources
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HE COVALENT BOND

FOCUS QUESTION
How do atoms bond in covalent molecules?

Why do atoms bond?

To understand why new compounds form, recall what you know about elements that do
not tend to form new compounds—the noble gases. You learned that all noble gases
have stable electron arrangements. This stable arrangement consists of a full outer
energy level and has lower potential energy than other electron arrangements. Because
of their stable configurations, noble gases seldom form compounds. Other elements
frequently form compounds, such as the hydrogen and oxygen that form the water

shown in Figure 1.
Gaining stability

The stability of an atom, ion, or compound 1s
related to its energy, with lower energy states
being more stable. In ionic bonds, metals and
nonmetals gain stability by transferring elec-
trons to form ions. The resulting 1ons have
stable noble-gas electron configurations. In

this module, you will learn that valence electron
sharing i1s another way atoms can acquire the

stable electron configuration of noble gases,

resulting in stable molecules with less energy Figure 1 Each water droplet is made up of water molecules.

than the same set of atoms separated. Each water molecule is made up of two hydrogen atoms and
one oxygen atom that have bonded by sharing electrons.
The shapes of the drops are due to intermolecular forces

acting on the water molecules.

Ingram Publishing/age fotostock

COLLECT EVIDENCE INVESTIGATE
EUEE your Science Journal to ) GO ONLINE to find these activities and more resources.

record the evidence o collect as ﬂ Applying Practices: Electron States and Simple Chemical Reactions
you complete the readings and HS-PS1-2. Construct and revise an explanation for the outcome of a simple chemical

activities in this lesson. reaction based on the outermost electron states of atoms, trends in the periodic table, and
knowledge of the patterns of chemical properties.

<2 Revisit the Encounter the Phenomenon Question
What information from this lesson can help you answer the module question?
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What is a covalent bond?

You just read that atoms can share electrons to form stable electron configurations.
How does this occur? Are there different ways in which electrons can be shared? How
are the properties of these compounds different from those formed by ions? Read on to
answer these questions.

Shared electrons

Atoms in nonionic compounds share electrons. The chemical bond that results from
sharing valence electrons is a covalent bond. A molecule is formed when two or more
atoms bond covalently. In a covalent bond, the shared electrons are considered to be
part of the outer energy levels of both atoms involved. Covalent bonding generally can
occur between elements that are near each other on the periodic table. The majority of
covalent bonds form between atoms of nonmetallic elements.

Covalent bond formation

Diatomic molecules, such as hydrogen (H,), nitrogen (N,), oxygen (O,), fluorine (F),
chlorine (Cl,), bromine (Br,), and iodine (I,), form when two atoms of each element
share electrons. They exist this way because the two-atom molecules are more stable
than the individual atoms.

Consider fluorine, which has an electron configuration of 1s*2s°2p”. Each fluorine atom has
seven valence electrons and needs another electron to form an octet. As two fluorine atoms
approach each other, several forces act, as shown i Figure 2. Two repulsive forces act on the
atoms, one from each atom’s like-charged electrons and one from each atom’s like-charged
protons. A force of attraction also acts, as one atom’s protons attract the other atom’s
electrons. As the fluorine atoms move closer, the attraction of the protons in each nucleus
for the other atom’s electrons increases until a point of maximum net attraction is achieved.
At that point, the two atoms bond covalently, and a molecule forms. Now, each atom has a
completed octet because they are each sharing a pair of electrons. If the two nuclei move
closer, the repulsion forces increase and exceed the attractive forces.

<— Force of repulsion
— Force of attraction

c ¢ ~6— —@ SR — =
The atoms are Each nucleus attracts the The distance is right for the If the atoms are
too far apart to other atom's electron attraction between one forced closer
have noticeable cloud. Repulsion occurs atom’s protons and the together, the
attraction or between nuclei and other atom’s electrons to nuclei and electrons
repulsion. between electron clouds. make the bond stable. repel each other.

Figure 2 The arrows in this diagram show the net forces of attraction and repulsion acting on two
fluorine atoms as they move toward each other. The overall force between two atoms is the result of
electron-electron repulsion, nucleus-nucleus repulsion, and nucleus-electron attraction. At the position
of maximum net attraction, a covalent bond forms.

Relate How is the stability of the bond related to the forces acting on the atoms?
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F- + ‘E: Figure 3 Two fluorine atoms share a pair of electrons to form a
Flu:;rine Flm;.rine covalent bond. Note that the shared electron pair gives each atom
atom atom a complete octet.
Infer how the energy of the fluorine atoms changes when they form
v a covalent bond.
Bonding pair

Complete ——1 of electrons

octets ik

molecule

The most stable arrangement of atoms in a covalent bond exists at some optimal distance
between nuclei. At this point, the net attraction is greater than the net repulsion.
Fluorine exists as a diatomic molecule because the sharing of one pair of electrons gives
each fluorine atom a stable noble-gas configuration. As shown in Figure 3, each fluorine
atom in the fluorine molecule has one pair of electrons that are covalently bonded
(shared) and three pairs of electrons that are unbonded (not shared). Unbonded pairs
are also known as lone pairs.

Single Covalent Bonds

When only one pair of electrons is shared, such as in a hydrogen molecule, it is a single
covalent bond. The shared electron pair is often referred to as the bonding pair. For a
hydrogen molecule, shown in Figure 4, each covalently bonded atom equally attracts
the pair of shared electrons. Thus, the two shared electrons belong to each atom
simultaneously, which gives each hydrogen atom the noble-gas configuration of helium
(1s*) and lower energy. The hydrogen molecule is more stable than either hydrogen
atom 1s by itself.

Recall that electron-dot diagrams can be used to show valence electrons of atoms. In a
Lewis structure, they represent the arrangement of electrons in a molecule. A line or a
pair of vertical dots between the symbols of elements represents a single covalent bond
in a Lewis structure. For example, a hydrogen molecule is written as H—H or H:H.

Group 17 and single bonds

The halogens—the group 17 elements, such as fluorine—have seven valence electrons.
To form an octet, one more electron 1s needed. Therefore, atoms of group 17 elements
form single covalent bonds with atoms of other nonmetals, such as carbon. You have
already read that the atoms of some group 17 elements form covalent bonds with
identical atoms. For example, fluorine exists as F,, and chlorine exists as Cl,. Because
atoms from group 17 need only one more electron to form an octet they are very unsta-
ble and reactive.

R N - Figure 4 When two hydrogen atoms
| + - — ¢ share a pair of electrons, each hydrogen
atom is stable because it has a full outer

H. + ‘H — H:H energy level.

Hydrogen Hydrogen Hydrogen
atom atom molecule
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Group 16 and single bonds

An atom of a group 16 element can share two electrons and
can form two covalent bonds. Oxygen is a group 16 element
with an electron configuration of 1s°2s°2p*. Water is composed
of two hydrogen atoms and one oxygen atom. Each hydrogen
atom has the noble-gas configuration of helium when it shares
one electron with oxygen. Oxygen, in turn, has the noble-gas
configuration of neon when it shares one electron with each
hydrogen atom. Figure 5a shows the Lewis structure for a
molecule of water. Notice that the oxygen atom has two single
covalent bonds and two unshared pairs of electrons.

Group 15 and single bonds

Group 15 elements form three covalent bonds with atoms of
nonmetals. Nitrogen is a group 15 element with the electron
configuration of 1s°2s*2p’. Ammonia (NH,) has three single
covalent bonds. Three nitrogen electrons bond with the three
hydrogen atoms leaving one pair of unshared electrons on the
nitrogen atom. Figure 5b shows the Lewis structure for an
ammonia molecule. Nitrogen also forms similar compounds
with atoms of group 17 elements, such as nitrogen trifluoride
(NE,), nitrogen trichloride (NCL), and nitrogen tribromide
(NBr,). Each atom of these group 17 elements and the nitrogen
atom share an electron pair.

Group 14 and single bonds

Atoms of group 14 elements form four covalent bonds. A
methane molecule (CH,) forms when one carbon atom bonds
with four hydrogen atoms. Carbon, a group 14 element, has an
electron configuration of 1s°2s°2p”. With four valence
electrons, carbon needs four more electrons for a noble gas
configuration. Therefore, when carbon bonds with other
atoms, it forms four bonds. Because a hydrogen atom, a group 1
element, has one valence electron, it takes four hydrogen
atoms to provide the four electrons needed by a carbon atom.
The Lewis structure for methane is shown in Figure 5c.
Carbon also forms single covalent bonds with other nonmetal
atoms, including those in group 17.

EGE’( It?

Describe how a Lewis structure shows a single covalent
bond.

Water

2H. + ‘O — H—O:
' |
H

Two Single Covalent Bonds

Ammonia

H

. |

3H. 4+ *N: — H—N:
' |

H

Three Single Covalent Bonds

Methane

ITI
H + ‘C. = H—C—H
’ |
H

Four Single Covalent Bonds

Figure 5 These chemical equations
show how atoms share electrons and
become stable. As shown by the Lewis
structure for each molecule, all atoms in
each molecule achieve a full outer
energy level.

Describe For the central atom in each

molecule, describe how the octet rule
s met.
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Figure 6 The frosted-looking portions of this glass were
chemically etched using hydrogen fluoride (HF), a weak acid.
Hydrogen fluoride reacts with silica, the major component of
glass, and forms gaseous silicon tetrafluoride (SiF,) and water.

EXAMPLE Problem1

LEWIS STRUCTURE OF A MOLECULE The pattern on the glass shown in Figure 6 was made by

chemically etching its surface with hydrogen fluoride (HF). Draw the Lewis structure for a molecule
of hydrogen fluoride.

1 ANALYZE THE PROBLEM

You are given the information that hydrogen and fluorine form the molecule hydrogen fluoride.
An atom of hydrogen, a group 1 element, has only one valence electron. It can bond with any
nonmetal atom when they share one pair of electrons. An atom of fluorine, a group 17 element,
needs one electron to complete its octet. Therefore, a single covalent bond forms when atoms
of hydrogen and fluorine bond.

2 SOLVE FOR THE UNKNOWN

To draw a Lewis structure, first draw the electron-dot diagram for each of the atoms. Then,
rewrite the chemical symbols and draw a line between them to show the shared pair of
electrons. Finally, add dots to show the unshared electron pairs.

H* 4+ 'Ft =  H—F
Hydrogen Fluorine Hydrogen fluoride
atom atom molecule

3 EVALUATE THE ANSWER
Each atom in the new molecule now has a noble-gas configuration and is stable.

PRACTICE Problems W ADDITIONAL PRACTICE

Draw the Lewis structure for each molecule.
1. FH,

2. FLS

3. HCI

4. CClI,

5. SiH,

6. CHALLENGE Draw a generic Lewis structure for a molecule formed
between atoms of group 1 and group 16 elements.

Andrew Lambert Photography! Science Source
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Water (H;0) Ammonia (NH3) Methane (CHy)

Figure 7 Sigma bonds formed in each of these molecules when the atomic orbital of each hydrogen atom
overlapped end-to-end with the orbital of the central atom.

Interpret Identify the number of sigma bonds in each molecule.

The sigma bond

Single covalent bonds are also called sigma bonds, represented by the Greek letter
sigma (o). A sigma bond occurs when the pair of shared electrons is in an area centered
between the two atoms. When two atoms share electrons, their valence atomic orbitals
overlap end-to-end, concentrating the electrons in a bonding orbital between the two
atoms. A bonding orbital is a localized region where bonding electrons will most likely
be found. Sigma bonds can form when an s orbital overlaps with another s orbital or a p
orbital, or two p orbitals overlap end-to-end. Water (H,O), ammonia (NH,), and meth-
ane (CH,) have sigma bonds, as shown in Figure 7.

E!i Get It?

List the orbitals that can form sigma bonds in a covalent compound, such as in
DNA molecules.

Multiple Covalent Bonds

In some molecules, atoms have noble-gas configurations when they share more than one pair of
electrons with one or more atoms. Sharing multiple pairs of electrons forms multiple covalent bonds.
A double covalent bond and a triple covalent bond are examples of multiple bonds. Carbon, nitro-
gen, oxygen, and sulfur atoms often form multiple bonds with other nonmetals. How do you know if
two atoms will form a multiple bond? In general, the number of valence electrons needed to form an

octet equals the number of covalent bonds that can form.

ACADEMIC VOCABULARY

overlap
to occupy the same area in part
The two driveways overlap at the street forming a common entrance.
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Two shared pairs  Figure 8 Multiple covalent bonds form

of electrons when two atoms share more than one pair
of electrons.

b. Atriple bond forms between two
nitrogen atoms,

'. Three shared pairs
of electrons

Double bonds

A double covalent bond forms when two pairs of electrons are shared between two
atoms. For example, atoms of the element oxygen only exist as diatomic molecules.
Each oxygen atom has six valence electrons and must obtain two additional electrons
for a noble-gas configuration, as shown in Figure 8a. A double covalent bond forms
when each oxygen atom shares two electrons; a total of two pairs of electrons are shared
between the two atoms.

Triple bonds

A triple covalent bond forms when three pairs of electrons are shared between two
atoms. Diatomic nitrogen (N,) molecules contain a triple covalent bond. Each nitrogen
atom shares three electron pairs, forming a triple bond with the other nitrogen atom as
shown in Figure 8b.

The pi bond

A multiple covalent bond consists of one sigma bond and at least one pi bond. A

pi bond, represented by the Greek letter pi (71), forms when parallel orbitals overlap and
share electrons. The shared electron pair of a p1 bond occupies the space above and
below the line that represents where the two atoms are joined together.

It is important to note that molecules having multiple covalent bonds contain both
sigma and pi bonds. A double covalent bond, as shown in Figure 9, consists of one

pi bond and one sigma bond. A triple covalent bond consists of two pi bonds and one
sigma bond.

Figure 9 Notice how the multiple bond between the two
carbon atoms in ethene (C_H,) consists of a sigma bond and
a pi bond. The sigma bond is formed by the end-to-end
overlap of orbitals directly between the two carbon atoms.
The carbon atoms are close enough that the side-by-side

p orbitals overlap and form the pi bond. This results in a
doughnut-shaped cloud around the sigma bond.

a. Two oxygen atoms form a double bond.
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The Strength of Covalent Bonds

Recall that a covalent bond involves attractive and repulsive forces. In a molecule, nuclei
and electrons attract each other, but nuclei repel other nuclei, and electrons repel other
electrons. When this balance of forces is upset, a covalent bond can be broken. Because
covalent bonds differ in strength, some bonds break more easily than others. Several
factors influence the strength of covalent bonds.

Bond length Nuclei

The strength of a covalent bond depends on the distance between the
bonded nuclei. The distance between the two bonded nuclel at the puaitinn

of maximum attraction is called bond length, as shown in Figure 10. It is &--—--¢
determined by the sizes of the two bonding atoms and how many electron —

pairs they share. Bond lengths for molecules of fluorine (F,), oxygen (O,), Bond length

and nitrogen (N,) are listed in Table 1. Notice that as the number of shared Figure 10 Bond length is

electron pairs increases, the bond length decreases. he distance from tha

Bond length and bond strength are also related: the shorter the bond length, €Mt of one nucleus to
the center of the other

the stronger the bond. Therefore, a single bond, such as that in F, 1s weaker
than a double bond, such as that in O,. Likewise, the double bond in O, is

weaker than the triple bond in N,.

nucleus of two bonded
atoms.

Table 1 Covalent Bond Type, Bond Length, and Bond-Dissociation Energy

Molecule Bond Type Bond Length Bond-Dissociation Energy
F, single covalent 143 X 10" m 159 kJ/mol
0, double covalent 121 X 107" m 498 kJ/mol
N, triple covalent 110 X 107 m 945 kJ/mol

Bonds and energy

An energy change occurs when a bond between atoms in a stable molecule forms or
breaks. The amount of energy needed to break apart the molecule must be at least the
amount released during its formation. This relationship between the amount of energy
released during bond formation and the amount of energy needed to break covalent
bonds is an example of how energy flows through chemical systems. The amount of
energy required to break a specific covalent bond is called bond-dissociation energy and
is always a positive value. The bond-dissociation energies for the covalent bonds in
molecules of fluorine, oxygen, and nitrogen are listed in Table 1.

Bond-dissociation energy also indicates the strength of a chemical bond because of the
inverse relationship between bond energy and bond length. As indicated in Table 1, the
smaller the bond length is, the greater the bond-dissociation energy. In addition, the
sum of the bond-dissociation energy values for all of the bonds in a molecule is the
amount of chemical potential energy in a molecule of that compound.

E(’:‘-et 1t?

Compare the flow of energy in forming a molecule with the flow of energy when
the molecule breaks apart.
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Summary

Covalent bonds form when
atoms share one or more pairs
of electrons.

Sharing one pair, two pairs, and
three pairs of electrons forms
single, double, and triple
covalent bonds, respectively.

Orbitals overlap directly in
sigma bonds. Parallel orbitals
overlap in pi bonds. A single
covalent bond is a sigma bond
but multiple covalent bonds are
made of both sigma and

pi bonds.

Bond-dissociation energy is
needed to break a
covalent bond.

The total energy change of a chemical reaction is deter-
mined from the energy of the bonds broken and formed. An
endothermic reaction occurs when a greater amount of
energy 1s required to break the existing bonds in the
reactants than is released when the new bonds form in the
products. An exothermic reaction occurs when more energy
is released during product bond formation than is required
to break bonds in the reactants. Figure 11 illustrates a
common exothermic reaction. You will study exothermic
and endothermic reactions in much greater detail when you
study the energy changes in chemical reactions.

Figure 11 Breaking the C—C bonds in charcoal and the 0-0 bonds in the
oxygen in air requires an input of energy. Energy is released as heat and
light when bonds form, producing CO,. Thus, the burning of charcoal is an
exothermic reaction.

& Check Your Progress

Demonstrate Understanding
/. Describe how the energy of a molecule compares to
the same set of atoms separated.

8. Describe how the stability of an atom relates to the
octet rule and the formation of covalent bonds.

9. lllustrate the formation of single, double, and triple
covalent bonds using Lewis structures.

10. Compare and contrast ionic bonds and
covalent bonds.

11. Contrast sigma bonds and pi bonds.

12. Apply Create a graph using the bond-dissociation
energy data and the bond-length data in Table 1.
Describe the relationship between bond length and
bond-dissociation energy.

13. Compare the bond-dissociation energies needed to
break the bonds in the structures below. Then explain
how these values relate to the amount of energy
needed to form the compounds.

a. H—C=C—H b. H H
C=C
. N
s g

LEARNSMART

Go online to follow your personalized learning path to review, practice,
and reinforce your understanding.

Bob Coyle! MoGri-Hill Education
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LESSON 2

NAMING MOLECULES

FOCUS QUESTION
How do you name molecules?

Naming Binary Molecular Compounds

Many molecular compounds have common names, but they also have scientific names
that reveal their composition. To write the formulas and names of molecules, you will
use processes similar to those described for ionic compounds.

Start with a bil‘lﬂl‘}f molecular cumpnund. Note that a bi_nar}r molecular cnmpnund 15
cnmpﬂsed -‘:11‘1]:,,F of two nonmetal atoms—not metal atoms or ions. An Example 18
dinitrogen monoxide {NEU}, a gaseous anesthetic that is more commonly known as

nitrous oxide or laughing gas. The naming of N,O is explained in the following rules.

1. The first element in the formula is always named first, using the entire element
name. N is the symbol for nitrogen.

2. The second element in the formula is named using its root and adding the suffix
-ide. O is the symbol for oxygen so the second word is oxide.

3. Prefixes are used to indicate the number of atoms of each element that are
present in the compound. Table 2 lists the most common prefixes used. There are
two atoms of nitrogen and one atom of oxygen, so the first word is dinitrogen
and the second word is monoxide.

Table 2 Prefixes in Covalent Compounds

Number of Atoms Prefix Number of Atoms ‘ Prefix
1 monoe- 6 hexa-
2 di- 7 hepta-
3 tri- 8 octa-
4 tetra- 9 nona-
5 penta- 10 deca-

_r- i
= :
s e — iy =g : - — U a SR - . e 5 . ey s
b Y20 THINKING Diccinlinarvy Core ldeas N e e L i Crianra b Ennlaaarinm Drnctlieas-
'| =y 2 111 ':q A"1%E Nscip N1el Y L -...I". =l By el E S LILLET L ‘ﬁ!l.'-l.' cie s T u Sl & STIOi-eEeEl g miatiices
d _ ,r||_ _'__..l'- i k. & b el -1I“.... ALaf ¥ e R R R =M L Pl St Tk Mt e i S8, R =L TPl oL N Pl SRt S R, = it Bempel, Pt ELS ot Kl (g~ Rt HOAF Rl P Sl RN, B o T e 2 e el
[ Ny A i e e O — y = ] e M ] 5 i)

COLLECT EVIDENCE INVESTIGATE
EUSE your Science Journal to &) GO ONLINE to find these activities and more resources.
record the evidence you collect as (ﬁ} Review the News

you complete the readings and

Shtaii e Obtain information from a current news story about naming molecules. Evaluate your source
activities in this lesson.

and communicate your findings to your class.
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There are exceptions to using the prefixes shown in Table 2. The first element in the
compound name never uses the mono- prefix. For example, CO is carbon monoxide, not
monocarbon monoxide. Also, if using a prefix results in two consecutive vowels, one of
the vowels 1s usually dropped to avoid an awkward pronunciation. For example, notice
that the oxygen atom in CO is called monoxide, not monooxide.

EXAMPLE Problem 2

NAMING BINARY MOLECULAR COMPOUNDS Name the compound PEGE, which is used as a
drying and dehydrating agent.

1 ANALYZE THE PROBLEM

You are given the formula for a compound. The formula contains the elements and the number
of atoms of each element in one molecule of the compound. Because only two different
elements are present and both are nonmetals, the compound can be named using the rules for
naming binary molecular compounds.

2 SOLVE FOR THE UNKNOWN
First, name the elements involved in the compound.

phosphorus The first element, represented by P, is phosphorus.

oxide The second element, represented by O, is oxygen.
Add the suffix -ide to the root of oxygen, ox-.

phosphorus oxide Combine the names.
Now modify the names to indicate the number of atoms present in a molecule.

diphosphorus pentoxide From the formula P,O_, you know that two phosphorus atoms
and five oxygen atoms make up a molecule of the compound.
From Table 2, you know that di- is the prefix for two and
penta- is the prefix for five. The a in penta- is not used
because oxide begins with a vowel.

3 EVALUATE THE ANSWER

The name diphosphorus pentoxide shows that a molecule of the compound contains two
phosphorus atoms and five oxygen atoms, which agrees with the compound’s chemical
formula, P.O..

PRACTICE Problems W ADDITIONAL PRACTICE

Name each of the binary covalent compounds listed below.
14. CO,
15. SO,
16. NF,
17. CCI,
18. CHALLENGE What is the formula for diarsenic trioxide?
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Common names for some molecular compounds

Have you ever enjoyed an icy, cold glass of dihydrogen monoxide on a hot day? You
probably have but you most likely called it by its common name, water. Recall that
many ionic compounds have common names in addition to their scientific ones. For

example, baking soda is sodium hydrogen carbonate and common table salt is sodium
chloride.

Many binary molecular compounds, such as nitrous oxide and water, were discovered
and given common names long before the present-day naming system was developed.
Other binary covalent compounds that are generally known by their common names
rather than their scientific names are ammonia (NH,), hydrazine (N,H ), and nitric

oxide (NO).

ﬁset 1t?

Apply What are the scientific names for ammonia, hydrazine, and nitric oxide?

Naming Acids

Water solutions, also called aqueous solutions, of some molecules are acidic and are
named as acids. Acids are important compounds with specific properties. If a
compound produces hydrogen ions (H') in solution, it is an acid. For example, HCI
produces H' in solution and is an acid. Two common types of acids exist—binary acids
and oxyacids.

Naming binary acids

A binar}r acid contains h}rdrﬂgen and one other element. The naming of the common
I::in;:llr:u_,F acid known as h}fdmc}ﬂuric acid 1s Explained in the fulluwing rules.

1. The first word has the prefix hydro- to name the hydrogen part of the compound.
The rest of the first word consists of a form of the root of the second element
plus the suffix -ic. HCI (hydrogen and chlorine) becomes hydrochloric.

2. The second word is always acid. Thus, HCI in a water solution is called
hydrochloric acid.

A]thuugh the term bhmry indicates Exactl}f two elements, a few acids that contain more
than two elements are named ar:curcling to the rules for naming binarj,r acids.

If no oxygen is present in the formula for the acidic compound, the acid is named in the
same way as a binary acid, except that the root of the second part of the name is the
root of the polyatomic 1on that the acid contains. For example, HCN, which is
composed of hydrogen and the cyanide ion, is called hydrocyanic acid in solution.

Naming oxyacids
An acid that contains both a h}!drngen atom and an Dx}faniun is referred to as an
uxyacid. Recall that an m{}raniun 1S a pulyatumjc 10N C{Jﬂtﬂiﬂiﬂg one or more oxygen

atoms. The following rules explain how to name nitric acid, an important oxyacid that
has a chemical formula of HNO..
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Table 3 Naming Oxyacids

Compound Oxyanion Acid Suffix Acid Name
HCIO, chlorate -ic chloric acid
HCIO, chlorite -0us chlorous acid
HNO, nitrate -ic nitric acid
HNC}; nitrite -0us nitrous acid

1. First, identify the oxyanion present. The first word of an oxyacid’'s name consists

of the root of the oxyanion and the prefix per- or hypo- if it is part of the
oxyanion’s name. The first word of the oxyacid’'s name also has a suffix that
depends on the oxyanion’s suffix. If the oxyanion’s name ends with the suffix -ate,
replace it with the suffix -ic. If the name of the oxyanion ends with the suffix -ite,
replace it with the suffix -ous. NO_", the nitrate ion, becomes nitric.

2. The second word of the name is always acid. HNO, (hydrogen and the nitrate ion)

becomes nitric acid.

Table 3 shows how the names of several oxyacids follow these rules. Notice that the

hydrogen in an oxyacid is not part of the name.

You have learned that naming covalent compounds follows different sets of rules
depending on the composition of the compound. Table 4 summarizes the formulas and
names of several covalent compounds. Note that an acid, whether a binary acid or an
oxyacid, can have a common name in addition to its compound name.

W ADDITIONAL PRACTICE

PRACTICE Problems

Name the following acids. Assume each compound is dissolved in water.

19. HI

20. HCIO,
21. HCIO,
22. H.SO,

23. H.S
24, CHALLENGE What is the formula for periodic acid?

Table 4 Formulas and Names of Some Covalent Compounds

Formula

Common Name

Molecular Compound Name

H,O water dihydrogen monoxide
NH, ammonia nitrogen trihydride

NH, hydrazine dinitrogen tetrahydride
HCI muriatic acid hydrochloric acid

C,H.O, aspirin 2-(acetyloxy)benzoic acid
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Examples: Figure 12 Use this
HBr, H,S0., flowchart to name
and NO, molecular compounds
when their formulas are
known.

Apply Which compound
in the figure is an
oxyacid? Which is a
binary acid?

Yes
(H,SO; and HBr)

mteﬂuj’e. Use amﬂﬁx'lfm:ﬂumbﬁ
a:f atﬂms iis greater than "‘fm&, T’“, -

Eﬁf sw Efmﬁt + — aﬁ:fm

NO; is nitrogen dioxide.
No Yes

(HBr) (H,S03)

H m«kmatafmn;l ‘of oxyanion prese 5
egfmﬂnt o \;5% mﬂﬁﬂ‘ 'lf»the aﬂiﬁn aem:i& jn —faie* a:r + m

_;H‘tﬁ& ‘anion ends in — ﬂia ﬂcﬁm

HBr (aq) is hydrobromic acld.
H,S0O; is sulfurous acid.

The flowchart in Figure 12 can help you determine the name of a molecular covalent
compound. To use the chart, start at the top and work downward by reading the text
contained in the colored boxes. Apply the text at each step of the flowchart to the
formula of the compound that you wish to name.

Writing Formulas from Names

The name of a molecular compound reveals its composition and is important in
communicating the nature of the compound. Given the name of any binary molecule,
you should be able to write the correct chemical formula. The prefixes used in a name
indicate the exact number of each atom present in the molecule and determine the
subscripts used in the formula. If you are having trouble writing formulas from the
names for binary compounds, you might want to review the naming rules listed on the
pages at the beginning of this lesson.

EGE'{ It?

Interpret How do you determine the correct subscripts to use in order to
write the chemical formula of a binary molecular compound when given the
compound’s name?
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The formula for an acid can also be derived from the name. It is helptul to remember

that all binary acids contain hydrogen and one other element. Also, keep in mind that

the first part of the name of a binary acid will always use the prefix hydro-.

For oxyacids—acids containing oxyanions—you will need to know the names of the

common oxyanions. If you need to review the formulas and names of oxyanions, see

Table 9 in the previous module.

PRACTICE Problems

Identify the formula for each compound.

25. silver chloride
26. dihydrogen monoxide
27. chlorine trifluoride

28. diphosphorus trioxide

29. disulfur decafluoride

W ADDITIONAL PRACTICE

30. CHALLENGE What is the formula for carbonic acid?

\& Check Your Progress

Demonstrate Understanding

Summary

« Names of covalent molecular
compounds include prefixes for
the number of each atom
present. The final letter of the
prefix is dropped if the element
name begins with a vowel.

« Molecules that produce H' in
solution are acids. Binary acids
contain hydrogen and one other
element. Oxyacids contain
hydrogen and an oxyanion.

31.

32.
33,

34.

B9,

36.

Summarize the rules for naming binary molecular
compounds.

Define a binary molecular compound.

Describe the difference between a binary acid and
an oxyacid.

Apply Using the system of rules for naming binary
molecular compounds, describe how you would
name the molecule N O,.

Apply Write the molecular formula for each of these
compounds: jodic acid, disulfur trioxide, dinitrogen
monoxide, and hydrofluoric acid.

State the molecular formula for each compound
listed below.

a. dinitrogen trioxide d. chloric acid
b. nitrogen monoxide e. sulfuric acid

c. hydrochloric acid f. sulfurous acid

LEAIRNSMAIR T Goonline to follow your personalized learning path to review, practice,

and reinforce your understanding.
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LESSON 3

MOLECULAR STRUCTURES

FOCUS QUESTION
How are electrons shared in covalent molecules?

Structural Formulas

You have already studied the structure of ionic compounds—substances formed from ionic
bonds. Covalent molecules described in this module have structures that are different from
those of ionic compounds. When studying the molecular structures of covalent compounds,
various models are used as representations of the molecules.

The molecular formula, which shows the element symbols and numerical subscripts,
tells you the type and number of each atom in a molecule. As shown in Figure 13, there
are several different models that can be used to represent a molecule. Note that in the
ball-and-stick and space-filling molecular models, atoms of each specific element are
represented by spheres of a representative color, as shown in Table R-1 in the Student
Resources. These colors are used for identifying the atoms if the chemical symbol of the
element is not present.

PH3 H—'F|+’—H

Molecular formula H

’ Lewis structure
Figure 13 All of these

Space-filling models can be used to show
molecular model the relative locations of
atoms and electrons in the

H—P—H phosphorus trihydride
!|_| (phosphine) molecule.
Compare and contrast the
Sructaral-formula Ball-and-stick types of information
molecular model contained in each model.
{ _J3DTHINKING  oci Disciplinary Core ldeas ccc Crosscutting Concepts stP Science & Engineering Practices
COLLECT EVIDENCE INVESTIGATE

EUSE your Science Journal to &) GO ONLINE to find these activities and more resources.

record the evidence you collect as (“/9 Identify Crosscutting Concepts

you complete the readings and Create a table of the crosscutting concepts and fill in examples you find as you read.
activities in this lesson. will ‘
-2 Revisit the Encounter the Phenomenon Question

What information from this lesson can help you answer the module guestion?
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One of the most useful molecular models is the structural formula, which uses letter
symbols and bonds to show relative positions of atoms. You can predict the structural
formula for many molecules by drawing the Lewis structure. You have already seen
some simple examples of Lewis structures, but more involved structures are needed to
help you determine the shapes of molecules.

Lewis structures

Although it is fairl}r easy to draw Lewis structures for most compounds formed by
nonmetals, itis a gﬂud idea to follow a I'EgLﬂEl]‘ prucedure. Whenever you need to draw
a Lewis structure, follow the steps outlined in this Problem-Solving Strategy.

PROBLEM-SOLVING STRATEGY

Drawing Lewis Structures

1. Predict the location of certain atoms. The atom that has the least attraction for
shared electrons will be the central atom in the molecule. This element is usually the
one closer to the left side of the periodic table. The central atom is located in the
center of the molecule: all other atoms become terminal atoms.

Hydrogen is always a terminal, or end, atom. Because it can share only one pair of electrons,
hydrogen can be connected to only one other atom.

2. Determine the number of electrons available for bonding,.

This number is equal to the total number of valence electrons in the atoms that make up the
molecule,

3. Determine the number of bonding pairs.

To do this, divide the number of electrons available for bonding by two.

4. Place the bonding pairs.
Place one bonding pair (single bond) between the central atom and each of the terminal atoms.

5. Determine the number of electron pairs remaining.

To do this, subtract the number of pairs used in Step 4 from the total number of bonding pairs

determined in Step 3. These remaining pairs include lone pairs as well as pairs used in double
and triple bonds. Place lone pairs around each terminal atom (except H atoms) bonded to the

central atom to satisfy the octet rule. Any remaining pairs will be assigned to the central atom.

6. Determine whether the central atom satisfies the octet rule.

Is the central atom surrounded by four electron pairs? If not, it does not satisfy the octet rule. To
satisfy the octet rule, convert one or two of the lone pairs on the terminal atoms into a double
bond or a triple bond between the terminal atom and the central atom. These pairs are still
associated with the terminal atom as well as with the central atom. Remember that carbon,
nitrogen, oxygen, and sulfur often form double and triple bonds.

Apply the Strategy

Study Example Problems 3 through 5 to see how the steps in the Problem-Solving
Strategy are applied.
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EXAMPLE Problem 3

LEWIS STRUCTURE FOR A COVALENT COMPOUND WITH SINGLE BONDS Ammonia is a raw
material used in the manufacture of many products, including fertilizers, cleaning products, and
explosives. Draw the Lewis structure for ammonia (NH,).

1 ANALYZE THE PROBLEM

Ammonia molecules consist of one nitrogen atom and three hydrogen atoms. Because
hydrogen must be a terminal atom, nitrogen is the central atom.

2 SOLVE FOR THE UNKNOWN
Find the total number of valence electrons available for bonding.

1 valence electron
1H atom

5 valence electrons
1N atom

1N atom x + 3 H atoms x = 8 valence electrons

There are 8 valence electrons available for bonding.

8 electrons
2 electrons/pair

= 4 pairs Determine the total number of bonding pairs.
To do this, divide the number of available electrons by two.

Four pairs of electrons are available for bonding.

H N H Place a bonding pair (a single bond) between the central
‘ nitrogen atom and each terminal hydrogen atom.

H

Determine the number of bonding pairs remaining.

4 pairs total — 3 pairs used  Subtract the number of pairs used in these bonds from
= 1 pair available the total number of pairs of electrons available.

The remaining pair—a lone pair—must be added to either the terminal atoms or the central
atom. Because hydrogen atoms can have only one bond, they have no lone pairs.

H N H Place the remaining lone pair on the central nitrcgen atom.

H

3 EVALUATE THE ANSWER

Each hydrogen atom shares one pair of electrons, as required, and the central nitrogen atom
shares three pairs of electrons and has one lone pair, providing a stable octet.

PRACTICE Problems W ADDITIONAL PRACTICE

37. Draw the Lewis structure for BH..

38. CHALLENGE A nitrogen trifluoride molecule contains numerous lone pairs.
Draw its Lewis structure.

(ZZ5 CROSSCUTTING CONCEPTS

System and System Models Refer to the five common molecular models, shown
on the first page of this lesson. With a partner, choose 2 compounds listed in
question number 36 in the lesson 2 Review It!. Individually, without sharing your
work, use 5 index cards to draw each model type to represent each compound,
using a total of 10 index cards. Share your cards with your partner and compare
your models. If they differ, work together to reach an agreed configuration.
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EXAMPLE Problem 4

LEWIS STRUCTURE FOR A COVALENT COMPOUND WITH MULTIPLE BONDS Carbon dioxide
is a product of all cellular respiration. Draw the Lewis structure for carbon dioxide (CO.).

1 ANALYZE THE PROBLEM

The carbon dioxide molecule consists of one carbon atom and two oxygen atoms. Because
carbon has less attraction for shared electrons, carbon is the central atom, and the two oxygen
atoms are terminal.

2 SOLVE FOR THE UNKNOWN
Find the total number of valence electrons available for bonding.

B valence electrons
10 atom

4 valence electrons
1C atom

1C atom X + 2 O atoms X = 16 valence electrons

There are 16 valence electrons available for bonding.

. 16 electrons
2 electrons/pair

= 8 pairs Determine the total number of bonding pairs
by dividing the number of available electrons by two.

Eight pairs of electrons are available for bonding.

O C O Place a bonding pair (a single bond) between the
central carbon atom and each terminal oxygen atom.

Determine the number of electron pairs remaining.

8 pairs total —2 pairs used Subtract the number of pairs used in these bonds
= 6 pairs available from the total number of pairs of electrons available.
:O C O: Add three lone pairs to each terminal oxygen atom.
a - .

Determine the number of electron pairs remaining.

6 pairs available — 6 pairs used Subtract the lone pairs from the pairs available.
= 0 pairs available

Examine the incomplete structure above (showing the placement of the lone pairs). Note that
the carbon atom does not have an octet and that there are no more electron pairs available. To
give the carbon atom an octet, the molecule must form double bonds.

.'O C O Use a lone pair from each O atom to form a
2 = double bond with the C atom.

3 EVALUATE THE ANSWER
Both carbon and oxygen now have an octet, which satisfies the octet rule.

PRACTICE Problems W ADDITIONAL PRACTICE

39. Draw the Lewis structure for ethylene, C H.,.

40. CHALLENGE A molecule of carbon disulfide contains both lone pairs and multiple-covalent
bonds. Draw its Lewis structure.
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Lewis structures for polyatomic ions

To find the total number of electrons available for bonding in a polyatomic ion, first find
the number available in the atoms present in the ion. Then, add the ion charge if the
ion is negative, or subtract the 1on charge if the ion is positive. Compared to the number
of valence electrons present in the atoms that make up the ion, more electrons are
present if the ion is negatively charged and fewer are present if the ion is positive.

EXAMPLE Problem 5

LEWIS STRUCTURE FOR A POLYATOMIC ION Draw the correct Lewis structure for the
polyatomic ion phosphate (PO 7).

1 ANALYZE THE PROBLEM

You are given that the phosphate ion consists of one phosphorus atom and four oxygen atoms
and has a charge of 3—. Because phosphorus has less attraction for shared electrons than
oxygen, phosphorus is the central atom and the four oxygen atoms are terminal atoms.

2 SOLVE FOR THE UNKNOWN
Find the total number of valence electrons available for bonding.

6 vale nce electrons
10 atom

5 valenge electrons
1P atom

+ 4 O atoms X

1P atom X
+ 3 electrons from the negative charge = 32 valence electrons

32 electrons

2 electionalpair 16 pairs Determine the total number of bonding pairs.
O P O Draw single bonds from each terminal oxygen atom to the central
phosphorus atom.

O

16 pairs total — 4 pairs used Subtract the number of pairs used from the total number of pairs of
= 12 pairs available electrons available.

Add three lone pairs to each terminal oxygen atom. 12 pairs available — 12 lone pairs used = 0

- e 13— Subtracting the lone pairs used from the pairs available verifies that
:O: there are no electron pairs available for the phosphorus atom. The
‘ Lewis structure for the phosphate ion is shown.

0O—P—0:

2 B

3 EVALUATE THE ANSWER
All of the atoms have an octet, and the group has a net charge of 3-.

PRACTICE Problems W ADDITIONAL PRACTICE

41. Draw the Lewis structure for the NH: ion,

42. CHALLENGE The CID: lon contains numerous lone pairs. Draw its Lewis structure.
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Resonance Structures

Using the same sequence of atoms, it is possible to have more
than one correct Lewis structure when a molecule or
polyatomic ion has both a double bond and a single bond.
Consider the polyatomic ion nitrate (NO,), shown in

Figure 14a. Three equivalent structures can be used to
represent the nitrate 1on.

Resonance is a condition that occurs when more than one
valid Lewis structure can be written for a molecule or ion.
The two or more correct Lewis structures that represent a
single molecule or ion are referred to as resonance
structures. Resonance structures differ only in the position
of the electron pairs, never the atom positions. The
location of the lone pairs and bonding pairs differs in
resonance structures. The molecule O, and the polyatomic

ions NO,, NO,, 50,*, and CO,* all exhibit resonance.

It is important to note that each molecule or ion that
exhibits resonance behaves as if it has only one structure.
Refer to Figure 14b. Experimentally measured bond lengths
show that the bonds are identical to each other. They are
shorter than single bonds but longer than double bonds.
The actual bond length is an average of the bonds in the
resonance structures.

Real-World Chemistry
Phosphorus and Nitrogen

ALGAL BLOOMS Phosphorus and
nitrogen are nutrients required for algae
growth. Both can enter lakes and streams
from discharges of sewage and industrial
waste, and in fertilizer runoff. If these
substances build up in a body of water, a
rapid growth of algae, known as an algal
bloom, can occur, forming a thick layer
of green slime over the water’s surface.
When the algae use up the supply of
nutrients, they die and decompose. This
process reduces the amount of dissolved
oxygen in the water that is available to
other aquatic organisms.

2 0 (&)

-
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:?:
N

7N
0O:

Figure 14 The nitrate ion (NO,") exhibits resonance.

a. These resonance structures differ only in the location of the double bond. The locations of the nitrogen and

oxygen atoms stay the same.

b. The actual nitrate ion is like an average of the three resonance structures in a. The dotted lines indicate
possible locations of the double bond.

ferame Wesler/Soience Source
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PRACTICE Problems W ADDITIONAL PRACTICE

Draw the Lewis resonance structures for the following molecules.

43. NO - 44. SO, 45, Ei3
46. CHALLENGE Draw the Lewis resonance structure for the ion Sl‘.’.}f—.

Exceptions to the Octet Rule Incomplete aclel
Generally, atoms attain an octet when they bond with other atoms. Some @
molecules and ions, however, do not obey the octet rule. There are several O O:

reasons for these exceptions. _
Figure 15 The central

nitrogen atom in this NO,

Odd number of valence electrons _
molecule does not satisfy

First, a small group of molecules might have an odd number of valence the octet rule; the nitrogen
electrons and be unable to form an octet around each atom. For example, NO, ~ atom has only seven

has five valence electrons from nitrogen and 12 from oxygen, totaling 17, EIEE"GTS mllts auter
which cannot form an exact number of electron pairs. See Figure 15. ClO, and CREIYIE.

NO are other examples of molecules with odd numbers of valence electrons.

Suboctets and coordinate covalent bonds

Another exception to the octet rule is due to a few compounds that H—B—H

form suboctets—stable configurations with fewer than eight electrons |

present around an atom. This group is relatively rare, and BH, is an H

example. Boron, a group 13 metalloid, forms three covalent bonds

with other nonmetallic atoms.The boron atom shares only six elec-

trons—too few to form an octet. Such compounds tend to be reactive and can share an
entire pair of electrons donated by another atom.

A coordinate covalent bond forms when one atom donates both of the electrons to be
shared with an atom or ion that needs two electrons to form a stable electron arrange-
ment with lower potential energy. Refer to Figure 16. Atoms or ions with lone pairs
often form coordinate covalent bonds with atoms or ions that need two more electrons.

H H H H
| | N
H—B + :N—H — H—B—=N—H

| | |

H H H H
The boron atom has no electrons The nitrogen atom shares
to share, whereas the nitrogen both electrons to form the
atom has two electrons to share. coordinate covalent bond.

Figure 16 In this reaction between boron trihydride (BH,) and ammonia (NH,), the nitrogen atom donates
both electrons that are shared by boron and nitrogen, forming a coordinate covalent bond.

Interpret Does the coordinate covalent bond in the product molecule satisfy the octet rule?
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:{':'1 : . EI : Figure 17 Prior to the reaction of PCI, and Cl,,
| o oo : (:_‘:I (SI! every reactant atom follows the octet rule. After
P e Cl— Cl: — ot ‘Q:D' -+ the reaction, the product, PCl,, has an expanded
. E]/”- '"‘\Ei . N N & & octet containing ten electrons.

LN

Expanded octet -

Expanded octets

The third group of compounds that does not follow the octet rule has central atoms that
contain more than eight valence electrons. This electron arrangement is referred to as
an expanded octet. An expanded octet can be explained by considering the d orbitals
that occur in the energy levels of elements in period three or higher. An example of an
expanded octet, shown in Figure 17, is the bond formation in the molecule PCI.. Five
bonds are formed with ten electrons shared in one s orbital, three p orbitals, and one d
orbital. Another example is the molecule SF,, which has six bonds sharing 12 electrons
in an s orbital, three p orbitals, and two d orbitals. When you draw the Lewis structures
for these compounds, either extra lone pairs are added to the central atom or more than
four bonding atoms are present in the molecule.

@Get 1t?

Summarize three reasons why some molecules do not conform to the octet rule.

EXAMPLE Problem 6

LEWIS STRUCTURE: EXCEPTION TO THE OCTET RULE Xenon is a noble gas that will form a
few compounds with nonmetals that strongly attract electrons. Draw the correct Lewis structure
for xenon tetrafluoride (XeF).

1 ANALYZE THE PROBLEM

You are given that a molecule of xenon tetrafluoride consists of one xenon atom and four
fluorine atoms. Xenon has less attraction for electrons, so it is the central atom.

2 SOLVE FOR THE UNKNOWN
First, find the total number of valence electrons.

8 valence electrons 7 valence electrons

= 36 valence electrons

1 Xe atom X + 4 F atoms X

1 Xe atom 1F atom
_36electrons 12 G 5 e I e _
2 electrons/pair pairs etermine the total number or bonding pairs.
\\ / Use four bonding pairs to bond the four F atoms to

the central Xe atom.

S
F F
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EXAMPLE Problem 6 (continued)

18 pairs available — 4 pairs used
= 14 pairs available

Determine the number of remaining pairs.

3 pairs
14 pairs — 4 F atoms X 1 Fr;tnm Add three pairs to each F atom to obtain an octet.
= 2 pairs unused Determine how many pairs remain.
'F . Place the two remaining pairs on the central

“\” /" Xe atom.
LSO
F F

3 EVALUATE THE ANSWER

This structure gives xenon 12 total electrons, an expanded octet. Xenon compounds, such as
the XeF, shown here, are toxic because they are highly reactive.

PRACTICE Problems W ADDITIONAL PRACTICE

Draw the expanded octet Lewis structure for each molecule.
47. CIF,
48. PCI,

49, CHALLENGE Draw the Lewis structure for the molecule formed when six fluorine atoms and
one sulfur atom bond covalenty.

(& Check Your Progress

Summary Demonstrate Understanding

« Different models can be used 50. Describe the information contained in a structural
to represent molecules. formula.

- Resonance occurs when more 51. State the steps used to draw Lewis structures in your
than one valid Lewis structure own words.
exists for the same molecule. 52. Summarize exceptions to the octet rule by correctly

- Exceptions to the octet rule pairing these molecules and phrases: odd number of
occur in some molecules. valence electrons, PCI,, ClO,, BH,, expanded octet,

less than an octet.

53. Evaluate A classmate states that a binary compound
having only sigma bonds displays resonance. Could
the classmate’s statement be true?

54. Draw the resonance structures for the dinitrogen
oxide (N,O) molecule.

55. Draw the Lewis structures for CN , SiF,, HCO, , and,
AsF,".

LEARNSMAIRT® Goonline to follow your personalized learning path to review, practice,
and reinforce your understanding.
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LESSON 4

MOLECULAR SHAPES

FOCUS QUESTION
What shapes do molecules form?

VSEPR Model

Once a Lewis structure is drawn, the molecular geometry, or shape, of a molecule
can be determined using the Valence Shell Electron Pair Repulsion model, or
VSEPR model. This model is based on an arrangement that minimizes the repulsion
of shared and unshared electron pairs around the central atom. Recall that the
attraction and repulsion between electric charges at the atomic scale explain the
structure, properties, and transformations of matter.

To understand the VSEPR model better, imagine balloons that are inflated to
similar sizes and tied together, as shown in Figure 18. Each balloon represents an
electron-dense region. When a set of balloons is connected at a central point, which
represents a central atom, the balloons naturally form a shape that minimizes interac-

tions between the balloons.

Linear Trigonal planar Tetrahedral

Figure 18 Electron pairs in a molecule are located as far apart as they can be, just as these balloons
are arranged. Two pairs form a linear shape. Three pairs form a trigonal planar shape. Four pairs form
a tetrahedral shape.

Stephen Frischd MeGraw-Hill Education

COLLECT EVIDENCE INVESTIGATE
%E’Use your Science Journal to ) GO ONLINE to find these activities and more resources.

record the evidence b collect as ﬂﬂ Applying Practices: Modeling Electrostatic Forces—Covalent Bonding

you complete the readings and HS-PS2-4. Use mathematical representations of Newton's Law of Gravitation and
activities in this lesson. Coulomb’s Law to describe and predict the gravitational and electrostatic forces between
objects.

@ Virtual Investigation: Molecular Shapes
Develop and use models to discover the structure and function of atomic electric charges.
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Bond angle

The electron pajrs in a molecule rep{el one another in a similar way. These forces cause
the atoms in a molecule to be pnsitiuned at fixed anglea relative to one another. The
angl{-:- formed I::-}F two termunal atoms and the central atom 1s a bond angle. Bond ang]es

predicted by VSEPR are supported by experimental evidence.

Unshared pairs of electrons are also important in determining the shape of the
molecule. These electrons occupy a slightly larger orbital than shared electrons.
Therefore, shared bonding orbitals are pushed together by unshared pairs.

=jlejRelch § Connection| The shape of a molecule determines many of its physical

and chemical pmpertie:-;. For example, scientists discovered that the shape of food

molecules is important to our sense of taste. The surface of your tongue is covered with
taste buds, each of which contains from 50 to 100 taste receptor cells. Taste receptor
cells can detect five distinct tastes—sweet, bitter, salty, sour, and MSG (monosodium
glutamate).

The shapes of food molecules are determined by their chemical structures. When a
molecule enters a taste bud, it must have the correct shape for the nerve in each
receptor cell to respond and send a message to the brain. The brain then interprets the
message as a certain taste. When such molecules bind to sweet receptors, they are
sensed as sweet. The greater the number of food molecules that fit a sweet receptor cell,
the sweeter the food tastes. Sugars and artificial sweeteners are not the only sweet
molecules. Some proteins found in fruits are also sweet molecules. Some common
molecular shapes are illustrated in Table 5 and Table 6 on the following pages.

Hybridization

Sometimes atomic orbitals fuse to form a new hybridized orbital. Hybridization occurs
when two things are combined and the result has characteristics of both. For example,
during chemical bonding, if electrons come from 2 different atomic orbitals, such as a p or
an s, they must rearrange or combine into a hybrid orbital with the same shape and
energy level. To understand hybrid orbitals, consider the bonding involved in the meth-
ane molecule (CH,). The hybrid orbitals in a carbon atom are shown in Figure 19 on the
next page in blue. Note, as shown in the electron notation, that although carbon mitially
has only 2 electrons in its p orbital, a 1 s electron is promoted from the s to the p orbital so
that a total of 4 unpaired electrons can be shared. These 4 unpaired electrons are rear-
ranged into four hybrid sp® orbitals that can now be used to bond with 4 hydrogen atoms.

WORD ORIGIN (59 CROSSCUTTING CONCEPTS
trigonal planar Structure and Function Designing new systems requires examining properties of
comes from the Latin words trigonum, materials, structures of components, and connections of components to solve a

which means triangular, and plan-, which | problem. Write a blog post for a science web site that applies this statement to
means flat developing robots with artificial taste receptors that mimic human ones.
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The hybrid orbitals in a carbon atom are shown in Figure 19.

The hybrid orbital is called an sp? orbital because the four
hybrid orbitals form from one s orbital and three p orbitals.

The number of atomic orbitals that mix and form the hybrid
orbital equals the total number of pairs of electrons, as shown
in Table 5 and Table 6. In addition, the number of hybrid
orbitals formed equals the number of atomic orbitals mixed.
For example, AICI, has a total of three pairs of electrons and
VSEPR predicts a trigonal planar molecular shape. This shape
results when one s and two p orbitals on the central atom, Al,
mix and form three identical sp* hybrid orbitals.

Lone pairs also occupy hybrid orbitals. Compare the hybrid
orbitals of BeCl, in Table 5 and H,O in Table 6. Both com-
pounds contain three atoms. Why does an H O molecule
contain sp? orbitals? There are two lone pairs on the central
oxygen atom in H,O. Therefore, there must be four hybrid
orbitals—two for bonding and two for the lone pairs.

Recall that multiple covalent bonds consist of one sigma
bond and one or more pi bonds. Only the two electrons in
the sigma bond occupy hybrid orbitals such as sp and sp”.
The remaining unhybridized p orbitals overlap to form pi
bonds. It is important to note that single, double, and triple
covalent bonds contain only one hybrid orbital. Thus, CO,,
with two double bonds, forms sp hybrid orbitals.

EGE’: 1t?

Describe how repulsion between electric charges at the
atomic scale explains the structure of a methane
molecule.

Table 5 Molecular Shapes: 2 or 3 Total Pairs

Total | Shared | Lone | Hybrid

Molecule Pairs Pairs | Orbitals

BeCl, 2 2 0 Sp

Energy ———»
{ =
=
=

1] sp?
52
Carbon

Molecular Shape*

AICI, 3 3 0 sp?

Trigonal planar

Figure 19 Notice that the hybrid
orbitals have an intermediate amount
of potential energy when compared
with the energy of the original s and p
orbitals. According to VSEPR theory, a
tetrahedral shape minimizes repulsion
between the hybrid orbitals ina CH,
molecule.

Identify How many faces does the
tetrahedral shape formed by the sp’
orbitals have?

The BeCl, molecule contains only two
pairs of electrons shared with the central Be

< atom. These bonding electrons have the

maximum separation, a bond angle of 180°,
and the molecular shape is linear.

The three bonding electron pairs in AICI,

-+ Nave maximum separation in a trigonal

planar shape with 120° bond angles.

*Balls represent atoms, sticks represent bonds, and lobes represent lone pairs of electrons.
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Table 6 Molecular Shapes: 4, 5, or 6 Total Pairs

Total | Shared | Lone | Hybrid Molecular

Molecule Pairs | Pairs Pairs | Orbitals Shape*

When the central atom in a molecule
has four pairs of bonding electrons,
s CH, does, the shape is tetrahedral.
The bond angles are 109.5°.

CH 4 4 0 sp

Tetrahedral

NH, has three single covalent bonds
and one lone pair. The lone pair takes
up a greater amount of space than
the shared pairs. There is stronger
NH, 4 3 1 sp’ - repulsion between the lone pair and
- the bonding pairs than between
~107.3°

two bonding pairs. The resulting
geometry is trigonal pyramidal, with

Tri i midal
K 107.3° bond angles.

v

104.5°
Bent

Water has two covalent bonds and two
lone pairs. Repulsion between the lone
pairs causes the angle to be 104.5°,

" |ess than both tetrahedral and tri gonal
pyramid. As a result, water molecules
have a bent shape.

HO 4 2 2 sp?

90° The NbBr, molecule has five pairs
-\ of bonding electrons. The trigonal
“* bipyramidal shape minimizes the
repulsion of these shared electron
pairs.

NbBr, b b 0 spid o

Trigonal bipyramidal

. f I As with NbBr_, SF, has no unshared

) 90° electron pairs on the central atom.
_ : ¢ However, six shared pairs arranged
O

Octahedral

SF ] 6 0 spid?
about the central atom result in an

octahedral shape.

*‘Balls represent atoms, sticks represent bonds, and lobes represent lone pairs of electrons.

EXAMPLE Problem 7

FIND THE SHAPE OF A MOLECULE Phosphorus trihydride, a colorless gas, is produced when
organic materials, such as fish flesh, rot. What is the shape of a phosphorus trihydride molecule?

Predict the bond angle and identify hybrid orbitals.

1 ANALYZE THE PROBLEM

A phosphorus trihydride molecule has three hydrogen atoms bonded to a central
phosphorus atom.
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EXAMPLE Problem 7 (continued)

2 SOLVE FOR THE UNKNOWN
Find the total number of valence electrons and the number of electron pairs.

5 valence electrons

1P atom X

1P atom
8 electrons 4 :
2 electrons/pair '+ Palls
I o |
H H
Lewis Molecular
structure shape

+ 3 Hatoms x

1 valence electron
1H atom

= 8 valence electrons

Determine the total number of bonding pairs.

Draw the Lewis structure, using one pair of
electrons to bond each H atom to the central P
atom and assigning the lone pair to the P atom.

The molecular shape is trigonal pyramidal with a predicted 107° bond angle and sp® hybrid

orbitals.

3 EVALUATE THE ANSWER

All electron pairs are used and each atom has a stable electron configuration.

PRACTICE Problems W ADDITIONAL PRACTICE

Determine the molecular shape, bond angle, and hybrid orbitals for each molecule.

56. BF, 57. OCI,

58. BeF, 59. CF,

60. CHALLENGE For a NH_ " ion, identify its molecular shape, bond angle, and hybrid orbitals.

\& Check Your Progress

Summary

- VSEPR model theory states
that electron pairs repel each
other and determine both the
shape of and bond angles in a
molecule.

« Hybridization explains the
observed shapes of molecules
by the presence of equivalent
hybrid orbitals.

Demonstrate Understanding

61.

62.

63.

64.

65.

66.

67

Summarize how the VSEPR model helps explain how
electric charges affect bonding and molecular shape
in covalent compounds.

Define the term bond angle.

Apply Use the term hybridization to describe the
bonds in a methane molecule.

Compare the size of an orbital that has a shared
electron pair with one that has a lone pair.

Identify the type of hybrid orbitals present and bond
angles for a molecule with a tetrahedral shape.

Compare the molecular shapes and hybrid orbitals of
PF, and PF, molecules. Explain why their shapes differ.

List in a table the Lewis structure, molecular shape,

bond angle, and hybrid orbitals for molecules of CS,,
CH,0, H,Se, CCLF,, and NCI..

2" 2

LEAIRNSMAIRT S Goonline tofollow your personalized learning path to review, practice,

and reinforce your understanding.
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LESSON 5

ELECTRONEGATIVITY AND POLARITY

FOCUS QUESTION

How does molecular shape affect the way that covalent
compounds are held together?

Electronegativity and Bond Character

The type of bond formed during a reaction is related to each atom’s attraction for
electrons. The version of the periodic table of the elements shown in Figure 20 lists
electronegativity values. Recall that electronegativity indicates the relative ability of an
atom to attract electrons for bonding. Because noble gases do not generally form
compounds, the noble gases are not shown on this table.

Electronegativity Values for Selected Elements
1

1
H Metal

2.20 3 . Metallaid 12 14 15 16 17

2 2k *-Be Monmetal &L TN SO 9 F
008 157

255 304 344 398

" Na 2 Mg E -A'l- . 5P ®§ vl
3
Ma 131 3 d 5 6 7 8 9 10 1 12

219 258 316
WK %CafS 2Ti BV %Cr “Mn ®Fe ?Co % Ni #Cu ¥ Zn 3’93

3"5&" 35&
-i;.@._azj:z mta 136 154 163 166 155 Lﬂ':a 188 191 'Lﬂfﬂ mﬁ 18 255 296

082 095 122 133 18 216 210 @22 zzﬂ 220 193 169 Tm.:a"' 1-.95’ 266

%Cs %Ba ¥Lla|2Hf "Ta "W “Re %0s 7Ir Pt ®Au ®Hg ® Tl 2Pb & Bj ®Po ® At
079 083 MO | 131 15 17 19 22 22 22 24 18 18 8 18 20 22
7 #Fr % Ra  Ac
o7 08 || ®n

s

Figure 20 Electronegativity values are derived by comparing an atom’s attraction for shared electrons to
that of a fluorine atom’s attraction for shared electrons. Note, the electonegativity values for the lanthanide
and actinide series, which are not shown, range from 112 to 1.7.

' gt
g B1e s 410 | e iy A e L e e - T T —— - S - TN P— e -
[ 32N T | I[ll' 'rr-ill'f-.-'l a Miesdemliom o ."a..-'.'-ﬂ_-' T |l-|-'a- .'"_-_.-.-':".'E!":'- P o r e et gt I'If e e e e e e |:"-'I-"_T'I'|""' -
i | - ) " ik s WI1Ery L : JEe S OSSCLLLIG LONTLELDILS SECPE=TI0E & CTIUIFiEEn L THLCLHILEYS
il e A ]' & o | -1 W ERE .-..'-.-.._-...I:...'.l: A=l St B i LRI SR ] AL = ¢ S PSS B o g R PETETE LA T e e e Sl
S e e i X - = e Rt = A=y
-

COLLECT EVIDENCE INVESTIGATE

EUSE‘ your Science Journal to L3 GO ONLINE to find these activities and more resources.

record the evidence you collect as Applying Practices: Communicate Information about Contact and Noncontact
you complete the readings and Forces

activities in this lesson. HS-PS2-6. Communicate scientific and technical information about why the molecular-level

structure is important in the functioning of designed materials.

7~ Revisit the Encounter the Phenomenon Question
What information from this lesson can help you answer the module question?
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Table 7 EN Difference Between Atoms within a Compound and Bond Character

Electronegativity Difference Bond Character

e ¥ mostly ionic
04 —17 polar covalent
<04 mostly covalent
0 nonpolar covalent

Electronegativity

The scale of electronegativities—shown in Figure 20—allows chemists to evaluate the
affinity of specific atoms in a compound for electrons. Electonegativity is a measure of
the tendency of an atom to accept an electron. Excluding noble gases, electronegativity
increases with increasing atomic number within a period and decreases with increasing
atomic number within a group. This shows that some atoms are more capable of attract-
ing electrons than others. The explanation for why this occurs becomes clear when you
consider the number of valence electrons an atom has. As you move from left to right
on the table, the number of electrons needed to complete the octet rule becomes less,
thereby increasing an atom’s affinity for electrons in order to reach a more stable state.

Note that flourine has the greatest electronegativity value (3.98), while francium has the
least (0.7). Although xenon is a noble gas, it can sometimes form bonds with highly
electonegative atoms, such as flourine.

Eeet 1t?

Explain how electric charges at the atomic scale relate to the electronegativity of
an atom.

Bond character

A chemical bond between atoms of different elements is never completely ionic or
covalent. The character of a bond depends on how strongly each of the bonded atoms
attracts electrons. As shown in Table 7, the character and type of a chemical bond can
be predicted using the electronegativity difference between atoms that bond within a
compound. Electrons in bonds between identical atoms have an electronegativity
difference of zero—meaning that the electrons are equally shared between the two
atoms. This type of bond is considered nonpolar covalent, or a pure covalent bond.

On the other hand, because different elements have different electronegativities, the
electron pairs in a covalent bond between different atoms are not shared equally.
Unequal sharing results in a polar covalent bond. When there is a large difference in
the electronegativity between bonded atoms, an electron is transferred from one atom
to the other, which results in bonding that 1s primarily ionic.

Bonding is not often clearly 1onic or covalent. An electronegativity difference of 1.70 1s
considered 50 percent covalent and 50 percent ionic. As the difference in
electronegativity increases, the bond becomes more ionic in character. As shown in
Table 7, ionic bonds form when the electronegativity difference is greater than

1.70. However, this cutoff is sometimes inconsistent with experimental observations
of two nonmetals bonding together.
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Electronegativity and Bond Character

|

@ I

© CaO —

@ Tonic & m i

& o MaBr \f/

© HF

A gp N

E I MgO

‘T:‘.. - “}jﬂ‘f/ ] Figure 21 This graph shows that the difference

g N, | LA : Calialei in electronegativity between bonding atoms

E ' ' determines the percent ionic character of the
00 1.0 2.0 3.0 bond. Above 50% ionic character, bonds are

Electronegativity difference mostly ionic.

Figure 21 summarizes the range of chemical bnnding between two atoms. What percent

ionic character is a bond between two atoms that have an Eiectmnegatiﬁt}r difference of
2.00? Where would LiBr be plutted on the graph?

f!jeet It?

Describe how electronegativity relates to polar covalent bonding.

Polar Covalent Bonds

As you just learned, polar covalent bonds form because not all atoms that share elec-
trons attract them equally. A polar covalent bond is similar to a tug-of-war in which the
two teams are not of equal strength. Although both sides share the rope, the stronger
team pulls more of the rope toward its side. When a polar bond forms, the shared
electron pair or pairs are pulled toward one of the atoms. Thus, the electrons spend
more time around that atom than the other atom. This results in partial charges at the
ends of the bond.

The Greek letter delta () is used to represent a partial charge. In a polar covalent bond,
O~ represents a partial negative charge and 0' represents a partial positive charge. As
shown in Figure 22, 6~ and &' can be added to a molecular model to indicate the
polarity of the covalent bond. The more-electronegative atom is at the partially negative
end, while the less-electronegative atom 1s at the partially positive end. The resulting
polar bond often is referred to as a dipole (two poles).

Figure 22 Chlorine’s electronegativity is

E:ectrunegatlivity [I:-: i g;g z _ higher than that of hydrogen. Therefore, in
ectronegativity S 0 ‘ _ 0 a molecule containing hydrogen and
Difference = 0.96 chlorine, the shared pair of electrons is

H—Cl with the chlorine atom more often than it is
with the hydrogen atom. Symbols are used
to indicate the partial charge at each end
of the molecule from this unequal sharing
of electrons.
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Molecular polarity

Covalently bonded molecules are either polar or nonpolar; which type depends on the

location and nature of the covalent bonds in the molecule. A di:-;tinguishing feature of

nonpolar molecules is that they are not attracted by an electric field. Polar molecules,

however, are attracted by an electric field. Because polar molecules are dipoles with

partially charged ends, they have an uneven electron density. This results in the ten-

ClEI’lC}F of pnlar molecules to align with an electric field.

Polarity and molecular shape

You can learn wh},f some molecules are ]JU]EiI‘ and some are not b}r comparing water

(H,O) and carbon tetrachloride (CCl ) molecules. Both molecules have polar covalent

bonds. According to Figure 20 earlier in the lesson, the electronegativity difference

between a h}rdrngen atom and an oxygen atom is 1.24. The Electrunegativit}r difference

between a chlorine atom and a carbon atom 1s 0.61. Althﬂugh these electrunﬂgativit}!

differences vary, a H-O bond and a C—Cl bond are considered to be polar covalent.

0" 0 0" 0
H-0O C-Cl

According to their molecular formulas, both molecules have more than one polar

covalent bond. However, only the water molecule is polar. Why might one molecule

with polar covalent bonds be polar, while a second molecule with polar covalent bonds
is nonpolar? The answer lies in the shapes of the molecules.

The shape of an H,O molecule, as determined by VSEPR, is bent because the central
oxygen atom has lone pairs of electrons, as shown in Figure 23. Because the polar H-O
bonds are asymmetric in a water molecule, the molecule has a definite positive end and

a definite negative end. Thus, it is polar.

5* -
H—0°

\

H
H,O

Figure 23 The bent shape
of a water molecule makes

it polar.

STEM CAREER Connection

Surface Chemist

Surface chemistry involves the study of chemical reactions at surfaces
and interfaces, usually between two different solid, liquid, or gas
phases. Surface chemists are interested in developing new surface
treatments, using materials such as polymer films or nanoparticles to
solve industrial problems. A bachelor's degree, master’s degree, or

Ph.D. is needed, as an understanding of chemical synthesis is required.

(““/5) CROSSCUTTING CONCEPTS

Patterns Use graph paper to construct the graph
in Figure 21. Calculate the electronegativity
differences for the following : PbCl, CH, CO, NaCl,
Lil, SiO. Plot the values on the curve to determine
how they are bonded. What evidence can you cite
to explain the pattern in electronegativity when
moving left to right on the periodic table?
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A CCl, molecule is tetrahedral, and therefore, symmetrical, as
shown in Figure 24. The electric charge measured at any
distance from its center is identical to the charge measured at
the same distance to the opposite side. The average center of
the negative charge is located on the carbon atom. The positive
center is also located on the carbon atom. Because the partial
charges are balanced, CCl, is a nonpolar molecule. Note that
symmetric molecules are usually nonpolar, and molecules that
are asymmetric are polar as long as the bond type is polar.

Is the molecule of ammonia (NH,), shown in Figure 25, polar?
It has a central nitrogen atom and three terminal hydrogen
atoms. Its shape is trigonal pyramidal because of the lone pair
of electrons present on the nitrogen atom. Using Figure 20, you
can find that the electronegativity difference of hydrogen and
nitrogen 1s (.84, making each N—H bond polar covalent. The
charge distribution is unequal because the molecule is
asymmetric. Thus, the molecule is polar.

Properties of Covalent
Compounds

Table salt, an 1onic solid, and table sugar, a covalent solid,
are similar in appearance. However, these compounds
behave differently when heated. Salt does not melt, but
sugar melts at a relatively low temperature. Does the type of
bonding in a compound affect its properties?

Intermolecular forces

Differences in properties of atoms are a result of differences
in both attractive and repulsive forces. In a covalent
compound, the covalent bonds between atoms in molecules
are strong, but the attraction forces between molecules are
relatively weak. These weak attraction forces are known as
intermolecular forces, or van der Waals forces. Intermolecu-
lar forces vary in strength but are weaker than the bonds
that join atoms in a molecule or those that join 1ons in an
ionic compound.

E:Ej’ Get It?

Distinguish covalent bonds from van der Waals forces.

Van der Waals forces, unlike ionic or covalent bonds, are
distance-dependent, meaning that as the distance between
interacting molecules increases, the van der Waals forces
quickly vanish and are no longer present.

ccl,

Figure 24 The symmetry of a CCl,
molecule results in an equal distribu-
tion of charge, and the molecule is
nonpolar.

AN

H

+
NHs H6

Figure 25 The asymmetric shape of
an ammonia molecule results in an
unequal charge distribution, and the
molecule is polar.
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Figure 26 Symmetric covalent molecules, such as oil and
most petroleum products, are nonpolar. Asymmetric
molecules, such as water, are usually polar. As shown in
this photo, polar and nonpolar substances usually do

not mix.

Infer Will water alone clean oil from a fabric?

There are different types of intermolecular forces. Between nonpolar molecules, the
force is weak and is called a dispersion force, or induced dipole. The force between
oppositely charged ends of two polar molecules is called a dipole-dipole force. The more
polar the molecule, the stronger the dipole-dipole force. The third force, a hydrogen
bond, is especially strong. It forms between the hydrogen end of one dipole and a
fluorine, oxygen, or nitrogen atom on another dipole. You will study intermolecular
forces in more detail when you study states of matter.

gGet It?

Compare dispersion forces, dipole-dipole forces, and hydrogen bonds.

Solubility of polar molecules
The physical property known as snluhility is the ability of a substance to dissolve in
another substance. The bond type and the shape of the molecules present determine

Snluhilitj,r. Polar molecules and ionic compounds are usually soluble in polar substances,
but nonpolar molecules dissolve only in nonpolar substances, as shown in Figure 26.

Forces and properties

The properties of covalent molecular compounds are related to the relatively weak
intermolecular forces holding the molecules together. These weak forces result in the
relatively low melting and boiling points of molecular substances compared with those
of ionic substances. That is why, when heated moderately, sugar melts but salt does not.

Weak intermolecular forces also explain why many molecular substances exist as gases
or vaporize readily at room temperature. Oxygen (O,), carbon dioxide (CO,), and
hydrogen sulfide (H,S) are examples of covalent compounds that are gases at room
temperature. Because the hardness of a substance depends on the intermolecular forces
between individual molecules, many covalent molecules are relatively soft solids.
Paraffin, found in candles and other products, is a common example of a covalent solid.

In the solid phase, molecules align to form a crystal lattice. This molecular lattice is
similar to that of an ionic solid, but with less attraction between particles. The structure
of the lattice is affected by molecular shape and the type of intermolecular force. Most
molecular information has been determined by studying molecular solids.

KEEMPRES S/ Photodise/ Getty Images
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Covalent Network Solids

There are some solids, often called covalent
network solids, that are composed only of
atoms interconnected by a network of
covalent bonds. Quartz and diamond are
two common examples of network solids.

In contrast to molecular solids, network solids
are typically brittle, nonconductors of heat or
electricity, and extremely hard. Analyzing the
structure of a diamond explains some of its
properties. In a diamond, each carbon atom
is bonded to four other carbon atoms. This
tetrahedral arrangement, which is shown in
Figure 27, forms a strongly bonded crystal
system that 1s extremely hard and has a very
high melting point.

\& Check Your Progress

Demonstrate Understanding

Summary

- Attraction and repulsion of
electrical charges at the atomic
scale explain the electronega-
tivity, bonding, and polar
characteristics of compounds.

68.

69.

« The electronegativity 70.
difference between atoms in a 71
compound determines the
character of a bond between

72
atoms.
« Polar bonds occur when 77
electrons are not shared
equally, forming a dipole. 74
« The spatial arrangement of
polar bonds in a molecule
determines the overall polarity e
of a molecule. '
« Molecules attract each other by 76.
weak intermolecular forces. In
a covalent network solid, each 2

atom is covalently bonded to
many other atoms.

Figure 27 Network
solids are often used
in cutting tools
because of their
extreme hardness.
Here, a diamond-
tipped saw blade
cuts through stone.

Summarize how electonegativity relates to bonding
and what pattern of electronegativity is observed in
elements as you move from left to right on the
periodic table.

Describe a polar covalent bond.
Describe a polar molecule.

List three properties of a covalent compound in the
solid phase.

Categorize bond types using electronegativity
differences.

Generalize Describe the general characteristics of
covalent network solids.

Predict the type of bond that will form between the
following pair of atoms:

a. Hand S b. CandH c. Naand S
Identify each molecule as polar or nonpolar: SCI,
S anma Gk,

Determine whether a compound made of hydrogen
and sulfur atoms is polar or nonpolar.

. Draw the Lewis structures for the molecules ‘F:.F4 and

SF.. Analyze each structure to determine whether the
molecule is polar or nonpolar.

LEARNSMAIR T Goonline to follow your personalized learning path to review, practice,

and reinforce your understanding.
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CIENCE & SOCIETY

Plastics: The Good, The Bad, and the Ugly

Plastic’'s properties make it a very versatile
material. Its chemical structure makes it
strong, lightweight, and easy to produce.
However, because plastic doesn’t decompose
very easily, it's causing some very worrying
effects on the environment.

Past, Present, and Future

The first completely synthetic plastic, Bakelite,
was invented in 1907. By the 1950s, plastic
could be found in almost every room in an
American house, from plastic-wrapped baked
goods in the kitchen to plastic-coated chil-
dren’s toys in the nursery.

Plastic’s properties are due to its structure.
Plastic is formed when carbon monomers
covalently bond in long chains. The resulting
material is easily moldable and durable. How-
ever, the arrangement of bonds in synthetic
plastic polymers makes them difficult to be
broken by bacteria and other decomposers. The
result is that most plastics aren’t biodegradable.

Many plastics are recyclable, but the pro-
cesses used to recycle plastics are expensive.
As a result, much of the world’s plastic doesn’t
make it into the recycling bin, and instead
finds its way into the environment, carried by
runoff into the ocean.

EVALUATE A DESIGN
SOLUTION

Research one way in which scientists are
trying to solve the problem of plastic in the
environment. Create an infographic or other
visual display about how this solution might
work in your community.

Large patches of plastic waste and microplastics float in
Earth’s oceans.

The problem of plastic pollution isn’t limited to
unsightly bags and bottles lying on the beach.
Once in the environment, plastic can be
broken down by sunlight into smaller pieces
called microplastics. After they find their way
into an ocean ecosystem, microplastics have
long-reaching effects on marine life.

Thanks to education and advocacy groups,
the public is paying attention to this problem.
Some communities have recycling processes
that are easier for the public to use, and many
are using less plastic. Some scientists are
concentrating on creating plant-based plastics
that are more biodegradable, while others are
studying bacteria and fungi that are able to
use plastic for energy. The key to solving the
problem with plastics will be to find a balance
between making plastics work for both
people and the environment.

A, & F. Michler/Photalibrary/Gelly Images
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MODULE 7

STUDY GUIDE

0 GO ONLINE to study with your Science Notebook.

Lesson 1 THE COVALENT BOND

* Covalent bonds form when atoms share one or more pairs of
electrons.

* Sharing one pair, two pairs, and three pairs of electrons forms
single, double, and triple covalent bonds, respectively.

* Orbitals overlap directly in sigma bonds. Parallel orbitals overlap
in pi bonds. A single covalent bond is a sigma bond, but multiple
covalent bonds are made of both sigma and pi bonds.

* Bond dissociation energy is needed to break a covalent bond.

covalent bond
molecule

Lewis structure
sigma bond

pi bond
endothermic reaction
exothermic reaction

Lesson 2 NAMING MOLECULES

+ Names of covalent molecular compounds include prefixes for the
number of each atom present. The final letter of the prefix is
dropped if the element name begins with a vowel.

+ Molecules that produce H" in solution are acids. Binary acids
contain hydrogen and one other element. Oxyacids contain
hydrogen and an oxyanion.

oxyacid

Lesson 3 MOLECULAR STRUCTURES

+ Different models can be used to represent molecules.

» Resonance occurs when more than one valid Lewis structure
exists for the same molecule.

* Exceptions to the octet rule occur in some molecules.

structural formula
resonance
coordinate covalent bond

Lesson 4 MOLECULAR SHAPES
* VSEPR model theory states that electron pairs repel each other
and determine both the shape of and bond angles in a molecule.

* Hybridization explains the observed shapes of molecules by the
presence of equivalent hybrid orbitals.

VSEPR model
hybridization

Lesson 5 ELECTRONEGATIVITY AND POLARITY

* The electronegativity ditference determines the character of a
bond between atoms.

+ Polar bonds occur when electrons are not shared equally, forming
a dipole.

* The spatial arrangement of polar bonds in a molecule determines
the overall polarity of a molecule.

* Molecules attract each other by weak intermolecular forces. In a
covalent network solid, each atom is covalently bonded to many
other atoms.

polar covalent bond
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#=. THREE-DIMENSIONAL THINKING
Q Module Wrap-Up

REVISIT THE PHENOMENON

Why does water expand
when it freezes?

& Claim, Evidence, Reasoning

Explain your Reasoning Revisit the claim you made when you encountered the
phenomenon. Summarize the evidence you gathered from your investigations and
research and finalize your Summary Table. Does your evidence support your claim? If not,
revise your claim. Explain why your evidence supports your claim.

AR STEM UNIT PROJECT

y Now that you've completed the module, revisit your STEM unit project.
You will summarize your evidence and apply it to the project.

GO FURTHER

Based on Real Data”* Data and Observations

&2 Data Analysis Lab

engl /5% '
How does the polarity of the mobile phase affect chromatograms? 60 ! E“EF“' QE%EEEEE%EEEFEE
High-performance liquid chromatography, or HPLC, is used by 'E. 40 ;E"T:m_! henﬂll i cmn b
analytical chemists to separate mixtures of solutes. During HPLC, ..E 20 = Lo eI L
components that are strongly attracted to the extracting solvent T mobile phase |t acig
are retained longer by the moving phase and tend to appear
early on a chromatograph. Several scientists performed HPLC 20 240 480 720 960 1200 1440
using a methanol-water mixture as the extracting solvent to Time (s)
separate a phenol-benzoic acid mixture. Their results are shown *Data obtained from: Joseph, Seema M. and Palasota,
in the graph. The peak areas on the chromatograph indicate the John A. 2001. The combined effects of pH

and percent methanol on the HPLC separation of
benzoic acid and phenol. Journal of Chemical

Education 78:1381.

amount of each component present in the mixture.

Analyze and Interpret Data

1. Explain the different retention times shown on the
chromatograms.

2. Infer from the graph the component, phenol or benzoic acid,
that is in excess. Explain your answer.

3. Infer which component of the mixture has more polar molecules.

4. Determine the most effective composition of the mobile phase
(of those tested) for separating phenol from benzoic acid.
Explain.

harcus voan Wilkmowil & Shutlerstock
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MODULE 8

CHEMICAL REACTIONS

ENCOUNTER THE PHENOMENON
What happens to food
when you cook it?

&3 Ask Questions

Do you have other questions about the phenomenon? If so, add them to the driving

question board.

Claim, Evidence,

Make Your Claim Use your
CER chart to make a claim
about what happens to food
when you cook it.

) GO ONLINE to play a video of a
chemical reaction that happens in your

kitchen.

Reasoning

Collect Evidence Use the
lessons in this module to
collect evidence to support
your claim. Record your
evidence as you move

through the module.

Explain Your Reasoning You
will revisit your claim and
explain your reasoning at the
end of the module.

D GO ONLINE to access your CER chart and explore resources that can

help you collect evidence.

e

€™ Smithsonian

LESSON 1: Explore & Explain:
Evidence of Chemical Reactions

LESSON 1. Explore & Explain:
Representing Chemical
Reactions

Additional Resources

(E)voshadhi’Creatas Video/Cetty Images; (biCharles D. Winters/ MoCraw-Hill Education;

{brlCharles O. Winters/Science Source
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LESSON 1

REACTIONS AND EQUATIONS

FOCUS QUESTION
How are chemical reactions modeled?

Chemical Reactions

Do you know that the foods you eat, the fibers in your clothes, and the plastic in your
CDs have something in common? Foods, fibers, and plastics are produced when the
atoms in substances are rearranged to form different substances. Rearrangments of
atoms are happening all the time. Atoms are rearranged during the cooking of food,
inside the bodies of living things, in vehicle engines, in factories, and in the
atmosphere.

The process b}r which the atoms of one or more

substances are rﬂarranged to form different
substances is called a chemical reaction.
A chemical reaction is another name for a chemical

e

change, which you read about previously.

Chemical reactions affect every part of your life.
They break down your food, producing the energy
you need to live. Chemical reactions in the engines
of cars and buses provide the energy to power the
vehicles. They produce natural fibers, such as
cotton and wool, in plants and animals. In facto-
ries, they produce synthetic fibers such as nylon,
which is shown in Figure 1. Nylon is used in many
familiar products, including carpeting, clothing,
sports equipment, and tires.

Figure 1 When adipoyl chloride in dichloromethane reacts with
hexanediamine, nylon is formed.

Charles D. Winters/Science Saurce

COLLECT EVIDENCE INVESTIGATE
EUSE‘ your Science Journal to 3 GO ONLINE to find these activities and more resources.

record the evidence you collect as & Inquiry into Chemistry: Solve It: Mystery of the Moonlight Ride
you complete the readings and

A Obtain information on a water decomposition reaction and describe its structure and
activities in this lesson.

function as it relates to fuel.

Virtual Investigation: Balancing Chemical Equations
Use mathematics and computational thinking to balance chemical equations.
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Figure 2 Each of these photos illustrates evidence of a chemical reaction.

Evidence of a chemical reaction

Although some chemical reactions are hard to detect, many reactions provide physical
evidence that they have occurred. A temperature change can indicate a chemical
reaction. Many reactions, such as those that occur during the burning of wood, release
energy in the form of heat and light. Other chemical reactions absorb heat.

In addition to a temperature change, color change can indicate that a chemical reaction
has occurred. For example, you might have noticed that the color of some nails that are
left outside changes from silver to orange-brown in a short time. The color change 1s
evidence that a chemical reaction occurred between the iron in the nail and the oxygen
in air. Odor, gas bubbles, and the formation of a solid are other indications of chemical
change. Each of the photographs in Figure 2 shows evidence of a chemical reaction.

E_%Get It?

Cite Evidence Describe any evidence of a chemical reaction you note in the
photo at the beginning of this module.

Representing Chemical Reactions

Chemists use statements called equations to represent chemical reactions. Equations
show a reaction’s reactants, which are the starting substances, and products, which are
the substances formed during the reaction. Chemical equations do not express numeri-
cal equalities as mathematical equations do because during chemical reactions the
reactants are used up as the products form. Instead, the equations used by chemists
show the direction in which the reaction progresses. Therefore, an arrow rather than an
equal sign is used to separate the reactants from the products. You read the arrow as
react to produce or yield. The reactants are written to the left of the arrow, and the
products are written to the right of the arrow. When there are two or more reactants, or
when there are two or more products, a plus sign separates each reactant or each
product. These elements of equation notation are shown below.

Reactant 1 + Reactant 2 — Product 1 + Product 2

(N Mihaela Ninic/lamy, (EVSteck/Alamy, (F1Colin Anderson/Brand X Pictures/Punchstock
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Charles D. Winters/ Science Source

Symbols for equations Table 1
Symbols Used in Equations

Symbol ‘ Purpose

separates two or more
reactants or products

You have alread}r seen that the plus 5}?1111}01 15 used to sepa-
rate two or more reactants or pmducts on each side of an

equation, and that an arrow is used to separate the reactants
from the products. When a reaction is reversible, a two-way +

arrow 1s used to show that the reaction can pmceed in either
separates reactants from

direction. —

 products
As well, symbols are used to show the physical states of the " '. separates reactants from
reactants and products. Reactants and products can exist as = products and indicates a
solids, liquids, and gases. When they are dissolved in water, reversible reaction
they are said to be aqueous. It is important to show the | (s) | Hentifics s solid state
ph}rsuzal states of a reaction’s reactants and prﬂducts 1N an () dentifies & liquld:state

Equatinn because the ph}lsical states prmﬂide clues about how
the reaction occurs. Some basic symbols used in equations . (@ | identifies a gaseous state

are shown in Table 1. (aqg) identifies a water solution

Word equations

You can use statements called word equations to indicate the reactants and products of
chemical reactions. The word equation below describes the reaction between aluminum
(Al) and bromine (Br), which is shown in Figure 3. Aluminum is a solid, and bromine is a
liquid. The brownish-red cloud in the photograph is excess bromine. The reaction’s

product, which is solid particles of aluminum bromide (AlBr,), settles on the bottom of
the beaker.

Reactant 1 + Reactant 2 — Product 1
aluminum(s) + bromine(l) — aluminum bromide(s)

The word equation reads, “Aluminum and bromine react to produce aluminum
bromide.”

Figure 3 Science, like all other disciplines,
has a specialized language that allows
specific information to be communicated in
a uniform manner. This reaction between
aluminum and bromine can be described by
a word equation, a skeleton equation, or a
balanced chemical equation.
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Skeleton equations

Although word equations help to describe chemical reactions, they lack important
information. A skeleton equation uses chemical formulas rather than words to identify
the reactants and the products. For example, the skeleton equation for the reaction
between aluminum and bromine uses the formulas for aluminum, bromine, and alumi-
num bromide in place of words.

Al(s) + Br,(I) — AlBr_(s)

How would you write the skeleton equation that describes the reaction between carbon
and sulfur to form carbon disulfide? Carbon and sulfur are solids. First, write the
chemical formulas for each of the reactants to the left of the arrow. Then, separate the
reactants with a plus sign. Add symbols to each formula to indicate the physical states
of the compounds.

C(s) + S(s) —

Finally, write the chemical formula for the product, liquid carbon disulfide, to the right

of the arrow and indicate its ph}fﬁical state. The result 1s the skeleton equati-::-n for the
reaction.

C(s) + S(s) — CS,(I)

This skeleton equation tells us that carbon in the solid state reacts with sulfur in the
solid state to pr{}duce carbon disulfide in the liquid state. The skeleton Equatiun does
not, however, indicate the amounts of each compound involved in the reaction.

geet It?

Compare What information do skeleton equations provide that word
equations lack?

PRACTICE Problems W ADDITIONAL PRACTICE

Write skeleton equations for the following word equations.

1. Hydrogen and bromine gases react to yield hydrogen bromide.
hydrogen(g) + bromine(g) — hydrogen bromide(g)
2. When carbon monoxide and oxygen react, carbon dioxide forms.
carbon monoxide(g) + oxygen(g) — carbon dioxide(g)

3. CHALLENGE Write the word equation and the skeleton equation for the following reaction: when
heated, solid potassium chlorate yields solid potassium chloride and oxygen gas.

ACADEMIC VOCABULARY (5/<5 CROSSCUTTING CONCEPTS

formula Energy and Matter The total amount of matter is conserved in a chemical

an expression using chemical symbols reaction. Write a paragraph that argues that a skeleton equation does not

to represent a substance provide enough information to show this to be true. Include evidence to support

The chemical formula for water is H,0. your argument.
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Al(s) + Bro(g) — AlBrs(s) Figure 4 The information
conveyed by skeleton equations
is l[imited. In this case, the
skeleton equation is correct,
but it does not show the exact
number of atoms that interact.

O + @ -
Refer to Table R-1in the

One aluminum Two bromine One aluminum atom Student Resources for a key to
atom atoms Three bromine atoms  atom color conventions,

Chemical equations

Like word equations, skeleton equations lack some information about reactions. Recall
that the law of conservation of mass states that in a chemical change, matter is neither
created nor destroyed. Chemical equations must show that atoms are conserved during
a reaction. Skeleton equations lack that information.

Look at Figure 4. The skeleton equation for the reaction between aluminum and bro-
mine shows that one aluminum atom and two bromine atoms react to produce a sub-
stance containing one aluminum atom and three bromine atoms. Was a bromine atom
created in the reaction? Atoms are not created in chemical reactions, so more informa-
tion is needed. To accurately represent a chemical reaction using an equation, the
equation must show equal numbers of atoms of each reactant and each product on both
sides of the reaction arrow. Such an equation is called a balanced chemical equation. A
chemical equation is a statement that uses chemical formulas to show the identities and
relative amounts of the substances involved in a chemical reaction.

Balancing Chemical Equations

The balanced equation for the reaction between aluminum and bromine is shown in
Figure 5. To balance an equation, you must find the correct coefficients for the chemical
formulas in the skeleton equation. A coefficient in a chemical equation is the number
written in front of a reactant or product. Coefficients are usually whole numbers and
are not usually written if the value is one. The coefficients in a balanced equation
describe the lowest whole number ratio of the amounts of all of the reactants and
products. Table 2 shows the steps for balancing a chemical equation.

2Al(s) 4+ 3Br(g) - 2AIBr3(s)

0 . Figure 5 In a balanced
chemical equation, the number
of particles on the reactant side
of the equation equals the
number of particles on the

product side of the equation. In

+ G -
this case, two aluminum atoms

and six bromine atoms are

Two aluminum Six bromine Two aluminum atoms needed on both sides of the
atoms atoms Six bromine atoms equation.
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Conservation of mass A fundamental concept of chemistry is the law of
conservation of mass. All chemical reactions obey the law that matter, including atoms,

is neither created nor destroyed. Therefore, it is important that chemical equations are

balanced to show that reactions Dbey this law. The fact that atoms are conserved is used
to describe and balance chemical equations, as shown in Table 2.

Table 2 Steps for Balancing Equations

Step

Process

Write the skeleton equation for the
reaction. Make sure that the chemical
formulas correctly represent the
substances. An arrow separates the
reactants from the products, and a
plus sign separates multiple reactants
and products. Show the physical

states of all reactants and products.

Count the atoms of the elements in
the reactants. If a reaction involves
identical polyatomic ions in the
reactants and products, count each
polyatomic ion as a single element.
This reaction does not involve any
polyatomic ions. Two atoms of
hydrogen and two atoms of chlorine
are reacting.

Count the atoms of the elements in
the products. One atom of hydrogen
and one atom of chlorine are

produced.

Change the coefficients to make

the number of atoms of each
element equal on both sides of the
equation, showing that atoms are
conserved. Never change a subscript
in a chemical formula to balance an
equation because doing so changes

the identity of the substance.

Write the coefficients in their lowest
possible ratio. The coefficients should
be the smallest possible whole
numbers. The ratio 1 hydrogen to

1 chlorine to 2 hydrogen chloride
(1:1:2) is the lowest-possible ratio
because the coefficients cannot be
reduced further and still remain whole

numbers.

Check your work. Make sure that

the chemical formulas are written
correctly. Then, check that the number
of atoms of each element is equal on
both sides of the equation.

Example

H;lg) + Cly(a) — HClig)
®@ + e — W
Two hydrogen Two chlorine One hydrogen atom

atoms atoms One chlorine atom

H, + ¢, —

2 2
2atomsH 2 atoms Cl

HCI
1atomH + 1atom ClI

H, n Cl, — ZHCI
2 atoms H 2 atoms Cl Z atoms H + 2 atoms Cl
® - 6 — <
Two hydrogen Two chlorine Two hydrogen atoms

atoms atoms Two chlorine atoms

H,(g) + Cl(g) — 2HCI(g)
112
1H, to 1Cl, to 2 HCI

H ¥ Cl — 2HCI

2

2 atoms H 2 atc:nz‘m Cl 2 atoms H + 2 atoms Ci

There are two hydrogen atoms and two chlorine atoms
on both sides of the equation.
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EXAMPLE Problem 1

WRITING A BALANCED CHEMICAL EQUATION Write the balanced chemical equation for the
reaction in which aqueous sodium hydroxide and aqueous calcium bromide react to produce solid
calcium hydroxide and aqueous sodium bromide.

1 ANALYZE THE PROBLEM

You are given the reactants and products in a chemical reaction. Start with a skeleton equation,
and use the steps given in Table 2 for balancing chemical equations.

2 SOLVE FOR THE UNKNOWN

Write the skeleton equation for the chemical reaction. Be sure to put the reactants on the left
side of the arrow and the products on the right. Separate the substances with plus signs, and

indicate their physical states.
NaOH(aq) + CaBr_(aq) — Ca(OH)_(s) + NaBr{aq)

TNa,10,1H,1Ca, 2 Br Count the atoms of each
element in the reactants.

Real-World Chemistry
Calcium Hydroxide

1Na, 20,2H,1Ca, 1Br Count the atoms of each
element in the products.

2NaOH + CaBr, — Ca(OH), + NaBr  Insert the coefficient 2 in
front of NaOH to balance the
hydroxide ions.

2NaOH + CaBr, — Ca(OH), + 2NaBr Insert the coefficient 2 in
front of NaBr to balance the
Ma and Br atoms.

The ratio of the coefficients is 2:1:1:2. Write the coefficients in their
lowest-possible ratio.

REEF AQUARIUMS An agueous

solution of calcium hydroxide is used

element is equal on both sides

Calcium hydroxide reacts with the
of the equation.

carbon dioxide in the water to produce

3 EVALUATE THE ANSWER calcium and bicarbonate ions. Reef

: : animals use the calcium to grow shells
The chemical formulas for all substances are written correctly. J
and strong skeletal systems.

The number of atoms of each element is equal on both sides of
the equation. The coefficients are written in the lowest possible ratio. The balanced chemical

equation for the reaction is

2NaOH(aqg) + CaBr (ag) — Ca(OH),(s) + 2NaBr(aq)

PRACTICE Problems W ADDITIONAL PRACTICE

Write chemical equations for each of the following reactions.

4. In water, iron(lll) chloride reacts with sodium hydroxide, producing solid iron(lll) hydroxide and
sodium chloride.

5. Liquid carbon disulfide reacts with oxygen gas, producing carbon dioxide gas and sulfur dioxide
gas.

6. CHALLENGE A piece of zinc metal is added to a solution of dihydrogen sulfate. This reaction
produces a gas and a solution of zinc sulfate.

Michael Leidel!Shutterstack cam
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ETEF ﬁﬂﬂfﬁﬁ{ust Must
4 coefficients.| | equal
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Wites STEPS Count
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equation.

Frndm:!:s on
right side

Balancing Chemical Equations

Products

Number of atoms

of each alemem
on the left

o

5 tolowest
possible ratio.

P STEP Check your
2 6 work

of e&t‘:h Elﬁméﬂt
on the right

Figure 6 Use this flowchart to help you master the skill of balancing equations.

Figute 6 summarizes the steps for balancing equatiuns. Most chemical Equatiuns can be

balanced by the process you learned in this lesson.

Summary

Some physical changes are
evidence that indicate a chemi-
cal reaction has occurred.

Word equations and skeleton
equations provide important

information about a chemical
reaction.

A chemical equation gives the
identities and relative amounts
of the reactants and products
that are involved in a chemical
reaction.

Balancing an equation involves
adjusting the coefficients until
the number of atoms of each
element is equal on both sides
of the equation.

\& Check Your Progress

Demonstrate Understanding
7. Explain why it is important that a chemical equation be

8.

9.

10.

11.

12.

13.

balanced in terms of the fact that atoms are conserved.

List three types of physical evidence that indicate a
chemical reaction has occurred.

Compare and contrast a skeleton equation and a
chemical equation.

Explain why it is important to reduce coefficients in a
balanced equation to the lowest-possible whole-
number ratio.

Analyze When balancing a chemical equation, can
you adjust the subscript in a formula? Explain.

Assess |s the following equation balanced? If not,
correct the coefficients to balance the equation.

2K_CrO,(aq) + Pb(NO,) (aq) — 2KNO (aq) + PbCrO,(s)

Evaluate Aqueous phosphoric acid and aqueous
calcium hydroxide react to form solid calcium
phosphate and water. Write a balanced chemical
equation for this reaction.

LEAIIRNSMAIRT S Goonlineto follow your personalized learning path to review, practice,

and reinforce your understanding.
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LESSON 2

CLASSIFYING CHEMICAL REACTIONS

FOCUS QUESTION
What are the different types of chemical reactions?

Types of Chemical Reactions

The fact that atoms are conserved, together with knowledge of the chemical properties
of the elements involved, can be used to describe and predict chemical reactions.
Chemists classify chemical reactions into several categories. Knowing the categories of
chemical reactions can help you remember and understand them. It can also help you
recognize patterns and predict the products of many reactions.

Chemists distinguish among four reaction types: synthesis, combustion, decomposition,
and replacement reactions. By analyzing and comparing the reactants and products of a
variety of chemical reactions, you will notice patterns that will help you to classify them.
Note, however, that some reactions fit into more than one of these types.

Synthesis Reactions

In Figure 7, two sodium atoms react with a molecule of chlorine to produce sodium
chloride. This reaction is a synthesis reaction—a chemical reaction in which two or more
substances (A and B) react to produce a single product (AB).

A+ B— AB

When two elements react, the reaction is always a synthesis reaction.

2Na(s) - Cls{g) — 2NaCl(s)
p Figure 7 In this synthesis reaction, two
elements, sodium and chlorine, react to
produce one compound, sodium chloride.
20 THINKING Blesinlinary Cora ldeas Crasschtting Corcedts. | (e el e e e Ve e
I'—- | TN _:_b_.‘E_ m -1 I1““._._ X "‘n_h _"la. i ¥ m'.?‘. LA .-‘.'.f.'_' o LR .E._E:i.'._ﬁ'. '..F;-."'..'I.E':.-I.:I' L&, I.ﬁ.‘..‘[.‘. 2L O .%-'!.'.-..,';":_';.1.'.'4.—.. ;| 'L:.i':-':'ﬂ' L A0U LS ST

COLLECT EVIDENCE INVESTIGATE
EUSE your Science Journal to ) GO ONLINE to find these activities and more resources.
record the evidence you collect as @ ChemLAB: Develop an Activity Series

you complete the readings and

P R Obtain and evaluate information on the effects of metal reactivity to predict chemical
activities in this lesson.

reactions.
Laboratory: Single-Replacement Reactions

Obtain and evaluate information on the effects of a single replacement reaction to
understand the conservation of atoms.
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Two compounds can also combine to form one compound. For example, the reaction
between calcium oxide (CaO) and water (H,O) to form calcium hydroxide (Ca(OH),) is a
synthesis reaction.

CaO(s) + H,0(I) — Ca(OH),(s)

Another type of synthesis reaction involves a reaction between a compound and an
element, as happens when sulfur dioxide gas (SO,) reacts with oxygen gas (O,) to form

sulfur trioxide (SO,).
250,(g) + O,(g) — 280, (g)

Combustion Reactions

The synthesis reaction between sulfur dioxide and oxygen can also be classified as a
combustion reaction. In a combustion reaction, such as the one shown in Figure 8,
oxygen combines with a substance and releases
energy in the form of heat and light. Oxygen can
combine in this way with many different sub-
stances, making combustion reactions common.

A combustion reaction occurs between hydrogen
and oxvgen when hydrogen is heated, as illus-
trated in Figure 9. Water 1s formed during the
reaction, and a large amount of energy is released.
Another important combustion reaction occurs
when coal is burned to produce energy. Coal is
called a fossil fuel because it contains the remains
of plants that lived long ago. It i1s composed
primarily of the element carbon. Coal-burning
power plants generate electric power in many
parts of the United States. The primary reaction

that occurs in these plants is between carbon and

oxygen. Figure 8 The light produced by a sparkler is the result of a
combustion reaction between oxygen and different metals.

C(s) + O,(g) — CO,(g)

2Hz(g) * O2(g) — 2H;0(g)
L + — ' . | _ |
t. ‘ Figure 9 During a combustion reaction between
oxygen and hydrogen, water is formed.

b f:"JF?tGIN 224 CROSSCUTTING CONCEPTS
combustion Patterns Study the different types of chemical reactions in this lesson.
comes from the Latin word Then create a poster that identifies the different patterns observed for the
comburere, meaning to burn reaction types. What evidence supports the patterns you used in your poster?

Imagemare Co,, Ltd Getty Images
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Note that the combustion reactions just men-
tioned are also synthesis reactions. However,
not all combustion reactions are synthesis
reactions. For example, the reaction involving
methane gas (CH,) and oxygen illustrates a
combustion reaction in which one substance
replaces another in the formation of products.

CH,(g) + 20,(g) — CO,(g) + 2H,0(g)

Methane, which belongs to a group of sub-
stances called hydrocarbons, is the major
component of natural gas. A fireplace that uses
natural gas as fuel is shown in Figure 10. All
hydrocarbons contain carbon and hydrogen
and burn in oxygen to yield carbon dioxide and

water.

Figure 10 The combustion of natural gas in this fireplace
provides warmth and light.

PRACTICE Problems W, ADDITIONAL PRACTICE

Write chemical equations for the following reactions. Classify each reaction into as many
categories as possible.

14. The solids aluminum and sulfur react to produce aluminum sulfide.

15. Water and dinitrogen pentoxide gas react to produce aqueous hydrogen nitrate.

16. The gases nitrogen dioxide and oxygen react to produce dinitrogen pentoxide gas.

17. CHALLENGE Sulfuric acid (H,SO,) and sodium hydroxide solutions react to produce agueous
sodium sulfate and water.

Decomposition Reactions

Some chemical reactions are Essentiaﬂy the Dppﬂsite of synthﬁ-sis reactions. These
reactions are classified as decomposition reactions. A decomposition reaction is one in
which a single cﬂmpnu_nd breaks down into two or more elements or new r:ﬂmpﬂundﬁ.

In generic terms, decomposition reactions can be represented as follows.
AB— A+ B

Decomposition reactions often require an energy source, such as heat, light, or electric-
ity, to occur. For example, ammonium nitrate breaks down into dinitrogen monoxide
and water when the reactant is heated to a high temperature.

NH,NO.(s) — N,O(g) + 2H,0(g)

Notice that this decomposition reaction involves one reactant compound breaking
down into two product compounds. Other decomposition reactions involve one reac-
tant compound breaking down into more than two products. The products of a decom-
position reaction may be elements, compounds, or one or more of each.

Peter Mukherjee /E+/Cetty Images
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Figure 11 The decomposition of sodium azide, which produces a gas, is the chemical reaction that inflates
air bags.

The outcome of another decomposition reaction is shown in Figure 11. Automobile
safety air bags inflate rapidly as sodium azide pellets decompose. A device that can
provide an electric signal to start the reaction is packaged inside air bags along with the
sodium azide pellets. When the device is activated, sodium azide decomposes, produc-
ing nitrogen gas that quickly inflates the air bag.

2NaN_(s) — 2Na(s) + 3N (g)

Notice that the decomposition of sodium azide produces sodium metal in addition to
the harmless gas nitrogen. Sodium metal is highly reactive and caustic and therefore
poses a safety concern when the air bag deploys. Designers overcame this problem by
adding iron(IIl) oxide. The sodium reacts with the iron(Ill) oxide to produce sodium
oxide, which then reacts with carbon dioxide and water vapour in the air to produce the
much safer substance sodium hydrogen carbonate, also known as baking soda. These
reactions all take place very quickly.

Write chemical equations for the following decomposition reactions.

18. Aluminum oxide(s) decomposes when electricity passes through it.
19. Nickel(ll) hydroxide(s) decomposes to produce nickel(ll) oxide(s) and water.

20. CHALLENGE Heating sodium hydrogen carbonate(s) produces sodium carbonate(aq) and water.
Carbon dioxide gas is also produced.

S aspar Benson/ fstop/Corlis
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Replacement Reactions

In contrast to synthesis, combustion, and decomposition reactions, many chemical
reactions are replacement reactions and involve the replacement of an element in a
compound. These replacement reactions are also known as displacement reactions.
There are two types of replacement reactions: single-replacement reactions and
double-replacement reactions.

Single-replacement reactions

The reaction between lithium and water 1s shown in Figure 12. The fulluwing chemical
Equatiﬂn shows that a ithium atom replacea one of the h}fr:lrug-:n atoms in a water
molecule.

2Li(s) + 2H,0(1) — 2LiOH(aq) + H,(g)

A reaction in which the atoms of one element replace the atoms of another element in a
compound is called a single-replacement reaction. The following generic equation can
be used to represent single-replacement reactions such as the reaction of lithium with
water to form lithium hydroxide and hydrogen.

A+BX—AX+ B

EGE’( [t?

Analyze In the reaction between lithium and water, which element replaces
hydrogen in water?

Lithium + Water Copper + Silver Nitrate

Figure 12 In a single-replacement reaction, the atoms of one element replace the atoms of another elementin a
compound.

([ hMatt Meadows /McCraw-Hill Education, {r)5tephen Frisch/McGraw-Hill Education
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Metal replaces hydrogen or another metal The reaction

between lithium and water is one type of single-replacement Most METALS
s ) n H -
reaction, in which a metal replaces a hydrogen atom in a water SEBuB Iﬁ'tg'_'“éjm
; ; ; ubidium
molecule. Another type of ﬁlnglt-replacrjmf_nt reaction occurs Potassium
when one metal replaces another metal in a compound dissolved Calcium
in water. Figure 12 shows a single-replacement reaction occurring Sodium
when copper wire is placed in aqueous silver nitrate. The crystals ‘I‘;’!Iagnresmm
: ; - uminum
that are accumulating on the copper bar are the silver atoms that Manganese
the copper atoms replaced. Zinc
Iron
Cu(s) + 2AgNO, (aq) — 2Ag(s) + Cu(NO,),(aq) Nickel
A metal will not always replace another metal in a compound Iiena d
dissolved in water because metals differ in their reactivities. Reac- Copper
tivity is the ability to react with another substance. An activity Silver
series of some metals is shown in Figure 13. This series orders Least Platinum
metals by reactivity with other metals. Single-replacement reac- active Gold
tions are used to determine a metal’s position on the list. The most Most HALOGENS
active metals are at the top of the list. The least active metals are at active Fluorine
the bottom. Similarly, the reactivity of each halogen has been Eh h:}r!ne
. i 2 i i ; i Least rominee
determined and listed, as shown in Figure 13. s [adine

You can use the au:tivit}r series to predict whether or not certain ‘
Figure 13 An activity seriesis a

useful tool for determining the result
of a single-replacement reaction.

reactions will occur. A specific metal can replace any metal listed
below it that is in a compound. It cannot replace any metal listed
above it. For example, copper atoms replace silver atoms in a
solution of silver nitrate. However, if you place a silver wire in aqueous copper(Il)
nitrate, the silver atoms will not replace the copper. Silver is listed below copper in the
activity series, so no reaction occurs. The letters NR (no reaction) are commonly used to
indicate that a reaction will not occur.

Ag(s) + Cu(NO,),(agq) — NR

Nonmetal replaces nonmetal A third type of single-replacement reaction involves
the replacement of a nonmetal in a compound by another nonmetal. Halogens are
frequently involved in these types of reactions. Like metals, halogens exhibit different
activity levels in single-replacement reactions. The reactivities of halogens, determined
by single-replacement reactions, are also shown in Figure 13.

The most active halogen is fluorine, and the least active is iodine. A more reactive
halogen replaces a less reactive halogen that 1s part of a compound dissolved in water.
A halogen cannot replace any halogen listed above it. For example, fluorine replaces
bromine in water containing dissolved sodium bromide, as shown in the following
chemical equation. However, bromine does not replace fluorine in water containing
dissolved sodium fluoride.

F (g) + 2NaBr(aq) — 2NaF(aq) + Br,(I)
Br,(g) + 2NaF(aq) — NR

ﬁhﬁet It?

Explain how a single-replacement reaction works.
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EXAMPLE Problem 2

SINGLE-REPLACEMENT REACTIONS Predict the products that will result when these reactants
combine, and write a balanced chemical equation for each reaction.

a. Fe(s) + CuSO,(aq) —
b. Br,(l) + MgCl,(aq) —
c. Mg(s) + AICl (ag) —

1 ANALYZE THE PROBLEM

You are given three sets of reactants. Using Figure 13, you must first determine if each reaction
occurs. Then, if a reaction is predicted, you can determine the product(s) of the reaction. With
this information you can write a skeleton equation for the reaction. Finally, you can use the
steps for balancing chemical equations to write the complete balanced chemical equation.

2 SOLVE FOR THE UNKNOWN

a. lron is listed above copper in the activity series. Therefore,
the first reaction will occur because iron is more reactive than
copper. In this case, iron will replace copper. The skeleton
equation for this reaction is

Fe(s) + CuSO,(aq) — FeS0,(aq) + Cu(s)

Real-World Chemistry
Single-Replacement Reactions

This equation is balanced.

b. In the second reaction, chlorine is more reactive than bromine
because bromine is listed below chlorine in the activity series.
Therefore, the reaction will not occur. The skeleton equation
for this situation is

Br(l) + MgCl_(aq) — NR
No balancing is required.

c. Magnesium is listed above aluminum in the activity series.
Therefore, the third reaction will occur because magnesium
is more reactive than aluminum. In this case, magnesium will
replace aluminum. The skeleton equation for this reaction is

Mg(s) + AICl (ag) — Al(s) + MgCl_(aq)

This equation is not balanced. The balanced equation is
3Mg(s) + 2AICl (aq) — 2Al(s) + 3MgCl_(aq)

ZINC PLATING Tools made of steel are
often covered with a layer of zinc to
prevent corrosion. Zinc is more reactive
than the lead in steel. During zinc
plating, the zinc replaces some of the
surface lead, coating the steel.

3 EVALUATE THE ANSWER

The activity series shown in Figure 13 supports the reaction
predictions. The chemical equations balance because the
number of atoms of each substance is equal on both sides
of the equation.

PRACTICE Problems W ADDITIONAL PRACTICE

Predict whether the following single-replacement reactions will occur. If a reaction
occurs, write a balanced equation for the reaction.

21. K(s) + ZnCl (aq) —

22. Cl,(g) + HF(ag) —

23. Fe(s) + Na PO, (aq) —

24. CHALLENGE Al(s) + Pb(NQ_),(aq) —
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AX + BY — AY + BX
Yoo

w sl ™

Ca(OH)3(aq) + 2HCl(ag) — CaCly(ag) + 2H,0()

Figure 14 The color-coding in the generic equation for a double-replace-
ment reaction and in the eguation for the reaction between calcium
hydroxide and hydrochloric acid shows the anions changing places.

Double-replacement reactions

The final type of replacement reaction, which involves an exchange of ions between two

compounds, is called a double-replacement reaction.

In the generic equation in Figure 14, A and B represent positively charged ions
(cations), and X and Y represent negatively charged ions (anions). Notice that the
anions have switched places and are now bonded to the other cations in the reaction.

In other words, X replaces Y and Y replaces X—a double replacement. More simply, the

pﬂsitive and negative 1ons of two cr:rmpﬂundﬁ switch places.

The reaction between calcium h}fdmxjd{-} and h}rdrﬂchluric acid
s a duuble-rep]acement reaction.

Ca(OH),(aq) + 2HCl(aq) — CaCl,(aq) + 2H,0(I)

The ionic components of the reaction are Ca**, OH~, H*, and
Cl™. Knowing this, you can now see the two replacements of
the reaction. The anions (OH™ and CI7) have changed places
and are now bonded to the other cations (Ca** and H™), as
shown in Figure 14.

The reaction between sodium hydroxide and copper(Il) chloride
in solution is also a double-replacement reaction.

2NaOH(aq) + CuCl (aq) — 2NaCl(aq) + Cu(OH),(s)

In this case, the anions (OH™ and CI™) changed places and
bonded to the other cations (Na* and Ca**). Figure 15 shows
that the result of this reaction is a solid product, copper(ll)
hydroxide. A solid produced during a chemical reaction in a
solution is called a precipitate.

@h Get It?

Figure 15 When aqueous sodium
hydroxide is added to a solution of
copper(ll) chloride, the anions (OH™ and
CI~) change places. The resulting
products are sodium chloride, which
remains in solution, and copper(ll)
hydroxide, the blue solid in the test tube.

Compare How do single-replacement reactions and double-replacement

reactions differ?

Andrew Lambert Photoyraphy! 3cience Source
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Table 3 Guidelines for Writing Double-Replacement Reactions

Step ‘ Example

1. Write the components of the reactants in a

skeleton equation. AlINO,), + H,S0O,

2. ldentify the cations and the anions in each Al(NO,), has AI** and NO_~
compound. H_SO, has H" and SO -

3. Pair up each cation with the anion from the AIP* pairs with SO, >~
other compound. H* pairs with NO_~

4. Write the formulas for the products using the AL(SO,),
pairs from Step 3. HNO,

5. Write the complete equation for the double-

replacement reaction. AI(NO,), + H,SO, — AL(SO,), + HNO,

2AINO,), + 3H,S0, —

6. Balance the equation. AL(SO,), + 6HNO,

Products of double-replacement reactions

One of the key characteristics of double-replacement reactions is the type of product
that is formed when the reaction takes place. All double-replacement reactions produce
either water, a precipitate, or a gas. Refer back to the two double-replacement reactions
previously discussed in this section. The reaction between calcium hydroxide and
hydrochloric acid produces water. A precipitate is produced in the reaction between
sodium hydroxide and copper(ll) chloride. An example of a double-replacement reac-
tion that forms a gas is that of potassium cyanide and hydrobromic acid.

KCN(aq) + HBr(aq) — KBr(ag) + HCN(g)

The basic steps to write duuble-rep[acement reactions are given in Table 3.

Eeet 1t?

Describe what happens to the anions in a double-replacement reaction.

PRACTICE Problems W ADDITIONAL PRACTICE

Write the balanced chemical equations for the following — -
double-replacement reactions. | |

25. The two substances at right react to produce solid silver

iodide and aqueous lithium nitrate. /
| 5\
26. Aqueous barium chloride and aqueous potassium ]

/ \
f
carbonate react to produce solid barium carbonate and

/A
e
aqueous potassium chloride. / ) {f
i

/
27. Aqueous sodium oxalate and aqueous lead(ll) nitrate react — -
to produce solid lead(ll) oxalate and aqueous sodium Lilfag) AgNO5(ag)
nitrate.

28. CHALLENGE Acetic acid (CH,COOH) and potassium hydroxide react
to produce potassium acetate and water.
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Table 4 Predicting Products of Chemical Reactions

Type of Reaction Reactants Probable Products Generic Equation
Synthesis - two or more substances | « one compound A+ B— AB
- a metal and oxygen - the oxide of the metal
Combustion - a nonmetal and oxygen - the oxide of the nonmetal A+ 0O,— AO

- a compound and oxygen | « two or more oxides

- » two or more elements
Decomposition - one compound AB— A+ B

and/or compounds

- anew compound and
the replaced metal

- a new compound and
the replaced non-metal

- a metal and a compound
Single-replacement | « a nonmetal and a
compound

A+BX—=AX+B

» two different compounds,
Double-replacement | = two compounds one of which is a solid, AX + BY — AY + BX
water, or a gas

Table 4 summarizes the types of chemical reactions. Use this table to identify reactions
and predict their products. First, write the chemical equation. Second, determine what
is happening in the reaction. How many reactants are there? How many products are
there? What happened to the elements and compounds in the reaction? Third, use your

analysis to classify the reaction. Finally, compare the reaction to the generic equations
in the table to check your answer.

\Bf Check Your Progress

Summary Demonstrate Understanding

« Classifying chemical reactions 29. Describe the four types of chemical reactions and
makes them easier to under- their characteristics.
stand, r'emember, and 30. Explain how an activity series of metals is organized.
recognize.

31. Compare and contrast single-replacement reactions

- Activity series of metals and and double-replacement reactions.

halogens can be used to
predict if single-replacement
reactions will occur.

32. Describe the result of a double-replacement reaction.

33. Predict Use the fact that atoms are conserved, and
your knowledge of the properties of the elements
involved, to describe and predict the reaction most
likely to occur when barium reacts with fluorine. Write
the chemical equation for the reaction.

34. Interpret Data Could the following reaction occur?
Explain your answer.

3Ni + 2AuBr, — 3NiBr, + 2Au

LEARNSMAIRT Goonlinetofollow your personalized learning path to review, practice,
and reinforce your understanding.
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LESSON 3

REACTIONS IN AQUEOUS SOLUTIONS

FOCUS QUESTION
What is unique about reactions that take place in water?

Aqueous Solutions

You read previously that a solution is a homogeneous mixture. Many of the reactions
discussed in the previous section involve substances dissolved in water. When a sub-
stance dissolves in water, a solution forms. An aqueous solution contains one or more
substances called solutes dissolved in the water. In this case, water is the solvent—the
most plentiful substance in the solution.

Molecular compounds in solution

Although water 1s always the solvent in aqueous solutions, there are many possible
solutes. Some solutes, such as sucrose (table sugar) and ethanol (grain alcohol), are molecular
compounds that exist as molecules in aqueous solutions. Other solutes are molecular
compounds that form ions when they dissolve in water. For example, the molecular
compound hydrogen chloride forms hydrogen ions and chloride ions when it dissolves
in water, as shown in Figure 16.

An Equati-:}n can be used to show this
lonization process.

HCl(aq) — H*(aq) + Cl (aq)

Compounds such as hydrogen chloride
that produce h},fdmgen ions in aqueous
solution are acids. In fact, an aqueous

solution of hydrogen chloride 1s usually
referred to as hydrochloric acid.

Figure 16 In water, hydrogen chloride (HCI) breaks apart into
hydrogen ions (H*) and chloride ions (CI).

Richard Hutchings/ Digital Light Source/MoGraw-Hill Educ ation
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COLLECT EVIDENCE INVESTIGATE
EUSE‘ your Science Journal to .3 GO ONLINE to find these activities and more resources.
record the evidence you collect as & Design Your Own Lab: How thick is the coating on a galvanized nail?

you complete the readings and

S Plan and carry out an investigation to discover the structure and function of the coating on a
activities in this lesson.

galvanized nail by using your knowledge of the chemical properties involved.
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lonic compounds in solution

In addition to molecular compounds, ionic compounds might be solutes in aqueous
solutions. Recall that ionic compounds consist of positive ions and negative ions held
together by ionic bonds. When ionic compounds dissolve in water, their ions can
separate—a process called dissociation. For example, an aqueous solution of the ionic
compound sodium chloride contains Na* and Cl~ ions because when sodium chloride is
added to water, the ions in the compound dissociate and become dispersed throughout
the resulting solution.

Types of Reactions in Aqueous Solutions

When two aqueous solutions that contain ions as solutes are combined, the ions might
react with one another. These reactions are always double-replacement reactions. The
solvent molecules, which are all water molecules, do not usually react. Three types of
products can form from the double-replacement reaction: a precipitate, water, or a gas.

Reactions that form precipitates

Some reactions that occur in aqueous solutions produce precipitates. For example,
recall from Lesson 2 that when aqueous solutions of sodium hydroxide and copper(l1l)
chloride are mixed, a double-replacement reaction occurs in which the precipitate
copper(ll) hydroxide forms. This reaction is shown in Figure 17.

2NaOH(aq) + CuCl,(aq) — 2NaCl(aq) + Cu(OH),(s)

Reactant

NaOH(aq)

Reactant

" . Cu(OH)5(s) + NaCl(aq)
Products

Figure 17 Like the aqueous solution of HCl in Figure 16, sodium hydroxide (NaOH) in an agueous solution
dissociates into sodium (Na”) and hydroxide (OH™) ions. Copper(ll) chloride (CuCl,) also dissociates into

Cu*" and CI~ ions.
Interpret What is the identity of the blue solid that is forming in the beaker?

Platt Meackow s/ MoGraw-Hill Education
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Note that the chemical equation does not show some details of this reaction. Sodium
hydroxide and copper(Il) chloride are ionic compounds. Therefore, in aqueous solutions
they exist as Na*, OH~, Cu**, and Cl™ ions. When their solutions are combined, Cu**
ions in one solution and OH™ 10ns in the other solution react to form the precipitate
copper(Il) hydroxide, Cu(OH),(s). The Na™ and CI~ ions remain dissolved in the newly
tormed solution.

lonic equations To show the details of reactions that involve ions in aqueous
solutions, chemists use ionic equations. lonic equations differ from chemical equations
in that substances that are ions in solution are written as ions in the equation. Look
again at the reaction between aqueous solutions of sodium hydroxide and copper(II)
chloride. To write the ionic equation for this reaction, you must show the reactants,

NaOH(aq) and CuCl,(aq), and the product, NaCl(aq), as ions.

2Na*(aq) + 20H (aq) + Cu®*(aq) + 2Cl (aq) —
2Na*(aq) + 2Cl (aq) + Cu(OH) (s)

An ionic equatiun that shows all of the particles in a solution as thE}F exist 1s called a
complete ionic equation.

Note that the sodium ions and the chloride 1ons are both reactants and products.
Because they are both reactants and products, they do not participate in the reaction.
lons that do not participate in a chemical reaction are called spectator ions and are not
usually shown in 1onic equations. Spectator 1ons are like spectators at a baseball game.
The ions are present for the reaction but they do not affect the outcome of the reaction,
just as spectators at a baseball game are present to watch the game but do not directly
affect its outcome.

Net ionic equations are ionic equations that include only the particles that participate in
the reaction. Net ionic equations are written from complete ionic equations by remov-
ing all spectator 10ns. For example, a net ionic equation is what remains after the
sodium and chloride ions are crossed out of this complete ionic equation.

2Na*aq) + 20H (aq) + Cu**(aq) + 2C+aq) —
2Na*aq) + 2Caq) + Cu(OH),(s)

Only the hydroxide and copper ions are left in the net ionic equation shown below.

20H™(aq) + Cu™(aq) — Cu(OH),(s)

@Get 1t?

Compare How are complete ionic equations and net ionic equations different
from chemical equations?

SCIENCE USAGE V. COMMON USAGE

compound

Science usage: a chemical combination of two or more different elements
Salt is a compound comprised of the elements sodium and chlorine.
Common usage: a word that consists of two or more words

Two compound words are basketball and texthook.
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EXAMPLE Problem 3

REACTIONS THAT FORM A PRECIPITATE Write the chemical, complete ionic, and net ionic

equations for the reaction between aqueous solutions of barium nitrate and sodium carbonate
that forms the precipitate barium carbonate.

1 ANALYZE THE PROBLEM

You are given the word equation for the reaction between barium nitrate and sodium
carbonate. You must determine the chemical formulas and relative amounts of all reactants and
products to write the balanced chemical equation. To write the complete ionic equation, you
need to show the ionic states of the reactants and products. By crossing out the spectator ions
from the complete ionic equation, you can write the net ionic equation. The net ionic equation
will include fewer substances than the other equations.

2 SOLVE FOR THE UNKNOWN
Write the correct chemical formulas and physical states for all substances involved in the

reaction.
Ba(NO._),(aq) + Na,CO,(aqg) — BaCO,_(s) + NaNO (aq)
Ba(NO.),(aq) + Na,CO_(ag) — BaCO,(s) + 2NaNO_(aq) Balance the skeleton equation.
Ba®*(ag) + 2NO, (aqg) + 2Na*(aq) + CO.* (aq) — Show the ions of the reactants and the
products.
BaCO.,(s) + 2Na"(aq) + 2NO, (aq)
Ba**(aq) + 2NO_~aq) + 2Na*taqg) + CO.* (ag) — Cross out the spectator ions from the
complete ionic equation.
BaCO,(s) + 2Na*tat) + 2NO—~taq])
Ba**(aq) + CO_*"(ag) — BaCO,(s) Write the net ionic equation.

3 EVALUATE THE ANSWER

The net ionic equation includes fewer substances than the other equations because it shows
only the reacting particles. The particles composing the solid precipitate that is the result of the
reaction are no longer ions.

PRACTICE Problems W ADDITIONAL PRACTICE

Write chemical, complete ionic, and net ionic equations for each of the following
reactions that might produce a precipitate. Use NR to indicate that no reaction occurs.

35. Aqueous solutions of potassium iodide and silver nitrate are mixed, forming the precipitate silver
iodide.

36. Aqueous solutions of ammonium phosphate and sodium sulfate are mixed. No precipitate forms
and no gas is produced.

37. Aqueous solutions of aluminum chloride and sodium hydroxide are mixed, forming the
precipitate aluminum hydroxide.

38. Aqueous solutions of lithium sulfate and calcium nitrate are mixed, forming the precipitate
calcium sulfate.

39. CHALLENGE When aqueous solutions of sodium carbonate and manganese(V) chloride are
mixed, a precipitate forms. The precipitate is a compound containing manganese.
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Matt Meadows! McCraw-Hill Education

Reactions that form water

Another type of double-replacement reaction that occurs in an aqueous solution pro-
duces water molecules. For example, when you mix hydrobromic acid (HBr) with a
sodium hydroxide solution (NaOH), as shown in Figure 18, a double-replacement
reaction occurs and water is formed. The chemical equation is shown below.

HBr(aq) + NaOH(aq) — H,0O(l) + NaBr(aq)

In this case, the reactants and the product sodium bromide exist as ions in an aqueous
solution. The complete ionic equation for this reaction shows these ions.

H*(aq) + Br~(aq) + Na*(aq) + OH (aq) —
H,O(l) + Na*(aq)+ Br—(aq)

Examine the cnmplet& 10Ni1c Equati-::m. The reacting solute 1ons are the h}rdrngen 10Ns
and 11},fclrn:nxjr:le 10ns because the sodium ions and bromine ions are spectator ions. If you
cross out the spectator ions, you are left with the ions that take part in the reaction.

H*(aq) + Be~aq) + Na*aq] + OH (aq) —
H,O(l) + Na*taq) + Be~aq)™

This Equatinn 1s the net 10nic equatinn for the reaction.

H*(aq) + OH (aq) — H,O(l)

EGE’( It?

Analyze In the reaction between hydrobromic acid and sodium hydroxide, why
are the sodium ions and bromine ions called spectator ions?

H-0(l) + NaBr{aq)
NaOH(aq) Products

Figure 18 In water, hydrogen bromide (HBr) ionizes into H™ and Br™ ions. Sodium hydroxide (NaOH) also
dissociates inte Na™ and OH™ ions. The hydrogen ions and hydroxide ions react to form water.

Determine Which ions are the anions in this reaction? The cations?
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After you have written the chemical, complete ionic, and net ionic equations for
several double-replacement reactions that produce water, you will notice that the net
ionic equation is the same for all of them. It shows hydrogen ions and hydroxide ions
reacting to form water. If after writing the chemical and complete ionic equations for
these types of reactions you end up with a different net ionic equation, go back and
check your work.

EXAMPLE Problem 4

REACTIONS THAT FORM WATER Write the chemical, complete ionic, and net ionic equations for
the reaction between hydrochloric acid and aqueous lithium hydroxide. This reaction produces
water and aqueous lithium chloride.

1 ANALYZE THE PROBLEM

You are given the word equation for the reaction that occurs between hydrochloric acid and
aqueous lithium hydroxide to produce water and aqueous lithium chloride. You must determine
the chemical formulas for and relative amounts of all reactants and products to write the
balanced chemical equation. To write the complete ionic equation, you need to show the ionic
states of the reactants and products. By crossing out the spectator ions from the complete ionic

equation, you can write the net ionic equation.

2 SOLVE FOR THE UNKNOWN
Write the skeleton equation for the reaction and balance it.

HCl(aq) + LiOH(aq) — H,O()) + LiCl(aq)

Hf(aq) 4+ Cl (ag) + Li"(ag) + OH (ag) — Show the ions of the reactants and the
: = products.
H_O(l) + Li*(aq) + Cl(aq)

H*(aq) + ClHaq] + Lifaq] + OH (aq) — Cross out the spectator ions from the
complete ionic equation.
H,0() + Littat) + Claq) = -

H*(ag) + OH (aqg) — H,O(l) Write the net ionic equation.

3 EVALUATE THE ANSWER

The net ionic equation includes fewer substances than the other equations because it shows
only those particles involved in the reaction that produces water. The particles that compose
the product water are no longer ions.

PRACTICE Problems W ADDITIONAL PRACTICE

Write chemical, complete ionic, and net ionic equations for the reactions between the
following substances, which produce water.

40. Mixing sulfuric acid (H,SO,) and aqueous potassium hydroxide produces water and aqueous
potassium sulfate.

41. Mixing hydrochloric acid (HCI) and aqueous calcium hydroxide produces water and aqueous
calcium chloride.

42. Mixing nitric acid (HNO,) and aqueous ammonium hydroxide produces water and aqueous
ammonium nitrate.

43. Mixing hydrosulfuric acid (H,S) and agueous calcium hydroxide produces water and aqueous
calcium sulfide.

44. CHALLENGE When benzoic acid (C_H.COOH) and magnesium hydroxide are mixed, water and
magnesium benzoate are produced.
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Reactions that form gases

A third type of double-replacement reaction that occurs in aqueous solutions results in
the formation of a gas. Some gases commonly produced in these reactions are carbon
dioxide, hydrogen cyanide, and hydrogen sulfide. A gas-producing reaction occurs
when you mix hydroiodic acid (HI) with an aqueous solution of lithium sulfide. Bubbles
of hydrogen sulfide gas form in the container during the reaction. Lithium iodide is also
produced.

2HI(aq) + Li,S(aq) — H,S(g) + 2Lil(aq)

The reactants h}!druinclic acid and lithium sulfide exist as 1ons in aqueous solution.
Therefore, you can write an ionic equation for this reaction. The complete ionic equa-
tion includes all of the substances in the solution.

2H*(aq) + 21 (aq) + 2Li*(aq) + 5° (aq) —
H,S(g) + 2Li"(aq) + 21 (aq)

Note that there are many spectator ions in the equation. When the spectator ions are
crossed out, only the substances involved in the reaction remain in the equation. In this
case, only hydrogen ions, sulfide ions, and hydrogen sulfide remain.

2H"(aq) + 21~aq) + 2Liag) + 57 (aq) —
H S(g) + 2Liaq) + 21Haq)

This 1s the net 1onic {:quatinn.

2H*(aq) + S*(aq) — H_ S(g)

geet 1t?

Explain why lithium ions are not shown in the above
equation.

A reaction that produces carbon dioxide gas occurs in your
kitchen when you mix vinegar and baking soda. Vinegar 1s an
aqueous solution of acetic acid and water. Baking soda essen-
tially consists of sodium hydrogen carbonate. Rapid bubbling
occurs when vinegar and baking soda are combined. The
bubbles are carbon dioxide gas escaping from the solution. You
can see this reaction occurring in Figure 19.

A reaction similar to the one between vinegar and baking
soda occurs when you combine any acidic solution and
sodium hydrogen carbonate. In all cases, two reactions must
occur almost simultaneously in the solution to produce the —

carbon dioxide gas. One of these 1s a double-replacement

reaction and the other is a decomposition reaction. Figure 19 When vinegar and baking soda
(sodium hydrogen carbonate, NaHCO,)

combine, the result is a vigorous bubbling
that releases carbon dioxide [CD!].

For example, when you dissolve sodium hydrogen carbonate in
hydrochloric acid, a gas-producing double-replacement reac-
tion occurs. The hydrogen in the hydrochloric acid and the
sodium in the sodium hydrogen carbonate replace each other.

HCl(aq) + NaHCO,(aq) — H,CO,(aq) + NaCl(aq)

Charles D. Winters/Science Source
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Sodium chloride is an ionic compound, and its ions remain separate in the aqueous
solution. However, as the carbonic acid {HECO}) forms, it decomposes immediately into
water and carbon dioxide.

H,CO,(aq) — H,Ol) + CO,(g)

EXAMPLE Problem 5

REACTIONS THAT FORM GASES Write the chemical, complete ionic, and net ionic equations for
the reaction between hydrochloric acid and agueous sodium sulfide, which produces hydrogen
sulfide gas.

1 ANALYZE THE PROBLEM

You are given the word equation for the reaction between hydrochloric acid (HCI) and sodium
sulfide (Na_S). You must write the skeleton equation and balance it. To write the complete ionic
equation, you need to show the ionic states of the reactants and products. By crossing out the
spectator ions in the complete ionic equation, you can write the net ionic equation.

2 SOLVE FOR THE UNKNOWN
Write the correct skeleton equation for the reaction.

HCl(aqg) + Na,S(aqg) — H,S(g) + NaCl{aq)
2HCl(aq) + Na,S(ag) — H,S(g) + 2NaCl(aq) Balance the skeleton equation.

2H*(aq) + 2Cl-(aq) + 2Na*(aqg) + S* (aqg) — Show the ions of the reactants and
~ the products.
H_S(g) + 2Na*(aq) + 2Cl (aq)

2H*(aq) + 2CHaq) + 2Na*tag) + S* (aq) — Cross out the spectator ions from the
complete ionic equation.
H,S(g) +2Na*aq) + 2CHaq)

2H*(aq) + S?~(ag) — H,S(g) Write the net ionic equation in its
smallest whole-number ratio.

3 EVALUATE THE ANSWER

The net ionic equation includes fewer substances than the other equations because it shows

only those particles invelved in the reaction that produce hydrogen sulfide. The particles that
compose the product are no longer ions.

PRACTICE Problems W ADDITIONAL PRACTICE

Write chemical, complete ionic, and net ionic equations for these reactions.

45. Perchloric acid (HCIO,) reacts with aqueous potassium carbonate, forming carbon dioxide gas
and water.

46. Sulfuric acid (H,S0,) reacts with agueous sodium cyanide, forming hydrogen cyanide gas and
aqueous sodium sulfate.

47. Hydrobromic acid (HBr) reacts with aqueous ammonium carbonate, forming carbon dioxide gas
and water.

48. Nitric acid (HNOQ,) reacts with aqueous potassium rubidium sulfide, forming hydrogen sulfide
gas.

49. CHALLENGE Aqgueous potassium iodide reacts with lead nitrate in solution. forming solid lead
iodide.
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Double-replacement reaction
AX + BY — AY +  BX

HCl(ag) + NaHCO4(ag) —*  H,COslaqg) + NaCl(aq)

\) B — A 4+ B
HyCOs(ag) —>  H,0(l) + COy(g)

Decomposition reaction

Figure 20 When HCl is combined with HaHCGI, a double-replacement reaction takes place,
followed immediately by a decomposition reaction.

Overall equations

Recall that when you combine an acidic solution, such as hydrochloric acid, and

sodium hydrogen carbonate, two reactions occur—a double-replacement reaction and

a decomposition reaction. These reactions are shown in Figure 20. The two reactions
can be combined and represented by one chemical equation in a process similar to
adding mathematical equations. An equation that combines two reactions is called an
overall equation. To write an overall equation, the reactants in the two reactions are
written on the reactant side of the combined equation, and the products of the two
reactions are written on the product side. Then, any substances that are on both sides of
the equation are crossed out.

Reaction 1 HCl(aq) + NaHCO, (aq) — H,CO.(aq) + NaCl(aq)
Reaction 2 H.,CO,(agq) — H,0(1) + CO,(g)

Combined equation HCl(aq) + NaHCO, (aq) +H.CcoAaq) —
HCco-taq) + NaCl(ag) + HO()+ CO,(g)

Overall equation HCl(aq) + NaHCO,(aq) —
H,O(l) + CO,(g) + NaCl(aq)

In this case, the reactants in the overall equation exist as ions in aqueous solution.
Therefore, a complete ionic equation can be written for the reaction.

H*(aq) + Cl"(aq) + Na*(aq) + HCO, (aq) —
H,Ofl) + CO,(g) + Na*(aq) + Cl-(aq)

Note that the sodium and chloride ions are the spectator 1ons. When you Cross them
out, only the substances that take part in the reaction remain.

H*(aq) + - Claq) + Natfaq) + HCO, (aq) —
H,O(l) + CO,(g) + NaHaq) +-Caxqy

The net 10onic Equatiun shows that the reaction prnduces water and carbon dioxide gas.

H*(aq) + HCO, (ag) — H,O()) + CO,(g)

E Get It?

Describe What is an overall equation?
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i H+ / !
i

Red blood cells in blood vessel

Figure 21 After a hydrogen carbonate ion (HCO) enters a red blood cell, it reacts with a
hydrogen ion (H') to form water and carbon dioxide (CO ). The CO, is exhaled from the lungs
during respiration.

RIS [P Connection| The reaction between hydrogen ions and hydrogen

carbonate ions to prnduce water and carbon dioxide 1s an impurtant one in your hudy.

This reaction is occurring in the blood vessels of your lungs as you read these words. As
shown in Figure 21, the carbon dioxide gas produced in your cells is transported in your
blood as hydrogen carbonate ions (HCQO.). In the blood vessels of your lungs, the

HCO; ions combine with H" ions to produce water and CO,, which you exhale.

As you have read, the reaction between an acid and sodium hydrogen carbonate also
occurs in products that are made with baking soda, which contains sodium hydrogen
carbonate. Sodium hydrogen carbonate makes baked goods rise. This is partly because
the sodium hyc]rugen carbonate reacts with an acid in the batter, such as lemon juice, to
produce carbon dioxide. The gas results in bubbles that give the baked item a fluffy
texture. In addition, at high temperatures, sodium hydrogen carbonate decomposes to
form products that include carbon dioxide. The chemical and physical properties of
sodium hydrogen carbonate mean it has many other uses. It is used as an antacid and in
deodorants to absorb moisture and odors. Baking soda can be added to toothpaste to
whiten teeth and freshen breath. As a paste, sodium bicarbonate can be used in clean-
ing and scrubbing. It is even used as a fire-suppression agent in some fire extinguishers.

gGet It?

Infer Why is a mechanism needed to remove carbon dioxide gas from your cells?

STEM CAREER Connection

Hair Stylist

Most hair stylists are savvy with scissors and up to date on the latest
hair trends, but did you know that they also use chemical reactions
in their career? Hair stylists work with many processes, like those
that permanently curl or relax hair, that involve chemical reactions.
They also need to know how to handle hazardous chemicals safely.
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Table 5 Reactions that Take Place in Agueous Solutions

Type of Reaction ‘

Reactions that
form precipitates

Description

Dissolved substances are mixed. When they react, a solid is pro-
duced, visible as a white or colored cloudiness in the reaction
mixture.

Reactions that
form water

Evidence of the reaction may not be observable because water is
colorless, odorless, and already makes up most of the solution.

Reactions that
form gases

Gases such as carbon dioxide, hydrogen cyanide, and hydrogen
sulfide are produced. Bubbles are produced as the reaction
proceeds.

Table 5 lists the types of reactions that occur in aqueous solutions. The descriptinns

summarize how ph}fsical evidence such as the formation of a precipitate or the pmduc-

tion of bubbles can hclp you claﬁsify a chemical reaction.

2 Check Your Progress

Summary

« |In agqueous solutions, the
solvent is always water. There
are many possible solutes. 51

Demonstrate Understanding

50. List three common types of products produced by
reactions that occur in aqueous solutions.

Describe solvents and solutes in aqueous solution.

- Many molecular compounds 52. Distinguish between a complete ionic equation and

form ions when they dissolve in

a net ionic equation.

water. When some ionic com-

pounds dissolve in water, their

lons separate.

53. Write complete ionic and net ionic equations for the
reaction between sulfuric acid (H,SO,) and calcium

carbonate (CaCO,).

- When two aqueous solutions

that contain ions as solutes are
combined, the ions might react
with one another. The solvent

molecules do not usually react.

Reactions that occur in aque-
ous solutions are double-
replacement reactions.

54.

55

56.

H,SO,(aq) + CaCO,(s) — H,0() + CO,(g) + CaSO (aq)

Analyze Complete and balance the following
equation.

CO_(g) + HCl(aq) —

Predict What type of product would the following
reaction be most likely to produce? Explain your
reasoning.

Ba(OH)_(aq) + 2HCl(aq) —

Formulate Equations A reaction occurs when nitric
acid (HNQ,) is mixed with an aqueous solution of
potassium hydrogen carbonate. Aqueous potassium
nitrate is produced. Write the chemical and net ionic
equations for the reaction.

LEARNSMART

Go online to follow your personalized learning path to review, practice,

and reinforce your understanding.
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CIENCE & SOCIETY

How One Woman Led the FDA to Save Lives

When a drug company could not provide data
to support its claims of safety for a new drug,
one woman's persistence shaped the future
of the Food and Drug Administration.

Drug Safety

Drug metabolism is the series of chemical
reactions that breaks down a drug into
compounds that are used in the body. Before
a new drug is approved for human use,
scientists perform research to ensure that
no harmful side effects are produced as a
result of these reactions. Pharmacologists —
scientists who study the reactions of drugs
in the body — work with the Food and Drug
Administration (FDA) to evaluate data and
make decisions regarding the safety and
effectiveness of a proposed medication.

A Historical Example: Thalidomide

In 1960, the FDA received an application for
the approval of thalidomide, a drug used to
treat a variety of symptoms from nausea to
sleeplessness. In Europe and other parts of the
world, many doctors gave the drug to pregnant
women as a treatment for morning sickness.

The application fell to pharmacologist

Dr. Frances Oldham Kelsey. When she
reviewed clinical studies of the drug, the
lack of research to support the drug’s safety

e '. i

s

Strict warnings about the potential for birth defects are
displayed on thalidomide’s packaging.

concerned her. She and her colleagues were
further alarmed when insistence for more
data from the drug company did not result in
additional evidence.

While the FDA held off approving the
application, reports of devastating birth
defects in babies born to mothers who had
taken thalidomide surfaced around the
world. By November 1961, German officials
took the drug off the market, and other
countries soon followed suit. By early 1962,
the distributor withdrew its application for
FDA approval.

Because of her persistence in the pursuit of
evidence, Kelsey impacted countless lives.

In 1962, President John F. Kennedy honored
Dr. Kelsey with the Distinguished Federal
Civilian Service award. In part because of her
work, the United States Congress passed the
Kefauver-Harris bill, forcing major regulatory
reforms on the pharmaceutical industry.

® COMMUNICATE SCIENTIFIC
INFORMATION

Research the metabolism of atorvastatin, a
commonly prescribed medication used to lower
cholesterol. Make a presentation that explains
these metabolic reactions. Include any potential
harmful effects or products of the reactions.

Seience & Society Picture Library! 35 PLAGe thy Images
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MODULE 8

STUDY GUIDE

0 GO ONLINE to study with your Science Notebook.

Lesson 1 REACTIONS AND EQUATIONS

+ Some physical changes are evidence that indicate a chemical
reaction has occurred.

* Word equations and skeleton equations provide important
information about a chemical reaction.

* A chemical equation gives the identities and relative amounts of
the reactants and products that are involved in a chemical
reaction.

* Balancing an equation involves adjusting the coefficients until the
number of atoms of each element is equal on both sides of the
equation.

Hs n Cl, —_ ZHCI
2 atoms H 2 atoms Cl 2 atoms H + 2 atoms Cl
L + & | — & _
Two hydrogen Two chlorine Two hydrogen atoms
atoms atoms Two chlorine atoms

chemical reaction
reactant

product

chemical equation
coefficient

Lesson 2 CLASSIFYING CHEMICAL REACTIONS

* Classifying chemical reactions makes them easier to understand,
remember, and recognize.

+ Activity series of metals and halogens can be used to predict if single-

replacement reactions will occur.

synthesis reaction
combustion reaction
decomposition reaction
single-replacement reaction
double-replacement reaction
precipitate

Lesson 3 REACTIONS IN AQUEOUS SOLUTIONS

* In aqueous solutions, the solvent is always water. There are many
possible solutes.

* Many molecular compounds form ions when they dissolve in
water. When some ionic compounds dissolve in water, their ions
separate.

* When two aqueous solutions that contain ions as solutes are
combined, the ions might react with one another. The solvent
molecules do not usually react.

* Reactions that occur in aqueous solutions are double-replacement
reactions.

aqueous solution

solute

solvent

complete ionic equation
spectator ion

net ionic equation
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THREE-DIMENSIONAL THINKING

Module Wrap-Up

REVISIT THE PHENOMENON

What happens to food
when you cook it?

Claim, Evidence, Reasoning

Explain your Reasoning Revisit the claim you made when you encountered the
phenomenon. Summarize the evidence you gathered from your investigations and
research and finalize your Summary Table. Does your evidence support your claim? If not,
revise your claim. Explain why your evidence supports your claim.

AR STEM UNIT PROJECT

Now that you've completed the module, revisit your STEM unit project. You will
" summarize your evidence and apply it to the project.

GO FURTHER Analyze and Interpret Data
&3 Data Analysis Lab 1. Make graphs Use the

information in the data table to

How can you explain the reactivities of halogens?
% P g make three line graphs.

The location of all the halogens in group 17 in the periodic table 2. Claim Describe any periodic

tells you that halogens have common characteristics. Indeed, trends that you identify in the

halogens are all nonmetals and have seven electrons in their data.

outermost orbitals. However, each halogen also has its own 3. Evidence, Reasoning Relate

characteristics, such as the ability to react with other substances. any periodic trends that you

Examine the data table. It includes data about the atomic radii, identify among the halogens to

ionization energies, and electronegativities of the halogens. the activity series of the
halogens.

Data and Observations 4. Claim, Evidence, Reasoning

PerEI’tiES of Halmgens Predict the location of the

Atorm! e Elact element astatine in the activity
omic onization ectro- : ;
series of halogens. Explain.
sialogen Radius (pm) | Energy (kJ/mol) | negativity 9 P
72

Fluorine 1681 3.98
Chlorine 100 1251 316
Bromine 14 1140 2.96
lodine 133 1008 2.66

Astatine 140 920 2.2
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