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ELECTRONS IN ATOMS

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

8P Ask Questions

Do you hawe other guestions about the phenomenon? if so, add them to the driving
guestion board.

Claim, Evidence, Reasoning

Make Your Claim LUse your Collect Evidence Use the Explain Your Reasoning ‘ou
CER chart to make a daim lessons in this module to will revisit youwr claim and
about how we know what collect evidence to support explain your reasoning at the
stars are made of. your claim. Record your end of the module.

evidence as you mowve
through the module.

a G0 ONLIME to access your CER chart and explore resources that can
help you collect evidence.

'il

LESSOM 1: Explore & Explain: LESSOM 2: Explore & Explain:
Failures of the Wawe Model Bohr's ftomic Model
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LESSON 1

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 o 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 nocleus. Nor did it
address the question of wiy the negatively charged electrons are not pulled into the
atom’s positively charged mucleus. Rutherford’s nuclear model did not begin to account
for the differences and similarities in chernical 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
s0 violently that the hydrogen gas can ignile and even explode.

Lithibumi Sodium

Fgure1 Different elements can hawve similar reactions with wales
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COLLECT EVIDENCE
£ use your Science Joumal to
recond the evidence you colled as

youl comglete the readings and
activities in this lesson.

IMVESTIGATE
VG0 OMLIME to find these acthities and mans resounes.
i:P Applying Practice: Wave Characteristics
HS-PS4-1. Use mathematical reprecseniations o suppor a claim reganding relationships
anong e Ireguendly, wansalangth, s

(Z5 Identity Crosscutting cam;q:u

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

speed af waves raweling n vafkous
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In the early 1H¥s, 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 o 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 exhibils
wavelike behavior as it travels through space. It can be modeled as a wave of changing

electric and magnetic fields. Other examples of eleciromagnetic radiation include
microwaves, X rays, and television and radio waves.

Characteristics of waves

All wawves can be described by several characteristics, a few of which might be familiar
io vou 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 is measured from crest to crest or from trough to trough. Wavelength is
usually expressed in meters, centimeters, or nanometers (1 nm = 1 % 107" m).

The Erequency (represented by v, the Greek letter nuj is the number of waves that pass
a given point per second. One hertz (Hz), the 51 unit of frequency, equals one wave per
second. In calculations, frequency is expressed with units of waves per second, (1/5) or
i=~'}; 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 uﬂpﬂ‘l.l:h of a wave is the wave's height from the origin to a crest, or from the
origin to a trough, as lustrated in Figure b, Wavelength and frequency do not affect
the amplitude of a wave.

(b

l———— Wavelength [N ———| Crest

i L Dikgin

Yoof Ot

§—— Wavelengih [N} ——— Trough

Figure 2 a_ The concestric waves in the water show the characteristic properties of all waves. b, Amplitnde,
wavelength, and frequency are the main dharaciedstics of waves
Identity a crest, & trough, and one wavelength in dhe phote.
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All electromagnetic waves, including visible light, travel at a speed of 3.00 % 10F my's in a
vacuum. Because the speed of light is such an important and universal value, it is given its

own symbal, . The spead of light is the product of its wavelength (A} and its frequency (w).

Electromagnetic Wave Relationship

c= AV

The speed of light in a vacuum s egual to the product of the wavelength and the frequency.

Although the speed of all eleciromagnetic waves in a vacuum is the same, waves can have
different wavelengths and frequencies. As v 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, examire the two waves Figure & When white ight passes thaough 3 piis

illustrated in Figure 3. Although both waves "' @ fOMIRIOuE Spectium el A8 CHsrent tampeasas

travel at the speed of light, vou can see that '~ i i
the red wave has a longer wanelength and
kower frequency than the violet wave.

Electromagnetic spectrum
Sunlight, which is one example of white
light, comains a nearly continuous range
of wavelengths and frequencies. YWhite
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 becanse each point of it
corresponds o a unique wavelength
and frequency.

M Cram- Ml Exhraiion Ar

 ophvihe:



Inspare Chemistry $-12 Student Edition

Copyright & Me Crae I B stion

isibe light
wllﬂ'&?ﬁﬁ

Wawvelength &) in meters
Ix0 3w 3 IxW? 3x07Y I | 307 AW IR 307

ik e 0

Freguency 14 in kertz

Energyifrequency Increases
Electromagnetic Spectrum

Figure 5 The electromagnedic specirism covers 3 wide range of trequencies. The visiole-Gght secthan of the spectrum
i very nanmow. As frequency and energy mrease, 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 slectromagnetic spectrum, also called the EM spectrum,
includes all forms of electromagnetic radiation, with the mﬂg.rdiﬁerenc'ﬁ 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
violel. 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. H‘Ewawlﬂwmfraqlm
of a wave are related to one another by the speed of travel of the wave, which depends on
the tvpe of wave and the medium through which it is passing. For light waves, vou can
nse the formula ¢ = A o calculate the wavelength or frequency of any wave.

Eleciromagnetic radiation from diverse erigins 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, natoral
radioactivity, and even the glow of fireflies, also contribute. Our knowledge of the
universe is based on electromagnetic radiation emitted by distant objects and detected
with instruments on Earth.

Bt

Explain how wavelength and frequency of a wave are related.



Inspare Chemistry, Student Edition

EXAMPLE Problem 1

CALCULATING WAVELENGTH OF AN EM WAVE Microwaves are used o cook focd and
transmit infarmation. What is the wavelength of 3 microwave that has a frequency of
344 x 10° Hz?

1 AMALYZE THE PROBLEM
You are given the frequency of 2 microwave. You also know that because miclowaves are part
of the electromagnetic spectrum, thel speeds, frequencies, and wavelengths are related by
the formula ¢ = Aw. The value of ¢ is 8 known constant. First, solve the equation for wawelength,
then substitute the kntwn values and sohe.
Enown Unknawn
v = 344 x 10°Hz N=%m
=300 10" mis

2 SOLVE FOR THE UNKNOWN
Sotve the equation redating the speed, frequency, and wavelength of an electromagnetic wave
Tar wawelength (AL

=X Sime the eleciromagetic wave relationshio

A =cp Sokee for A

1=% Substtide © = 100 % 10 ms andw = 144 % W He
Mote that herz is equivalent to Vs or s

x =33T‘+m5 Divite numisers and units.

A =872 x 10m

3 EVALUATE THE ANSWER
The answer is comectly expressed in a unit of wenvelength {mj. Both of the known valwes in
the problem are expressed with three significant figures, so the answear should have three
significant figures, which it does. The value for the wavelength s within the wavelength range
for microweves shown in Flgure B,

FRACTICE Problems W ADDITIOMAL PRACTICE

1. Objects get thedr colors from reflecting only cerfain wavelengths when hit with white light.
Light refliected from a green leaf is found to hawe a wavelength of 4.90 % 10-7 m. What i the

frequency of the light?

2. When light or longer wavelength electromagnetic radiathon is absorbed in matter, itis
generally converted into thermal energy (heat). Shorter wavelength edectromagnetic
radiation (ultravsalet, X-rays, gamma rays) can lonize atoms and cause damage 1o lving
celis, X-rays can penetrate body tissues and are widedy used
to diagnose and treat disorders of internal body structures.

o
What is the frequency of an X-ray with & wavelength of !{'\ /‘\\ {'\‘.

115 = 107" m?

3. After careful analysis, an electromagnetic wave is found to have v U U
a frequency of 7.8 = 10° Hz. What |s the speed of the wawe?

4. CHALLEMGE While an FM radso station broadeasis at a m
frequency of 94.7 MHz, an AM station broadcasts at a frequency
of 820 kHz. What are the wawelengths of the two broadcasts?

Which of the drawings on the rght comesponds Bo the FM
station? To the AM station?

Copright B Crm-HE Ebpsdion
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While considering light as a wave explains much of its everyday behavios, it fails to
adequately describe important aspects of light's interactions with matter. The wave
model of light cannot explain why healed objects emit only certain frequencies of light
al a given temperature, or why some metals emit electrons when light of a specific
irequency 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 gquantum concept

When objects are heated, they emit glowing light. Figure 6 illustrates this plenomenon
with iron. A piece of iron appears dark gray at room temperature, glows red when
heated sufficiently, and turns crange, then bluish in color at even higher temperatures.
As the iron gets hotter, it 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
phiysicist Max Planck (1858-1947)
began searching for an explana-
tiom of this phenomenon. His
study led him to a startling
conclusion: matier can gain

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

Flanck proposed that the energy
emitted by hot objects was quan- Figisre 6 1
tized. He also showed that there fon abiove,
is @ direct relationship betwesn iz i
the energy of a quantum and the ety the coloraf the pisce of o
frequency of emitted radiation.

Energy of a Guantum

E TEprESers Snengy
E = [l it & Planck's consinnt

qaarium :
L reprosenhs IreqLHs iy,

The energy of & guantism is ghsen by the product of Planck's constant and the frequency.

Flanck's constant, /i, has a value of 6,626 x 10-* |-5, where | is the symbol for joule, the
51 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,
1, malter can emit or absorb energy only in whole-number multiples of fi; that is, 1ine,
M, 3ine, and so on.




A usefol analogy is that of a child building a wall with wooden blocks. The child can
add to or take away fromn 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 exisl.

Flanck and other physicists of the time thought the concept of quantized energy was
revolutionary, arhisun‘eﬁ:n.mdiidimuhdng, Prior experience had led scientists o think
that energy could be absorbed and emitted in continually varving quantities, with no
mininyum limit o the amount. For example, think about heating a Eup-ufhmeri.na
microwave oven. It seems that vou can add any ammount of thermal energy to the water by

regulating the power and duration of the microwaves. Instead. the
waler's lemperature increases in imfinitesimal steps as its molecules
absorb quanta of energy. Because these steps are 50 small, the
lemperalure seems o rise in a continuous, rather than a

stepwise, TANMET.

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 muodel predicts that given encugh lime, even
low-energy, low-frequency light would accumulate and supply
enough energy Lo 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 frequem:jr less tham 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 * 10° Hz ejects
photoelectrons from silver.

Ec—.m Itz

Describe the photoslectnc effect

Real-Warld Chemisiry
The Pholoeleciric Effect

SOLAR ENERGY (s sometimes used io
powier road signs. Photowallaic cells
152 The phoboeiacing effed o comen

the energy of Bght nio elecic energy.

Figure 7 The photosiectic effect occurs when light of 2 cestain frequency strikes a metal surface and
ejecis electrons. When the intensity of the light increases, the number of electrans ejecied intreases.
When the frequency {energy) of the light increases, the enengy of the ejected ehectrons increases.

Copright. B Cram-H I Edhpation Siresy Foo ¥ o’ ety |esges
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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 photon 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 iis requency.

Enerqgy of a Photon
E_  mepresents enegy.

E : = f1is Planck’s constant.
V¥ represents frequencyt

The energy of a pholon is given by the product of Planck’s constant and the freguency.

Einstein also proposed that the energy of a photon must have a certain threshold value
to cause the ejection of a photoelectron from the surface of the metal. Thus, even small
numbers of photons with energy above the threshold value will cause the photoelectric
effiect. 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 & certain
portion of incident light. The color is determined by the waselength of the refliected photons, thus
by thedr energy. What is the energy of a photon from the violet portion of the Sun's bght if it has a
frequency of 7230 x 1057

1 AMALYZE THE PROBELEM
Krawn Uinkrvawin

v=T230 x WM B, =71
h=6626x10"1:5

2 SOLVE FOR THE UMKNOWN

Em|=l'l.r State the equation for the energy of a photon.
E, . =(6026 X A0-1. ofFI30 x 10" 577 Substinie b =8626 % 107 b= and 1 = 7200 % 10%s7",
E =479 x 10" Multiply and divice nembers and ks

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 ADDITIOMAL PRACTICE

B. Calculate the ensrgy possessed by a single photon of each of the following types of
electromagnetic rediation.

& 632 X W0 st b S50 = 109 Hz & 106 x 1= 5"

B. The blue codor in some fireworks occurs when coppedl) chiorids is heated 1o approximately
1500 K and emiis blue light of wavelength 4.50 = ¥F nm. How much energy does one photon of
this light canny?

7. CHALLEMGE The microwaves used 1o heat food heve a wavelength of 0125 m. What is the
energy of one photon of the microwswe radiation?



Atomic Emission Spectra

Have vou ever wondered how light is produced in li'hegm'ingluhﬁaineansigns? This
is another phenomenon that cannot be explained by the wave model nl']ighl. The light
of a neon sign is produced by passing electricity through a tebe filled with neon gas.
Meon atoms in the tube absorb energy and become excited. These excited atoms return
0 their stable state by emitting light to release that energy. If the light emitted by the
neon is passed through a glass prism, neon’s alomic emission spectrum is produced.
The atomic emission spectrum of an element is the set of frequencies of the
eleciromagnetic waves emitted by 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 responsible for producing the glow. Note that an atomic emission
spectrum is not a continuous spectrum. Rather, it consists of several individual lines af
color corresponding o the frequencies of radiation emitted by the atoms.

Each element’s atomic ermission spectrum is unique and can be used o identify an
element. For example, when a platinum wire is dipped into a strontium nitrate solution
and then held in a burnmer flame, the strontinm atoms emit a characteristic red color.

Eﬁat It?

Explain how an emission spectrum is produced.

Slit
Prizm sepasates light
' info its components.
410 434 4BG6 B56

‘::F

discharge tube _
!
ligh Anmj 400 450 500 550 [ &R0 700 =0

Hydrogen's Atomibc Emizsion Spectrum

Figure 8 The purple light emitied by hydmgen can be separated indn its different componenis wsing a
prism. Hydiogen has an atcenic emisslon spectnsm that comgrises four Bnes of differant wavesengts.

Determine Which line has the highest engrgy’

ACADEMIC VOCABULARY
Astrochemist phenamencn

Do o Bk chemistry, planetary science, chemical biology, physics, astronomy, mm'h:lwnﬂlm

and computational science? A career In astrochemisty may be the canear for you.
Astrochemists use telesoopes, satelites, and space vehickes ip collect specino- fram Ihe shy fo Earth—a phenamenon
seapic data and analyze it In this caresr, knsowledge from several scientific o

disciplines is used o analyze and model he data collected.

Coprioht. B Cree-H I L sbion
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A0 nm SOOI SIS SpeCinim 000 nm

400 nm Sodiem afenrplion Specirum fU0 nm
Figure 3 When exciled sodium aboms refurn 1o a wcited siate, they emi light al certain eguenties
prodiscing an emis FLETL. When Einwsa et of light passes theounh sodium gas,

I gas absoeb light ai these same frequencees, producing an absorpiion specirum with dasik spectral lines

LRl b Connection| Astronomers use atomic spectra to determine the

composition of the owter kavers of stars. When a continuous spectrum of light from
within a star passes through the outer layvers of the star, atoms in the owter layers absorb
light a1 certain frequencies, producing an absorption spectrum. The lines in the absorp-
tion spectrum reveal whal 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.

\B Check Your Progress

Summary Demonstrate Understanding
+ Al waves are defined by their 8. Describe the relaticnship between changing electric
wavelengths, frequencies, and magnetic fields and particles.
amplitudes, and speeds. 9. Compare and contrast continuous spectrum and
+ In a wvacuum, all electromag- BMmission SpeCcirum,
"E"?'E waves travel at the speed 10. Discuss the way in which Einstein utilized Planck’s
of light. quantum concept to explain the photoelectric effect.
R I e fi. Calculate Heating 235 g of water from 22.6°C to 94.4°C
have t'":'lh wave and particle in a microwave oven requires 706 x 10¢ 1 of energy. If
FEEER NN the microwave frequency is 2.28 % 10 s, how many
+ Matter emits and absorbs quanta are required to supply the 706 x 10° 7
Enargy in quanta. 1Z. Interpret Scientific lllustrations Use Figure 5 and
« White light produces a continu- your knowledge of electromagnetic radiation to match
ous spectrum. An element’s the numbered items with the |lettered items. The
emission spectrum consists of numbered items may be used more than once or
a series of lines of individual not at all.
colars. a. longest wavelength 1. gamma rays
b. highest frequency 2. ultraviobet light
. greatest energy 3. radio waves

LEARNSMART Gooenlinetofolow your personalized leaming path 1o review, practice,

and reinforce yoar understanding.
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LESS0ON 2

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 atonic
structure, electrons, and atomic emission spectra. Eecall that hydrogen's atomic
emission spectrum is discontinuous; that is, it is made wp of only cerlain 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 quantumn model for the hydrogen atom that seemed to answer this question.
Bohr's model also correctly predicted the frequencies of the lines in hvdrogen’s atomic
emission spectrum.

Energy states of hydrogen ' ‘Blectron &

Building on Planck’s and ipgwer

Einstein’s concepts of quantized

energy, Bohr proposed that the = &

hydrogen atom has only certain Nisheiis Mustieats

allowable energy stales, as

illustrated in Figure 10. The lowest

allowable energy state of an atom

is called its ground state. When an

aborm gains energy, it is said to be Ground stabe Excited state

in an excited skate: Figure 90 The figure shows an atom that has one ebactron. Note miat the
Wussration is not 10 scale. in its groend state, the sleciron is assodiated with

thee lowest energy bevel. When the atom i in &n excited state, ihe slectron is
assnciated with a higher enermy |ewel.

£
1
3

#
COLLECT EVIDENCE INVESTIGATE -
I,Em.emmhmdm CHGO OMNLIMNE 1o find these activities and more resounces. E
record the evidence you COllECt a5 | g | aboratory: The Photoelectric Effect 2
you comalete e readings snd Use mathematical and compuiational thimking to chserve patiems [n ihe stabllity and

actwities in ths lesson. instabsily of physicsl dyabetms

a:, Inguiry ko Chemistry: Design Atemic Models
Man and caary out an mvestigation to ceate & model of he charged subsechions
of an alom.
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Tabie 1 Bohr's Description of the Hydrogen Atom

Bohr's Corresponding

Atomic "?:fn:zf: E}rh:::nilalldius. Atomic Energy Hetatoe
Oirbit = Lewvel

Frst nat 0.0529 1 E,
‘Secoms | n=2 0212 2 E=iE,
Third | n=3 0.476 3 E, =%E,
Fouth | n=4 0.846 4 : = 16E,
Fifth n=5 132 5 E, = 25E,
Sidh . n=6 190 & - - 38
Seventh n=7 259 7 = qvE

Bohr suggested that the electron in a hvdrogen 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 orbil, the higher the
atom’s enargy state, or energy level. Bohr assigned a number, 1. called a quanbam
number, o each orbit. He also calculated the radius of each orbit. Table 1 shows data
for the first seven emergy levels of a hydrogen atom according to Bohr's model.

The hydrogen line spectrum

Bohr suggested that a hvdrogen atom is in the ground state when its single electron is in
the n = 1 arbit, also called the first energy level. In the ground state, the atom doees not
radiate energy. When energy is added from an outside source, the electron moves Lo a
higher-energy orbit, pulling the atom in an excited state. ¥YWhen the atom is in an excited
state, the electron can drop from the higher-energy orbit 1o a lower-energy orbil, as
shown in Figure 11.

Wizdnle sofjes
[Baimier]
'\\! /
=1 =y
?* 'EIA:-:'-'_— \ \
i \ —~—
=5 -
=g
Uliraviolet Infrared
SEfies n=7 Sl
{Lymanj [Paschen)

Figure 11 When an slectron drops from a higher-enesgy orbil 1o 8 lower-enesgy orbd, & photon is
emitted. The ultrawialet (Lyman|, visiole {Balmer), and infrared (Paschen) seres comespond fo
slecinons dropping to n =1, n= 2, and n = 3, respectaly.
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Figure 12 Only cartain energy kevels are allowed. The enengy bevels are dimilar to the nengs of
a ladder. The four visible lines comespond io electrons deopping froem a Righer n o e arbit
0 =1 Az nincreases, the hydrogen atom's enemmy kevels are closer 1o 2ach othar

As aresult of this transition, the atom emits a photon corresponding o the energy
difference betwesn the two levels.

M= Elq'.l.uln-p'ﬂ_ Elnur\-m.l'pnﬂt= Ep'ld.m - “I"'
Because only certain atomic energies are possible, only cerlain frequencies of electromag-
You might compare hydrogen’s atomic energy stales o rangs on a ladder, as shown in
Figure 12. A person can climb up or down the ladder only from rung to rung. Similariy,
the hydrogen atom's electron can maove 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 hvdrogen
atom's energy levels are not evenly 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 orbils to the second orbit account for all of ydrogen's visible lines, which
formn the Balmer series, Other eleciron ransitions have been measured that are not
visible, such as the Lyman series (ultraviolet), in which electrons drop into the 1 = 1 orbit,
amd the Paschen series (infrared], in which electrons drop into the n = 3 orbit_

Et‘:‘ﬂt it?

Explain why different colors of light result from electron behavior in the atom.

Copright B Crm-HE Ebpsdion



Copyright & M Crm HE Edhrsion B in Kl

Inspare: Chemistry 9-12 Student Edition

The limits of Bohr's model

Bohr's model explained hvdrogen’s observed spectral lines. However, the model (ailed
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, laler experiments
demonstrated that the Bohr model was fundamentally incorrect. The movements of
electrons in atoms are not completely understond even now; however, substantial
evidence indicates that electrons do not move around the nucleos 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 (1392-1987)
proposed a new idea, shown in Figure 13 and discussed on the following page.

ﬁgure & a fhe sit ingQ on e
haip vibeates between two fixed
endpoants. b. The vibrations of a
siring between the two lixed
endaonts Bneied 4 and B are
|imied 1o muliples of hail-
widvesenghs. €. Ebectrons on
cintwlar orbils cam ondy kave
wile numbers of wavelengths

1 half—wavelangth n =3 wavelengins
e y % E
2 hati-wavelengths o = 5§ wavelengihs

sy T W S
Nl i gl

3 hafl-wavelengths n 3 whole number {not ai cwed)

() Vibrating harp string 3 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
hali-wavelengths are possible on a plucked harp string becanse the siring 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 thooght to be strictly a wave
phenomenon—has both wave and particle characteristics. These thoughts led de Broglie
o 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?

Die 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 reprezents wavelength
I M = Planck's constant
miF M represents mass of the pasticle.
¥ represents velocity.

The wawelength of a particle is the ratio of Planck's constant and the product of the
particle’s mass and its velocit:

A=

The de Broglie equation predicts that all moving particles have wave characteristics. Note
that the equation includes Flanck's constant. Planck’s constant is an exceedingly small
numiber, 6.626 X 1™ |-5, which helps explain why it is difficult or impossible to observe
the wave characteristics of objects al the scale of everyday experience. For example, an
aulomaobile moving at 25 my's and having a mass of 910 kg has a wavelength of 2.9 x 107 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 ¥ 10 mi. Subsequent experiments have
proven that electrons and other moving particles do indeed have wave characteristics.

& et 12

Identify which variables in the de Broglie eguation 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 o have profound imphications for atomic models.

Heisenberg showed that it is impossible to take any measurement of an object without
disturbing the object. Imagine trving to locate a hovering. helium-filled balloon in a
darkened room. If you wave your hand about, you can lecate the balloon’s position
when you touch it. However, when you touch the balloon, vou 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.

Copright B Crm-HE Ebpsdion
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Speed =0 \ Electron’s speed

Bedore colsion After colliskon

H!Ll! W When a photon inMesacts wilh an eleciron at rest, both the welocity and the position of the
eleciron ane moddied. This Blustraies (e Hesenbeny uncesiasnty principe. IF S impossibée o know al the

same time ihe position and the valoclty of a partide.

Expilain Why Nias the altafon’s anesgy changed?

Mow imagine trving 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 hwo particles changes both the wavelength of the photon
and the position and 1.'-elu:m:il'._ll.r1:|l‘ 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 motien of the electron. Heisenberg's analysis of interactions, such as those
between photons and electrons, led him to his historic conclusion. The Heisenberg
mmdlﬂjpiu:llﬁstahﬁ that it is fundamentally impaossible 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 o 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 & x 10° my/s near an atomic nocleos.
The uncertainty of the electron’s position is at least 10 ' m, about 10 times greater than
the diameter of the entire atom.

The Heisenberg uncertainty principle also means that it is impossible to assign fixed
paths for electrons like the circular orbits in Bohr's model. The only quantity that can be
known is the probability for an electron io eccupy a certain region around the nucleus.

E{iet 2

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

(=3 CROSSCUTTING CONCEPTS

Cawse and Effect What empirical evidence did schentists have that
suppants the daim Bat electrons have both particle and wave properties?



The Schridinger 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. Schridinger's new moded for the hydrogen atom
seemed o apply equally well to atoms of other elements—an area in which Bohr’s model
failed. The atomic moded 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 medel limils an electron’s energy o certain
values. However, unlike Bohr's model, the quantum mechanical model makes no
attempt 1o describe the electron’s path around the nocdens.

ﬁset 7

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

Electron’s probable location

The Schrodinger wave equation is oo comyplex to be considered here. However, each
solution to the equation is known as a wave function, which is refated to the probability
of finding the electron within a particular volome of space around the nucleus. The
wave function predicts a three-dimensional region around the necleus, called an atomie
orbital, which describes the electron’s probable location. An alomic 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 stale. The probability map can be thought of as a time-exposure
photograph of the electron moving around the nucleus, in which each dot represenis
the electron’s location al an instant in time. The high density of dots near the nuclens
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.

Eﬁet it?

Describe where electrons are kocated in an atom.

Figure 15 The density mag
represents the probabiity of finding
af eleciron af & given position
assund he nuclews. & The highe
density of points near the nisdeus
shiows that the electron & more
likedy 1o be fownd dose 1o the
nuclews. b, AY amy given time, tere
i5 & #% probability of finding the
ehactron within the cinular region
shiowen. This susface b5 sometimes
chiosen 1o regresent the beundary
of the: aicm. |n this lusiratan, the
cinche correspands io & progectian of
the 3-gimenskanal sphene that
Coitanns The EbSCIONS.

Copright B Crm-HE Ebpsdion



Inspare: Chemistry 9-12 Student Edition

B LAy

s B! g Pl it b Sy

Copyright: 68 Cra M Edaiion | ose Sk

Hydrogen's Atomic Orbitals

Because the boundary of an atomic orbital is fuuju, 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 9% 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 cutside the boundary is (L1 In
other words, it is more likely to find the electron close to the nucleus and within the
valume defined by the boundary, thamn to find it cutside 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 moedel assigns quanturm numbers to electron orbits.
Similarly, the quantum mechanical model assigns four quantum numbers o atomic
orbitals. The first one is the principal quantum number (1) and indicates the relative
size and energy of atomic orbitals. As n increases, the orbital becomes larger, the
electron spends more time farther from the nucleus, and the atom’s energy increases.
Therefore, n specifies the alom’s major energy levels. Each major energy level is called a
principal energy lewel. An atom's lowest principal energy level is assigned a principal
quanium number of 1. When the hydrogen atom’s single electron occupies an orbital
with i = 1, the atom is in its ground state. Up to 7 energy levels have been detected for
the hydrogen atom, giving o values ranging from 1 to 7.

Energy sublevels

Principal energy levels contain energy sublevels, Frincipal 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
bebween 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 i increases.

Eﬂat It?

Explain the relationship between energy levels and sublevels.

=4 [ sublevels)
n =73 (3 sublevels)
m=12 @ sublevels)

o =1 [Isublevel)

Figure 16 Enesgy kevels can be thought of s nows of seatsin a theaber. e rows that afe higher oy and
farther from The sfage contain more seats, Similacly, energy kevels related o orbitals fasther irom the nucleus
[ONLain more sulleyeis.



Shapes of orbitals

Sublevels are labeled s, p. d, or [ 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 |
orbitals have the same shape. Each orbital can contain, at most, bwo electrons. The
single sublevel im principal energy level 1 corresponds to a spherical orbital called the
15 prbital. The two sublevels in principal energy level 2 are designated 25 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 dumbbellshaped
p orbitals designated 2p., 2p . and 2p.. The subscripts x, ¥, and z merely designate the
orientations of p orbitals along the x, y, and = coordinate axes, as shown in Figure 17h.
Each of the p orbitals related to an energy sublevel has the same energy.

Eﬁm It?

Describe the shapes of = 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, v, and z coordinate axes. Howewver, 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 17, The fourth principal
energy level (n = 4) contains a fourth subleved, called the 4f sublevel, which relates to
seven [ orbitals of equal energy. The f orbitals have complex, multilobed shapes.

|

£
i3

1= orbital 25 prbital

deiy?

Figure 17 The shapes of siomic orbftals desoibe the probable distribution of electmons in enesgy sublevels
&, 81 5 orbitals are spherical, and their size increases with indreasing principal quantum numbsar

b. The three p orbitsts are dumbbell-shaped and are orented along the three perpendiculas x, y, and 7 ases.
e Four af the five d oebitals have the same shape but lie in ditferent planes. The d, orbital has its own
umigue shape.

Copright B Crm-HE Ebpsdion
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Table 2 Hydrogen's First Four Principal Energy Levels

Total Humber of

Principal Sublevels (Types Number of Okl
Guantum of Orbitals) Orbitals Related JFEE:;:;:EE"::;?;;”
Mumber {nj Presemt to Sublevel el )
1 i 5 1 i
5 1
2 - 5 4
5 1
3 p 3 9
d 5
5 1
p 3
4 o p %
f 7

Hydrogen's first four principal energy levels, sublevels, and related atomic orbitals are
summarized in Table 2. Mote that the number of orbitals related to each sublevel is
always an odd number. and that the maximum number of orbitals related to each

principal energy level equals m°.

At any given time, the electron in a hydrogen atom can cccupy just one orbital. You can
think of the other orbitals as unoccupied spaces—spaces available should the atom’s

energy increase or decrease.

I& Check Your Progress
Summary Demonstrate Understanding
« Bohr's atomic model attributes 13. Explain the reason, according to Bohr's atomic
hydrogen’s emission spectrum model, why atomic emission spectra contain onby
to elecirons dropping from certain freguencies of light.
higher-energy to lower-energy 14. Differentiate between the wavelength of visible light
orbits.

« The de Broglie equation relates
a particle's wawelength to its
mass, its welocity, and Planck’s
constant.

+ The quantum mechanical
mode assumes that electrons
hawe wave properties.

+ Hectrons occupy three-
dimensional regions of space
called atomic orbitals.

and the wawelength of a moving scccer ball.

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

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

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

18. 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.

LEARNSMART 6o online to follow your personalized leaming path to review, practice,
and reinforce your understanding.
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LESS0N 3

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 umﬁgurm.
Because low-energy systems are more stable than high-energy systems, electrons in an
atorn tend to assume the arrangemend thal 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 aufbaa I
principle, the Pauli exclusion | [Rp— P N ! o <
principle, and Hund's rule—define . | L I
Iu:-nrnrzlazm.:imcanheamngadman 3 kag ™
atormn's orbitals. = e
" - : N me B 30
e aufbau principle .
The jfba it states that ach 3 W o
electron ococupies the lowest energy a
orbital available. Therefore, your first -
step in determining an element’s W
ground-state electron configuration is
learning the sequence of atomic
orbitals from lowest energy to highest LS
energy. This sequence, knowr as an Figure 48 The sufbaw diagram shows the energy of each sublevel

afbau diagram, is shown in Figure 18,  relative to the enangy of other sublevels.
In the diagram, each box represents Dietermine Which soblevel has the greater energy, 4d or 5p7
an atomic arbital.

£
1
3

1:-:_| 30 THINKING ot Deoptney Cono idea coe Crosscuting Concegi 22F Broience & Engnoering Practoes

#
COLLECT EVIDENCE INVESTIGATE -
I,Em.emiluweﬂmdm VGO OMNLIMNE 1o find these activities and mare resounces. E
recodd the evidence you COlIECt 35 | g Virtual Investigation: Electron Configuration 2
you comalete e readings snd Obtain, evalpate, and communicate information on ihe patterms aresenl in e panadie

actwities in thss lessan. tadile thed trarsiat= inlo patiens of eleciron states,

a. Laboratary: Electran Charge-lo-Mass Ratio
Analyre and interpret data bo determine the propertion of charge to mass for an electron.
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Table 3 Features of the Aufbau Diairarn

A0 prbitals related o an enengy sublevel ane of All three 2p orbitals are of equal
equal enengy. ENEeTgy

In & multi-electron atom, the energy sublevels
within & peincipal energy lewel have different

The three 2p mbitals are of higher
eneqgy than the 25 orbital.

e = e e o i

In oeder of increasing energy, the sequence of
energy sublevels within a principal energy level is
5, p, o, and f.

Ovbitals related to energy sublevels within one The orbital redated fo the atom's 45
principal energy level can overlap orbitals related | subdevel has a lower enengy than the
o energy sublevels within another principal level. | five orbitals redated o the 3d sublevel.

if m = 4, then the sequence of enargy
sublevels is 45, 4p, dd, and 4i

Table 3 summarizes several features of the anfbau diagram. Although the aufbau
principle describes the sequence in which arbitals are filled with electrons, it is
important to know that atoms are not built up electron by 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 Paoli exclusion
principle, proposed by Austrian physicist Wolfgang Pauli (1900-1958), stales that a
maxirnum of bwe electrons can occupy a single atomic orbital, but only if the electrons
have opposite spins.

Hectrons in orbitals can be represented by arrows in boxes. An arrow pointing up ﬂ
represenis the electron spinning in one direction, and an arrow pointing down
represents the electron spinning in the opposite direction. An empty box D represents
an uneccupied orbital, a box containing a single up arrow epresents an orbital with
one electron, and a box containing both up and down arrows represends a filled
orbital containing a pair of electrons with opposite 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 musk occupy each equalenergy orbital before additional electrons with opposite
spins can occupy the same orbitals. For example, the boxes below show the sequence

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

00 =000 =0
M0  sfdff] e[

IEGE!’ 17

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

You can represent an alom’s electron configuration using one of two
convenient methods: orbital diagrams or electron configuration

niotation. 20,
Orbital diagrams

As mentioned earfier, electrons in orbitals can be represented by
arrows in boxes. Each box is labeled with the principal quantuns

number and sublevel associated with the crbital. For example, the 260 EF‘;
orbital diagram for a ground-state carbon atom, shown below, contains i wh
two electrons in the 1s orbital, bwo elecirons in the 2s orbital, and one
electron in two of three separate 2p orbitals. The third 2p orbital IEI
remains unoccupied. B &= 2p

ure 19 Thels, 25 and 2

vyt
LA Zp Determine how many alectons 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 1572572p7.

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

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

Atomic Orbital Diagram Electron Configuration
Element SR & - e
Humber = 2= 2p 2p. Ip Motation

Hyragen | 1 s’

Helium | 2 | 187

Lithium | 3 . 17 25"
Benyllium | 4 | 1=* 257
won | 5| ] w2020
amen | s | [@ @ [ @ 152 262 2p7
Nwogen | 7 | [ @ [ @ [ 197 25 297
ovgen | 8 MM E@EOMO N we
e | 8 | M0 wew
Mo | infin 22020
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Mote that the electron configuration notation does not usually show the orbital
distributions of electrons related to a sublevel. It is understood that a designation
such as nitrogen’s 2p” represents the orbital cccupancy Zpilip.‘ip:'.

For sodium, the first ten electrons occupy 1s, 25, and 2p orbitals. Then, according to
the aufban sequence, the eleventh electron occupies the 3s orbital. The electron
configuration notation and orbital diagram for sodium are written as follows.

15.1311":535.'

[ [ CEE [
™ 2p )

Moble-gas notation Moble 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 symbaols to represent the electron configurations of noble gases.
For example, [He] represents the electnon configuration for helinm, 15°, and [Me]
represents the electron configuration for neon, 1525 2p",

Compare the electron configura-
tion for meon with sodiom's

Table 5 Electran Configurations for Elements 11-18

i g ; N : Complete Electron

: A i 2 1 ﬁﬁ?rrg:r Electron Configuration
the inner-level configuration for T | Configuration | Using Noble Gas
soudinm is identical to the elec- | i oy : ;
tron configuration for neon. !_SDEIE['.‘._= _ N _TE'E_IP‘?:E‘_ |_ [h!e]is_
Using noble-gas notation, sodi- | Magnesium | 12 1s22672p3s® | [MNes? ;
um's electron mnﬁgu.mth:lm ::Ia: | Aliminim 3 1572572p 573! | [Nej3s?3p!
b it i to the form. [NeBs’.  [— e
The electron configuration for an | _Slllm-n I H ! _15‘.15’2;1:‘35‘-';:‘ | [He]k‘ip’ |
element can be represented using | Phosphorus | 15 | 1572572pf3si3p? ! [Me]3=3p
the noble-gas notation for the | Snifur | 1% 157257 2pt3s73p | [MelEs*3p®
Tihe o i e previous pericy] | Chigrine | 17 15720 2pA 30 3" | [NeRs?3ps
and the electron configuration | | 1 1 > |
for the additional orbitals being | A700 | B | 52eTapfastpt | [NeBsiipfor (A |
filled. The complete and abbrevi-

ated (using noble-gas notation) electron configurations of the period 3
elements are shown in Table 5.

EGH It?

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

SCIEMNCE USAGE V. COMBION USAGE WORD ORIGIN

period aufbau

Science usage: 3 hosizomal row of elements in the curent periodic 1abla coimes from the Genman wiond
There are seven Dens i the Current parodic s, cuibioven, which means to bl up

Comman osege: an imenal of tme determined by some recurming phenamenan of QIPaage
T perod of Eardh s o i one e
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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 incleding vanadiom, atomic number 23. However, if vou were
to proceed in this manner, vour configurations for chromium, [Arl4s*3d*, and copper,
[ArHs?3d®, would be incorrect. The correct configurations for these two elements are
[ArMs3d” for chrominm 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 subdevel diagram and following the arrows, you can 15

write the ground-state electron configuration for any element / //

1. Sketch the sublevel diagram on a blank piece of paper.

2. Deteqmine the number of electrons in one atom of the element for / / /
wihich you are writing the electron configuration. The number of
elections in & neutral atom equals the element’s Slomas number.

2. Starting with 2, wiite the aufbau sequence of atomic orbitals. l‘/ "/ / ‘/
by fellowing the diagonal amows from the top of the sublevel

diagram to the bottom. When you complete one line of arrows, / ,/ ,/ /
e 1o the fght, 1o the beginning of the next line of amows. B Sp B Sl

£s you proceed, add superscripts Indicating the numbers of / / /
electrons in each set of atomic orbdtals. Continue ony witil & 6&p &d

you have sufficient aiomic crbiials o accommodate the total
number of electrons in one stom of the element. / .v/

4. Apply noble-gas notation.

Apply the Strategy
‘Write the ground-state electron configuration for Zirconium,

PRACTICE Problems W ADDITIONAL PRACTICE

19. Write ground-stafe electron configurations for the following elements.

& bromine (Brj . antimaody (Sh e terbium [Thy
. strontium (Sr) d. rhenium [Re) f. titaniwm [Tij

20. A chiorine atom in its ground state has a total of saven electrons in orbitals related 1o the atom's
third energy level. How many of the seven elecirons oocupy p orbdals? How many of the 17
electrons in a chiorine atom oooupy p orbitals?

21. When a suliur atom reacts with other atoms, electrons in the atom's third energy bevel are involved,
Howe many such elecirons does a sulfur atom have?

22, An element has the ground-state edectron configuration [Kri5s*4d™5p" It is part of some
semiconductors and used in varous alloys. What element s it?

23. CHALLENGE In s ground state, an giom of an element has twa electrons in all orbitals related
o the atom's highest energy level fog which 7 = & Using noble-gas notation, write the electron
configuration for this element. and identify the element.

Thie subileye! disgram sherws The padar
in wiich the arbitals are wsually filled.

Copright B Crm-HE Ebpsdion
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Valence Electrons

Only certain electrans, called valence electrons, determine the chemical pmpert'ne-.;nl'a.n
element. Valence electrons are defined as electrons in the atom’s outermaost orbitals—
generally those orbitals associated with the alom’s highest principal energy level. For
example, a sulfur atom contains 16 electrons, only six of which occopy the outermost 3s
and 3p orbitals, as shown by sulfur's electron configuration, [Nej3s°3p®. Suliur 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’

Eﬁiet 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
represen them visually using a

simple shorthand method, called Table 6 Electron Configurations and Dot
electron-dot strocture. An alom’s Structures

electron-dot structure consists of the = = =
cement’ssymbol, wich reprosents [N el s
the atomic nucleus and inner-level ]

electrons, surrounded by dots Lithium 3| g5 Li»
representing afl of the alom’s valence . Beryllium 4 | {7257 He-
electrons. In writing an atom'’s O | . B
electron-dot 51:r|.1.:mgre, dots repre- St Z l o 1 =
senting valence electrons are placed | Carbon & | 15725727 't

one al a time on the four sides of the Mitrogen r | 157257 2p" -hl
symbsl (they may be placed inany | gyunen 8 | 1s2spe B
sequence) and then paired wp until e v — xn T

all are shown. Table 6 shows exam- Flacne a | ieedpt F,

ples for the second period. Neon 0| 157272t e

EXAMPLE Problem 2

ELECTROMN-DOT STRUCTURES Some toothpastes comnvtadn stannous fluoride, a compound of tn
and fluorine. What is tin's electron-dot struciure?

1 ANALYZE THE PROBLEM

Cionsuft the periodic table to determine the total number of electrons in a iin atom.: Write out
tin's electron confiquration, and determine s number of valence electrons. Then wuse the nules
for electron-dot structures to drew the electron-dot structure for tin.

2 SOLVE FOR THE UNMKMNOWN
Tin has an atomic number of 50. Thus, a fin atom has 50 elecirons.
‘White out tin's electron config uration using noble-
[KriSs*ad"5p® gas notation. The dosest noble gas = Kr.

The two 52 and the two 5p electrons (the electrons in the orbitals related to the atom’s
highest principal energy leved) represent tin's four valence electrons. Draw the four valence -Sn.
elecirons around tin's chemical symbaod [Snj 1o show tin's eleciron-dol stuciune.
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EXAMPLE Problem 3 (continued)

3 EVALUATE THE ANSWER

The correct syrmbol for tin [Sn) has been used, and the rules for drawing electron-dot structunes
have been correctly applied.

PRACTICE Problems W, ADDITIOMAL PRACTICE
24. Draw electron-dot structures for atems of the following elements.
B Magneskim b thallium £, XENon

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

26. CHALLENGE This element exists in the solid state at room temperature and at mommal
atrnospheric pressure and is found in emerald gemstones. It 5 known 1o be ane of the -x-
foliowing edements: carbon, germanium, sulfur, cesium, berylliium, ar argon. |dentify the
element based on the slectron-daot structure at right

|& Check Your Progress

Summary Demanstrate Understanding

= The amangement of elecirons 27 Apply the Pauli exclusion principle, the aufbauw
in an atom is called the atom’s principle, and Hund's rule to write the electron
electron configuration. configuration and draw the orbital diagram for each of

» Electron configurations are the following elements.
defined by the aufbau princi- a silicon b. fluorine c. calcium d. krypton
pie, the Pauli exclusion pringi- 28. Define volence electron.
e 29 IHustrate and describe the seguence in which ten

= An element’s valence electrons electrons occupy the five orbitals related to an atom's
determine the chemical proper- d sublovel.
Besofihe ; 30. Extend the aufbau seguence through an element that

= Hectron configurations can be has not yet been identified, but whose atoms would
represented using arbital completely fill 7p orbitals. How many electrons would
diagrams, electron configura- such an atom have? Write its electron configuration using
tion notation, and electron-dot noble-gas notation for the previous noble gas, radon.
structures.

3. Interpret Scientific [lustrations Which is the comect
glectron-dot strecture for an atom of sefenium? Explain.

1.5:%_.; u.'s:é. r_EE it 5

CES

LEAMRMSMAIRT Goonline to follow your personalized learning path to review, practice,
and reinforce your understanding.
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SCIENTIFIC BREAKTHROUGHS

Batteries of the Future: Super Charged!
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Batteries are fundamental to modemn
techmology. Since the imvention 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 liguid. Howewer, some
ressarchers are working to develop safer
batteries with water-based. air, or solid
ehectrolytes.

The US. Army Research Laboratory, in
collaboration with the University of Maryland,
is shaking things wp with new technology that
uses a salhwater electralyte. The researchers
say this eliminates the fire and explosion risk
associated with some non-agueous fithium
ion batteries, which is espedally a concemn for
military personnel in combat situations. The
techmology 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 ancther promising
possibility for the future. it is projected they

@ MAKE AND DEFEND A CLAIM

Research cne 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.

Linhdeim ion batiesies are used in ehecironics.

could provide three times as much power for
a given weight compared with lithium-ion
battenes. 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 liquid electrolyte entirely. This
creates a safer, fire-resistant, more powerful,
and rechargeable energy souwrce. Solid state
batteries are an important advancement to
the electric automaotive industry, which is
currently limited by the range of the best
lithium ion batteries.

Given the pervasiveness of battery-powered
electronics, new fastes, stronger, and =afer
gptions could be the catalyst for the next big
breakthrough in battery technology.
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STUDY GUIDE

) GO OMLINE to study with your Science Moteboak

Lesson 1 LIGHT AND QUANTIZED ENERGY
= All waves are defined by their wavelengths, Fequencees,

amplitudes, and speeds.
= AW
* In a vacuum, all electromagnetic waves travel at the speed of light.
» All electromagnietac waves have both wave and particle properties.
+ Matter emits and absorbs energy in quanta.
'E.,,._..J..... = Ju

* White light produces a continuous specirum. An element’s

emission spectrum consists of & series of lines of individual colors.

slecromagnetic radiation
wavelength

frequency

ampitsde
electromagnetic spectrum
quantum

Planck's constant
photloclectric effect
photon

atomic emissson specirism

Lessan 2 QUANTUM THEORY AND THE ATOM

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

AF=F = E = | = [rir

St vm s A e T Tt F ] (L)

* The de Brogle equation relabes a particle's wavelength to its mass,
its velocity, and Planck’s constant.
A= Ifmis
* The quantum mechanical model assumes that electrons have
ke properies.
* Electrons occupy three-dimensional regions of space called
atormi: arbitals.

ground state
quantum nember
de Broglie equation

Heisenberg uncersnty prnciple
quantum mechanical model of

fthee atam

atomic orbital

principal guantum number
principal energy level
enengy sublewvel

Lessan 3 ELECTROMN CONFIGLUIRATION

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

+ Electron configurations are defined by the aufbau principle, the
Pauli exchesion principle, and Hund's rule,

+ An element’s valence electrons determine the chemical properties
af the element

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

electron configuiration
aufbau principle

Pauli exclusion principle
Hund's nile

wvalence electron
electron-dot struciure

Copright S Crme- HE Librsion
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o~ THREE-DIMENSIOMAL 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 mot, revise your claim. Explain why your evidence supports your claim.

STEM UNIT PROJECT

Mow that you've completed the module, revisit your STEM unit project. Youw will

summarize your evidence and apply it to the project

GO FURTHER
33 Data Analysis Lab

‘What electron transitions account for the Balmer series?

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

Analyze and [nterpret Data

Some hydrogen balmer lines are designated H_ (6562 Al

H, (4861 &), H (4340 A), and H_(4101 A). Each wavelength (A)
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_ 3 i '
;-1.095?5:10( 3 }|rn

n i

Faor hydrogen's Balmer series, electron orbit transitions ocour
from larger orbits to the n = 2 orbit; that is, m, = 2.

Analy:e and Interpret Data
1. Calculate the wavelengths for the

following electron orbit transitions.
an=3In=2
b.n=4&n=2

cn=5n=2
don=6n=2

. Claim, Evidence, Reasoning Relate

the Balmer-series wawvelengths you
calculated in Question 1 to those
determined expermentalhy. Allowing
for expenmental ermor and
calculation uncertainty, do the
wiavelengths match? Explain your
answer. One angstrom (&) equals
1072 m

. Apply the formula E = hofh o

determine the energy per guantum
for each of the orbit transitions in
Cuestion 1.
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THE PERIODIC TABLE AND PERIODIC LAW

ENCOUNTER THE PHENOMENON <
What can we learn from the
periodic table?

&3 Ask Questions

Do you have ather guestions about the phenomenon? If so, add them to the driving
guestion board.

Claim, Evidence, Reasoning

Make Your Claim LUse your Collect Evidence Use the Explain Your Reasoning You
CER chart to make a claim lessons in this module to will rewisit your claim and
aboutl what we can learn from | collect evidence to support explain your reasoning at the
the periodic table. your claim. Record your end of the module.

evidence &5 you mave
through the module.

i G GO OMLINE to access your CER chart and exgplore resources that can
4 help you collect evidence.
!
3 i s "
‘:I L | ! -
:: | & = NI
r i g
& i

-
-

LESSOM 1. Explore & Explain: LESSOM 2: Explore & Explain:
Groups and Periods Electron Configuration and the
Periodic Table
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LESSON 1

DEVELOPMENT OF THE MODERN PERIODIC TABLE

FOCUS QUESTION

How are elements organized in the periodic table?

Development of the Periadic Table

In the kate 1700s, French scientist Antoine Lavoisier (1743-17%) compided a list of all
elements that were known at the tme. The list, shown in Table 1, contained 33 elements
anganized in four cateporics. Many of these elements, such as siver, gold, carbon, and
ocygen, have been known since prehistoric times.

The 18005 browght a large increase in the mumber of knovn elements. The advent of
electricity, which was used to break down compoumds into their components, and the
development of the spectrometer, which was used bo identify the newly isolated elements,
plavied major rolis i the advancement of chemastry, The industrial revalution of the mid-
16005 alse plaved a major rofe, which led to the development of many new chemistry-based
indusiries, sech as the manufacture of petrochemicals, soaps, dyes, and fertilizers. By 1871,
there were over 60 kninwn elements,

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

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

Monmetals

light, heat, dephlogisticated air, phlogisticated gas. inflammable alr |
antimany, sikeer, arsenic, eamuth, coball, copger, Hn, Fan, manganese,
marcury, molyidena, nicke, gold, platina, lead, ungsten, zinc

sulphus, phosphoeus, pure charcosl, radical muriatique”, radical Muorigue’
radical boracigua® |

Earihs chalk, magnesia, baroie, diay, sillceous earth

e Ergish nome

COLLECT EVIDENCE
ltl.lh‘m Science Joumal to
record he evidence you colle as
i complele e readings And
achinties i his lesson.

INVESTIGATE

OV GO OHLINE b5 find ihede activilies and mons nsources.

@ Virtual Investigation: Periodic Properties
Amalyre snd interpred the data in ihe periodic lable of clements or patierns of armanaatan
and {ha propertles of matier

@ ChemLAB: Investigate Descriptive Chamistry
Analyre and imerpred data 10 determene patteims al properies in representalive slemons
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Organizing the elements

A significant step toward developing a lool for organizing the elements and the large
amount of datas sbout their properties came in 1860, when chemists agreed upon a
mcthod 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 reprodoce by anotier.

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 1884, English chemist fohn Newlands (1837-1598) proposed an organizational
scheme for the elements, He noticed that when the elements were armanged by increas-
ing atomic mass, their properties repeated every eighth element. A pattern such as this
i= called periodic because il repeats in a specific manner. Newlands named the periodic
relatsonship that he observed in chemical properties the law of actaves, after the musi-
cal octave in which notes ropeat every eighth tone,

Figure 1 shows how Newlands onganized 14 of
thee elements known in the mid-1860s, Accep-

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

the low did not work for all of the known ele At i B BAME 10w,

ments. Also, the use of the word octave was P » “
harshly criticized by fellow scientists, who thought AH 1 AR 8 = ndsoon
that the musical analogy was unscientific. While

his law was not generally accepted, the passage of T—
a few vears would show that Mewlands was Bmi ’ ﬂ 3

basically correct: the properties of elements do

repeat in a periodic way. ‘-’m:! ‘-’E“ e ———
Meyer and Mendeleev % < ﬂﬂ* o a“ eo——-
In 15869, German chemist Lothar Meyer -

(1830-1895) and Russian chemist Dmitri FE S f Sl m—
Mendebeme (1834-1907) each demonstrated a

comnection between atomic mass and the ‘

properties of elements. Mendeleey, however, is ¥ m g =y ﬁﬂ —-
generally given mere credil than Mever because &

he published his organizational scheme firs, (60 1 (8 1 —

Like Mewlands several years earlier, Mendeleev

noticed that whr:-n ithe clemenis hmmﬂnmd by Figure 1 Jah Hewlands noticed that the properises of
increasing atomic mass, there was a periodic alements repeated every alghth element in the same way
pattern in their properties. miggEel Rotes TopE Al Bvedy wghth Nole srd lorm octaves.

'lﬁﬂ ?

Describe the pattern that both Newlands and Mendeleey noticed about the
properties of the elements.




By arranging the elemenis in order of increasing atomic mass inko columns with similar
properties, Mendeleey organized the elements into & perodic 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. Mendelbeey
left blank spaces in the table where he thought the undiscovered elements should go.

By noting trends in the properties of known elements, hie was able to predict the
properibes of the yel-to-be-discovered elements scandium, galllum, and germaniam.

- 7
=
= 2
= il
- 16

= 15

mcEAmpr

N = 12
Mg =M
Al == 17,3
B =
r =u
B =3
Cl = 080

K = ¥
Ca = 40
T = 487
¥ =5
Cr == B2
Mun= 35
Fa == 56
Co = 5
N = 38
Cu == B3
Ea = b
As = Th
Ha = TH
Be = B0

b = B3
B o= 0
Y= &F
Iy == 90
Nl W
Mo = 98
Bu = 104
Eh == 104
Pd == 108
Ag = 108
Cd == 112
In == 113
Hm == 118
B == 177
Tea == IZ5F
J =137

Cs == 132
fa = 137
P = 1387
Ca = 1407

R B S

Er m 1THY
Tha == 15G7
Ta == 162
W o B

i - (95T
Ir = 197
o= 1987
Aa w1997
Hg== 0
T o= D04
b= 207
Bl = 308

Flguee 2 In the firsd version of hiz table, publithed in 1869, Mandeleey armangead elaments wilh smilar
chemmal properties hongcetally, He lelt empty spaces Br eléments that were not yel discovered,

Mosaley

Mendelesv's table, however, was not completely correct, Aller several new elements
were dizoovered and the atomic masses of the known elemuents wers more accurately
determined, it became apparent that several elements in his table were not in the
correct arder. Arranging the elements by mass resulted in several elernents being placed
in groups of elements with differing properties, The reason for this problem was deter
mined in 1913 by Enghsh chemist Henry Moscley (1887=1915) Moscley discovered that
atoms of each element contain a unique number of protons in their nuclei-the number
of protons being equal o the atom's atomic number. By arranging the elements in order
of increasing alomie number, the problems with the order of the elements in the peri-
odic table were sobved and a clear periodic pattern of properties resulted,

The statement that thiere is a periodic repetition of chemical and physical properties of
the elements when they are arranged by increasing atomic number is called the

perindic law,

l!ﬂet | ¢4

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

elements.

t 114 b R

I

Frgmprogd B e S % | biraias Tnr=us Dol e P ties L dvar o Do | oy iolompey
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Table 2 summarizes the contributions of Newlands, Mever, Mendeleéy, and Moseley to
the developmenl of the periodic tablbe,

The periodic table brought order to seemingly unrelated facts and became a significant
ool for chemists. It is o 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

Jahn Newlands ($837-1898)

« arranged abements by Increasing alomic mass
« noticed the repatition of properies every eighith elemeant
= crgated tha law of octoves

Lothar Meyer (1B30-1895)

= demonsirated a connection bobween atomic mass and slements’ properties
= mranged the elements in arder of increasing atomic mass

Dimitri Mendeleav (TB34-1307)

= demaornstraled a connection bebwean atomec mass and elemaénts’ properties
« aranged the elements in arder of increasing atomic mass
- predicled the existence and prapeiies of undiscovened slements

Henry Moteley (1EE7-1915)

« discovered that aloms contain a unigue nuember of prolons called the atomic number
= -ﬂ‘l'-l!l'lﬂlﬂ elemants n order of increasing slomic numbser, which résulted In o

periodic pattern of properties
]
The Modern Periodic Table atomic —B @=- symoo
The misdern periodic table consists of boxes, each containing an | } : Element
elernent name, symbol, atomie number, and atomic mass, A Bpical e L e

b from the table is shown in Figure 3,

The table arders clements horeontally by the number of protons in sl o i g

periodic ke containg the sle

an atom's nuclens, and places those with similar chemical proper- reut's name, fis chemical el
ties in columng, The columins are callisd groups or families, The 145 sl e, ng Ws At
roows are called periods, mnss,

The periodic Lable 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 thee properties of
different elements relate o one another.

[EE3 CROSSCUTTING CONCEPTS WORD ORIGIN

Patterns. Dellecent patlens can be obsesved in me pedodic tabse. The patterns period

organite and can pradict the properties of slements. Compnre and contrast the | comas from ihe Goeek word
periods and groups of the table, showrn in Figune &, basad on their atome: mimber [penipdos, meaning Wy aroead.
NG Ao mass. Create & graphit arganiter or oner simphe wsisal that will hedp you | cirewir

and your classmates remeniber the pattens,
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Figure 4 Periodic Table of the Elements

Figeprad 0 b e el | s
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Groups and periods

Beginning with hydrogen in period 1, there are a total of seven periods. Each group is
numbesed 1 through 18. For example, persod 4 contains potassium and caleium. Ohy-
gen & in group 16, The elements in groups 1, 2, and 13 to 18 possess a wide range of
chemical and physical properbies. For this reason, they are often referred to as the main
group, or rqmuﬂlﬁn-lhmh. The elements in groups 3 to 12 are riferred to as the
transition elements. Flements are also classified ax metals, nonmetals, and metallowds.

Metais

Elements that are generally shiny when smaoth and clean, solid at room terperature,
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
inbo 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 stairsiep fine that rigzags down bo astatine
it} at the battom of group 17, This stairstep line i a visual divider belween the metals
and the nonmctals on the table. In the periodic table shawn in Figune 4 metals are
represented by the blue boxes.

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

Figure 5 Coppar, lka mosl
metals, 5 ductie and
camducis ebecircity wili,
For fhiekd feasons coper is
used for electrical winng

SCIEMCE USAGE v. CONMMON USAGE

conductor

Schenoe usoge: A subsinnce of body capable of irrsmithing electricity, e,
oF 5ound

Coppev i5 @ good congictor of et

Comamm ursoge: & permon who condocts an orchisten, cholis, of ot group
iof musical performers

The pew contuctor heiped the aichesie perfanm of its best



Alkaline Earth Metals The alkaline earth metals are in group 2. They are also highly
resctive. Calcinm (Ca) and magnesiam {Mg), two mimerals important for your health,
are examples of alkaline earth metals. Because magnesium is sttong and relatively
light, it is used in applications in which strength and kow mass are important, as shown

in Figure 6.

Figune & Because moagrasium is light and strong,
114 often used in the prodistion of salety devices
suh &5 thess caribinsrs used by climbes

Transition and Inner Transition Metals The transition elements are divided into
transition metals and inner ransition metals. The two sets of inner fransition metals,
known as the lanthanide series and pctinide series, are located along the bottom of the
periadic 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 is strong and light, the tramsition metal
titanium s used to make frames for bicveles and eveglasses,

MNonmetals

zlle]8nlch @ Connection | Nonmetals occupy the upper-right side of the periodic
table, They are represented by the vellow boses in Figure 4, Nonmetals are elements
that are generally gases or brittle, dull-looking solids, They ane poor conductors of heat
and electricity. The only nonmaetal that is a liguid at room temperature is bromine (Brj.
The most abundant element in the human baody i3 the nonmetal osovgen, which consti-
tutes 65% of the body mass,

Group 17 comprises highly reaclive 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 o prevent tooth decay, The extremely unreactive group 18 elements are com-
maonly called the aoble gases. They are used in applications where their unreactivity is
an advantage, such as in lasers, a variety of light bulbs, and neon signs.

= v B Sl b Tamiin s

Doyt mghed s S ¥l | boirlians Do
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Metalloids

The elements in the green bowes bordering
the stairstep line in Figure 4 are called metalloids,
or sermimictals,

Metalbolds have phasical and chemical properties
of both metals and nonmeetals. Silicon (Si) and
germanium (e} ane two impartant metaloids
used extensively in computer chips and sofar cells.
Silicon is also used 1o make prosthetics or in
Iifelike applications, as shiwm in Figune 7

ThiE it I'ﬂdﬂi'l.lﬂﬂ L lhl:" pEri.udic |.-|11:|IL" lIJIJE'hﬂ.'El F|’“T SrEpndists developing submanng l.“l:mﬁll:lq'r created
only the surface of its durable explanatory thés robed ihat tooks and swems ke a rezl fish. fis body =
pwET, Yoru can refer to the Elements Fland- mide ol @ silicon resin (hat solters in waler

book at the end of vour textbook to learn more

about the elements and their various groups,

\B Check Your Progress
Summary Demonstrate Understanding
» The elements wera first orga- 1. Describe the development of the periodic table.
nized by increasing atomic 2. Sketch a simplifiad version af the pariodic table, and
mass, which led to inconsisten- indicate the lacation of metals, nonmetals, and metalloids.

cies. Later. thoy were organized 3
by increasing atomic numbser,

« The periodic law states that 4
when the elements are
arranged by increasing atomic

. Describe the general characieristics of melals, non-
metals, and metaliolds,

. hdentity each of the following as a representalive
elamant of 4 transiion slement,

numbern, there is a periedic 2. lithium {Lj c. promethium (Fm)
repetition of their chemical and b. platinum (P d. carbon (C)
physical properties, 5. Compare For each of ihe given elements, list two

« The periodic table organizes the other elements with similar chemical properties.
elements IMo perlods |rows) and B, fodine () b barum (Ba] ¢ kon(Fe)
groups or families (columnsy. 6. Compare According o the periodic table, which two
elements wilh Bimiar properties Elﬂlmnhhmm:mﬂtmmm&mmm
are in the same groug, atomic number?

- Elements are classified as 7. Interpret Data A company plans to make an electronic
metals, nonmetals, of device. They need la use an element that has chemical
metalioids. 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
pencdic table to predict which element the company
will use,

LEARNSMART' Goonsine iofollow your personalized leaming path to review, practice,
and reinfarce your undersianding.



Inspare Chemistry, Student Edition

LESSON 2

CLASSIFICATION OF THE ELEMENTS

FOCUS QUESTION

Why do elements in the same group have similar
properties?

Organizing the Elements by Electron
Configuration

As vou learnied previowsly, electron configuration determines the chemical properties
of an element, Writing out electron configurations using the aufbau diagram can be
tedious. Forlunately, vou can delerming an alom's electron eonfiguration 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
comfigurations for some of the group 1 elements are listed in Table 3. All four
configurations have a single electron in thelr outermost orbitals,

Valence electrons

Recall that electrons in the highest principal energy level of an atom are called vabence
electrons, Each of the group 1 elements has one valence eleciron. The group 1 elements
have similar ehemical properties because they have the same number of valence elec-
trons. This is one of the most important relabionships in chemistry: atoms in the same
group have similar chemical propertices because they have the same mumbser of valence
electrons, Each group 1 element has a valence electron configuration of 8'. Each group 2
element has a valence electron configuration of &°. Groups 1, 2, and 13 to 18 all have
thieir owmn valence electron configurations.

Tabie 3 Electron Configuration for the Group 1 Elements
hydogen  [w  |w

Period 2 |W2d' He2s'

Period 3 E | !5‘15.*2|:|"35' | [Mels'

Period 4 potassiom | 16'26'2p"3s'3pBas’ | [Ards'

COLLECT EVIDENCE INVESTIGATE
1B Vs your Science Jownalto | /GO ONLINE 1o find thesa activtios and more risources.

receed the evidence you cofet as | 523 1dentify Crosscutting Concepts
you compieds the readings and Cruabé a lable of the crosscutiing concepts and Till in exampies you find as you read.

activities i this lesson
. 4 Revisit the Encounber the Phenomenan Guestion

Whnat infarmation Iram IR Eeson Con Help you Amdwr e maduse question?

|t n e
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Figure 8 Thi figure shows thee eleciron-dol
siruchene of most representative elements.
Observe How does the mumber of wrience
decirons vory il o grapp?

Malence electrons and period

The energy level of an clement’s valence electrons indicates the period on the periodic
table in which it is found. For example, lithivm’s valence electron is in the second
energy level and lithium is found in perbod 2. Now look at gallium, with its electron
configaration 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 0 an, The noble gases in group 18 each have eight valence elecirons, with the
enception of helium, which has enly two valence electrons, Figure 8 shows how the
electron-dot structures you studied previously illostrate the connection betweesn group
number and number of valence electrons. Notice that the number of valence electrons
For the elerments in groups 13 6o 18 is ten less than their group number,

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

The peniodic table has columns and rows of varying 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 ane four different
energy sublevels (s, p, d, and f), the periodic table is divided into four distinet blocks, as
shown in Figure % on the next page.

s-Block elements

The s-blnck consists of groups 1 and 2, and the element helium. Group | elements have
partially filled s orbitals containing one valence clectron and electron configuralions
ending in s'. Group 2 elements have completely filled = orbitals containing twe valence
electrons and electron configurations ending in 5. Because s orbitals hold two electrons
al most, the s-block spans two groups,



"N
il

I3

e T

W 1

B i T O
&db i

Figure § The penodic table i divided info
taiie ocks—8, p. d, snd L

Analyre What fs the moighionshin bofwesi
the maximun awmber of slecions on
Eaergy sudieved cov hold and e rorrher o
codmrs i ihaf biock an the dimgram ®

p-Block elements

Adter the s subleved s filled, the valence electrons next occupy the p sublevel The pblock is
comprised of groups 13 through 18 and contains clements with fillisd or partially filled p
arbilals. There are no p-block elements in period 1 because the p sublevel does nod exast 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 becaese Lhe three p orbitals can bald a maxi-
murn of six electrons.

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

d-Bilock elements

The d-block contains the transition metals and is thee largest of the blocks, With some
excephions, d-block dlements are characterized by a filled outermost 5 orbital of enengy
lewed n, and filked or partially Billed d orbitaks of energy level n =1,

Table 4 Noble Gas Electron Configuration

Electron

Principal Energy Lewel Configuratior
1 n=1 helium | 15
2 n=2 neon | [He[2s2%p*
3 n=3 argon [Mel3s‘3p*
4 | —_— krypton i [Aris 3deap
RCADEMIC VOCABULARY

structure
something made up of more-ordess interdependent clements or parts
Mary sciemtists were imodved In Hhe discovery of te struchivre of the atom.

Ukl & i e | o
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As you move across 4 period, electrons fill the d orbitals, For example, scandium {Sc),
the first d-block element, has an cléctron conliguration of [Ar]#s53d". Titanium (Ti), the
next element on the table, has an dlectron canfiguration of [Arj4s3d. MNote that titani-
um’s filled outermost = orbital has an energy level of u = 4, while the d arbital, which i=
partially Alled, has an energy level of m = 3,

A vou learned previously the aufbau principle states that the 4s orbital has a lower

energy bevel than the 3d orbatal, Therelore, the 45 orbital s filled before the 3d orbital.
Thee fivee d orhitals can hold a total of 10 electrons; thus, the d-block spans 10 groups on

the perindic table.

1-Block elements
The f-block contains the inner transition metals, Its elements are characterized by a filled,
or partially flled outermaost s arbital, and filled or partially filled 41 and 5f orbitals.

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

EXAMPLE Probiem 1

ELECTROMN CONFIGURATION AND THE PERIODIC TABLE Sirontium, which is wsed 1o produce
red fireworks, has an elactron configuration of [KriSs™. Without using the pericdic table, determing
the group, period, and block of strontium.

1 ANALYZIE THE PROBLEM
Yoo are given the electron configunation of strontium.
K

Elwctron configuration = [Ki]Ss'  Group =7
Period = T

|

1 Fia ra ey i e Slamemis, e miGe

The 3! indicates that strontium’s valence electrans fill Bl il Bl T Fa S T it

the s sublevel, Thus, strontium is in group 2 of the s-block.

The 5 in 55° indicates that strontium s in period 5. Trrm Py BiF G TR Sy e
Im-ﬂ.l‘l‘:pﬂﬂﬂﬂu‘nﬂﬂ-

3 EWALUATE THE ANSWER

The relatianships between eleciron configufation and
position on thi: perodic tabke have Deen correctly applied.

STEM CAREER Comnection

Physical Chemist

Do e icleas af wsing compaievs and sophsticated lbormkony nstruments 1o
model, simulate, and analyze experimantal results appeal 1o you? dre you
SEMEHNE WD enfoys seveloging nesw Meories? Plysical chemists are imerestid
in her matter behaves at the molocular and atanic level, They have & siiang
Interest and badeground in chemistry, physics, and math.
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18%4-1900

Figure 10

History of the
Periodic Table

The modarn periodic 1atde & the result of the
weark of many soientists ower the cevlusies
whi studied slements and discovered
periodic pattems in thelr prapedties,
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W, ADDITIOMAL PRACTICE
B, Without usmg the pevindic thole, delermine the group, periad, and biock of an atom with e

PRACTICE Problems

following electron configurations.
a. [Ne3s b [Hegs" €. [Kr]5s'4d™5p®

9, What ane the symibols for the shements with the following valence shectron configurations?
a5 b.s'p" [

10. CHALLENGE \Write the eleclron configuration of the following elements,
. the group 2 element in the fourth period
b. the group 12 element i the fourth period
€. the noble gas in the fifth periad
d. the group 16 element in the second pericd

The developrnent of the periodic table took mamy vears, but like all scientific kmnowl-
cdge, it s open o change, As new elements are synthetized, identified, and named, and
as new data aboul elements arise from experimentation, the periodic table is wpdated,

Refor to Figure 10 on the previous page bo learn more about the history of the periodic
tiable and the waork of the many scientists who contributed to its development. The
periodic table is an essential tool in understanding and exploring chemistry and vou
will use it throughout vour study of the subject.

+  The group number for

\B Check Your Progress
Summary Demonstrate Understanding
« The periodic table has four 11. Explain what determines the blocks in the periadic
blocks (g p.od, Tl table.
+ Elements within a group have 12. Determine in which block of the parodic table ane the
similar chemical properties, elements having the foliowing valence electron

configurations.

lements In groups 1and 2 a. s'p* c. 54

equils the element's number Hog d. &'

of valence electrons. 13. Infer Xenon, 8 nonreactive gas used in sirobe lights.
+ The energy level of an atom’s is @ poor conductor of heat and electricity. Would you

valence elecirions equals its expect xenon 10 be a metal, a nonmetal, or a metal-

peniod number.

Ik Where would you expect il te beon the periodic
table? Explain.

14. Explain why elemants within a group have ssmilar
chemical properiies.

15. Model Make a simplfied sketch of the periodic table,
and fabel the s-, p-, d-, and -blocks.

LEARNSMART  6oontine to follow your personalized leaming path to review. practice,

and reinfarce your undersianding.
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LESSON 3

PERIODIC TRENDS

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 mare across a period or down a group. Alomic size is one such periodic trend.
The sizes of atoms are influenced by electron configuration,

Recall that the slectron cloud surrounding o nucleas does nol have a clearly defined
edge. The outer limit of an electron cloud is defined as the spherical surface within
which there is a W% probability of finding an electron. However, this surface does not
exist in @ physical way, as the outer surface of a gall ball does. Atomic size is defined by
how closely an atom Llies to 4 neighboring stom. Because the natiee of the neighbaring
akom can vary from ane substance to another, the sige of the atom itsell also tends ta
vary somewhat from substance to substance.

For metaks such as sodm, the atomac radius is defined as half the distance between adsa-
cent nuclei in a crystal of the element. as shown in Figure 11. For elements that commonby
occur as molecules, such as many nommedtals, the atomic radius is defined as half the
distance between nuched of identical atoms that are chemically bonded together. The atomic
radius of a nonmetal diatomic ydrogen molecale (HL) is shown in Figure 11.

Boirsen metalic

m"l.:“m Homged novretsl tpdogen
el L BT 1 8 e

i pm

Raddass
Hatem
gt o el A 1 B b i s o el o oo Figune 11 Alomic midl depeny on ihe Lype
e SELIATE hemr e S ACEY O i gl O N
aepapenlinin tinalical st af bongs that ators faim

B e L e e L

COLLECT EVIDENCE INVESTIGATE
!Uﬂmhm:e}umlm D GO OMLIMNE to find these activities and more resatrces

recoed ihve evidence you collec as J’ Applying Practice: Electron Paiterns of Atoms
you camyilete Be readings and HS-PS1-1. Use the peviodic table as 8 madel (o predict tie reietve ploperties of elements

actwities i this lesson.

based on patterns of dlacirons in he outemost energy level of gioms

J L ]
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Chemical symbal ®
Atamic adhs

Redative slre
] 13 " 15

-
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Figure 12 The atomi rdil of the
represeninlive shpimenis, given in

pErometes (107 m, wary as you
mizrve from bieft to right within o
P fivd Aown & jicup.

linfey why fhe odownic frod moreass
5 O Mave dhawn @ group.

Trends within periods
In general, there is a decrease in atomic radii as you move (rom lefl 1o right across
i period. This trend is illustrated in Figure 12. 1t is caused by the increasing positive
charge in the nucleus and the fact that the principal energy level within a period
remaing the same. Bach successive element hag 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, Thes, the valence elackrons are not shielded from
the increased nuclear charge, which pulls the outermost electrons closer to the
nucleus

B et

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 radil generally increase as you move down a group on the periodic table.
The nuclear charge increases, and electrons are added w orbitals correspoanding o
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?



Genwinly tecragss Moving down a group, the outermost orbital
—— increases in size along with the increasing
E principal energy level; thus, the atom becomes
i larger. The larger orbital means that the outer
i electrons are farther from the nuclews, This
5§ p— imcrensed distance offsets the pull of the
s o bt incréased nuclear charge. Also, as additional
Figure 13 Afcmic rade generaily orbitals between the nuclens and the outer
decrease from IeMT to right jn 4 penga electrons are occupied, these electrons shield the
and genarally increase Bs you move outer electrons from the nucleos, Figure 13
down @ Qe

summarkses the group and pericd trends,

EXAMPLE Problem 2

ELECTRON CONFIGURATION AND THE PERIODIC TABLE Which has the lwgest atomic radius
carban {CL fluodne (Fl. beyilium (Be). or lithlum (LT Answer without referring to Figure 12. Explain
your answer in terms of trends in atomic tadii

1 ANALYZE THE PROBLEM

Yo afe ghven four elaments. Fest, determine the graups and petiods the elemants occupy.
Then apply the general trends in somic radii o determine which has the largest atomic radius.

2 SOLVE FOR THE UNKNOWN
Frowm the periodic table, all the elements ate found to be inperied 2. Lupemmine the seriods
Ordering the elemants from left-do-right across the period ylalds:

Li, Be, C, and F.
Apply tha bend of decredeing
The first elernant in pariod 2, lithium, has the [Ergest radius. G A o e o

The period rend in atormic radil has been correctly applied. Checking radil
walues in Figune 12 verifies the answer.

PRACTICE Problems W ADOITIDMAL FRACTICE

Anzwer the following questions using your knowledge of group and period trends in atomic radii.
Do nat use the atomic radil values in Figure 12 to anawer the questions,

15. Which has the largest atomic radius: magnesium [Mg), siicon (51, sutfur 5],
or sodium [Maj? The smallest™ K

7. The fgure on this dght shows helium, kiyplon, and mdon. Which . .
one is krypton? How can you teli?
8. Can you determine which of two unknown elements has the largar A B8 c

raadius [f the only known information is that thie atomic numbser of ane
of the elements s 20 greater Whan the ather? Explain,

19, CHALLENGE Determing which element in each palr nas the largest atomic raous,
a. the slement in pedod 2, group 1, o the slemant in parled 3, group 12
b. the elemert in periad 5, group 2; or the element in perdod 3, group ¥
€. the element in period 3, group #4; or the element in pericd 6, group 15
d. the elerment in pediod 4, group 18; or the element in perod 2, group 16

Foagmaogd = lfiay ooy 158 | oriens
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lonic Radius

Atoms can gain ar lose one or more elee-
trons o form jons, Because electrons are — ﬁ
negatively charged, atoms that gain or lose

electrons acquire o net charge. Thus. an ion
i3 an atoom or 4 bonded group of atoms that Sﬂ!w Ilmt (LT} Sodium Inuﬂu"l
has a positive or negative change.

Yoru wiill bearn more about wns kater, but for

naow, consider how the formaticn of an ion (1]
affects the size of an atom.

om
Losing alectrons
'ln'-'hm atoms bose -:Elrctmn.ﬂ and form Chietine atom (1] Chiarne jon |C17]
positively charged ons, they alwiys [Naf3siapt [Nl *3ptar [Ar]

become smaller. The reason is twofold. The

electron lost from Lhe atom will almost

alwavs be a valence electron. The Joss of a Figure 14 The size of nbams varies greatly when iney

valence electron can leave a completely WeaioR.

emptyuulermhita], siilehs v bl & Posifive ions are smader fan the neulrd loms §iom wieh
: ey ferm

I ; e, _
ﬂ:ch:r;d&:"ﬁl I'III'IH' the i EILI: ot b Wegadive ions are leger Thaa the mealial Ao from which
T thiey barm

number of remaining electrons decréases. .

As aresull, they experience a greater

nuclear charge allowing these remaining electrons in

be pulled closer to the positively charged nucleus.

Figure 14a illustrates how the radius of sodium decreases when sodiom atoms form
positive fons, The outer orbital of the sodiam atom is unoccupied in the sodiam ion, so
the sodium on 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 electnon to an abom increases the electrostatic repulsion bebween the
atom’s outer electrons, forcing them to move farther apart. The increased distance
between the outer electrons resulls i a larger radius.

Figure 14b shows how the radius of chlorine increases when chiorine atoms form
negative ions, Adding an electron i a chlorine atom mervases the electrostatc repul-
sion among its valence electrons. The increased repulsion causes the electrons to move
farther apart and resulls in the radius of a chloride ion being almost twice as large as
that of a chlorine atom.

Boaw

Explain why & Biium lon is smaller than a lthicem atom.
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honic radius

Chemical symbaol
Chargi
Retative size

Fgure 15 The ionic radii of mast of the representatie olements aie shown in picomedess (107 m),
Euplain why ihe lonke roali incheass for et Aosithe ind Magole (o o8 pod imowe 0own o grodug,

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 Uhe table form larger negative ions.

I geereral, as you meve from left ko right across a period, the siee of the positive jons
gradually decreases. Then, beginning in group 15 or 16, the size of the much-larger
negative ions also gradually decreases.

Trends within groups

As vou move donwn a growp, an ion’s outer electrons ane 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 jonic radii are summarized in Figure 16.

e Beaw
[

hhi:wm calcium has a greater atomic radius
than magnesium.

Figure 16 The dlagram summadnes e geneial trends in
Trernes in lomic Radi irane radi

Figmragid & s Coter 06  litrndrs
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lonization Energy

To form & positive ban, an electnon must be removed from a neutral atom. This requires
energy. The energy is needied to overcomie the attraction between the positive change of
the nucleus and the niegative charge ol the electron.

lonization energy i= defined as the energy required to remove an electron from a
gaseous atom. For example, 8,64 % 107 ) is required 1o remove an electron from a
gaseous lithium atom. The energy required o remove the first outermost electron from
an atom is called the first ionization energy. The first ionization energy of lithiom equals
BG4 2 1™ . 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,

Eocem

Define ionization enengy.

Think of ionization energy a3 an indication of how strongly an atom’s nucleus holds
onto its valenoe electrons. A high ionization energy value indicates the atom has a
strong hold on its electrons. Atoms with large fonization energy values are less likely w
torm positive ions, Likewise, a low ionization energy value indicates an atom loses an
ouber electron easily. Such atoms are likely o form positive ions, Lithium's low ioniza-
tion energy, for example, is important for its use in lithiom-<ion compater 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
2500 | Peried 2| Peried 3 w. | pemwas i

'.__—

Ea B

Atombc number

Figure 17 The fiesi kanization ensrgies for slements in petiods | through 5
are show as i Rinclioes of the atomic namber.

Descrite irow ionlohon enengy and aiomc aumber ae relfoled o shown
o IS Scanier plof.



Each set of connecled points on the graph in Figure 17 represenis the elements in a
period, The group 1 metals have low ionization enengies. Thus, group 1 metals (Li, Na,
K. Bb) are likely to form positive ions, The group 18 elements (He, Me, Ar Kr, Xe) have
high ionization energies and are unlikely to form ions. The stable slectron configuration
of gazes of group 18 greatly limits their reactivity.

Removing more than one electron

After removing the first electron fram an atom. it is pessible (0 remove additional
electrons, The amount of energy requined Lo remove a second electron friom a 14 jon s
called the second jonzation energy, the amount of energy regquired o 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 clements in period 2,

Reading across Table § from left to rightl, you will see that the energy required for each
successive iontzation always increases. However, the increase in energy does not ocour
smoothly. Nofe that for each element there is an ionization for which the requined
energy increases dramatically. For example, the second fonomtion energy of lithium
{7300 kJ/maol) is much greater than its first ionzation energy (320 kl/mol). This means
that a lithium atom s Hkely to lose s Gt valence electron but extremely unlikely to
lose its second.

!ﬁﬂlﬁ'

Infer how many elécirons carbon is likely to lose,

Il you examine the Table 5, you will notice that the jonization at which the large
imcrease 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 woniea-
tion energy. Lithium easily forms the commaon lithium 1+ ion but is unlikely to form a
Githium 24 ton, The ncnease in jonization energy shows that atoms hold onto thewr
inner core ehectrons much more stronghy than they hold onto their valenoe (outermaost)
alectrons,

-
[ 4 | 1090 | 2350 | 4520 | 6220 | 37.830 | 47.280 |
M 5 | 1400 | 2860 | 4580 | 7480 | 9440 | 53,270 | 64,360 ,
| & & 1310 | 3390 | 5300 | 7470 | 10980 | 13,330 | 1870 [B4080
I© » 7 | weo | 3370 | eoso | B#0 | moz20 | 1160 | 7870 | 92,080 w6430
| Me H | 2080 | 3950 | 120 | S370 | 12380 | 15.240 | 20,000 [ 23,070 | 15380

*rescd s A bR edIBON for Mmode, & guanity of mate

Trigmyengd s = iy —oem wnel s gimes
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Trends within periods

first ioniration enengies generally increase as youo

move from keft to right across a period. The increased
nuclear charge of cach successive element produces

an increased hold on the valence electrons. -

As shown in Figure 17 and by the values in Table 5, ; n
5] !
11

Trends within groups
First innization energies generally decrease as you
mowe down a group. This decrease in energy oocurs

[y i eaies
e

"

Temra in First Inndration Ennies

Figure 18 lopizakon noongies
qenerally intrease rom |efkio dght ¥
& perkod and gensrally decreass as
o mivE down i graup

because atomic size increases as vou move down the group. Less energy s required to
remove the valence electrons farther from the nucleus, Figure T8 summiarizes the group

and period trends in first jonization energivs.

Octet rule

When a sodium alom loses its single valence electron to form a T4 sodum ion, its

electron configuration changes as shown below.

Sodium atom 157 25" 2p%"  Sodium jon 1572572p"

MNote that the sodium ion has the same electson configuraton as neon (15°2s°2p%), a
mable gas, This observation leads to one of the most important principles in chemistry,
the ochet rule. The octet rule states that atoms tend 1o gain, lose, or share electrons in
order to acquire a full set of esght valence electrons, Thiz reinforces what vou learned
varlier, that the electron configuration of filked s and p orbitals of the =ame energy

level [consisting of eight valence electrons) is unusually stable.
Wote that the firsi-period elements are an exception to the
rule, as they are complele with only two valence electrons,

Electronegativity
The electronegativity of an element indicates the relative

ability of its atoms o 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
also indicates that electronegativity generally increases as
vou move from left to right across a period. Fluorine is the
mosi electronegative element, with a value of 3.98, meaning
it attracts electrons more strongly than any other element
in a chemical bond, Cesium and franciom are the least
electronegative elements, with values of (.79 and 0.70,
repectively. In a chemical bond, the atom with the greater
electronegativity more strongly attracts the bond's elec-
trons. Mote that becaiise the noble gases form very few
compounds, they do nol have electronegativity values.

Reaak-Warld Chemdsiry
lamizatian Energy

SLUBA DIVING Thé Increasid prossure
it scubia diers edperiende far below
the wales's sutlace can couse (oo much
corygeen ko enter i blood, wiich would
result in conusion and nausea, Todveld
i, ilivirs Soumediimes ule o Gad midluee
called hefo —oepgen diuted with kelium.
Helium's high innization energy erautes
that & will no react chermicaily m the
bhaodsirpam.



increase from |eft to rght
across a period, and decease
down a group.

The actel nile states that aloms
gain, lose, or share electrons to

ity wiilees for most of The
Elemen s gie shown, The
vakies are given i Paulirgs, o
unif nisned aftes hmerican
scipnliad Linus Pauling

- 1504}

infer wity eleconegoivly
values ara nal fled far fhe
bl Qoes.

Dlectronegativity Vaties in Paukings
|& Check Your Progress

Summary Demaonstrate Understanding

» Mlomic and lonic radii decrease 20, Explaln how the period and group trends in alomic
from left ta right across & radii are related to electron configuration.
period, and increase a5 you 21. Indicate whather fluorine or bromine has a larger
move down a group. value for each of the following properties.
lonization energies generally 8. elecironegativity  c. atomic radius

b. fonkc radius d. ionization energy

232. Explain why it takes more energy to remove the
second electron from a lithium atom than it does to
remave the fourth ahmmirﬂn'_ﬂ t_wban atom,

23 Calculate Determine the differences in electronegs-

acqul full s&t of ekgiht i ;
w-.:;a.um tivity, ionlc adius, atomic radius, and first lanizaticn
Wmﬁ enaigy for quygen and baryilun,

24, Make and Use Graphs Graph the atomic radii of the

increases from
Em,mm:,::u?;m representative elements in perlods 2, 3, and 4 versus
down a group. their atomic numbers. Conniect the paints of elemants

in each perod, so that there are three separate
curves an the graph. Summarize the trends in alomic

radii shawn on your graph. Explain,

Figure 18 The electroigativ-

LEARNSMART Goonline o follow your personalized laaming path to review, practice,
and reintoroe your understanding.

gt b and | ke



siprnghi 8 e e

NATURE OF SCIENCE

Inspare: Chemistry 9-12 Student Edition

The Evolving Periodic Table

Chemists have used the perodic table since
its dewelopmant in the late 1860s, bat it has
evolved over the years, and i s still evohding
today

The Adaptable Periodic Table

The design of the périodic tabie that we use
today was developed in the 18th century, before
the discovery of all of the naturally occirring
alements, ncluding the noble gases. and before
the synthesis of elements. initially, the elements
were organized on the penodic table by atomic
mass. This caused some inconsistencles, Onoe
the atomic nuembar was used 1o align the
elements imto rows and propenies were used o
organize the elements into columns, the mod-
arn perodic table was bhom.

The modem periodic table demonsirates the
elegance of the nature of science. The aarky
peariodic lable evobeed WO iNCOrporate new
infarmatian. For axample, 8 new column was
added when the noble gases were discovered,
Period 7 is now complately filled after the
recently discovered elements 113, 15, 117, and
N8 werg added

Mewty synthesized elements must now bea
added 1o anather row. If and when thesa new
elements are discovered, period B will be
added to the periadic table

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

APPLY SCIENTIFIC PRINCIPLES
h AMD EVIDENCE

Explain how a discovery about an element or elemenis
wias incorporated into the modern periodic table.

It piersndic Table Bas svolved Singe | wis developed in
the 1B0O0%E, Bist It 540 remasns an mmportan Natiee in
chemistry classnonms today,

of elemenis had similar properties, but they
recognized the périodic trend in these proper-
ties. Today, studenis and chemists understand
that stements in a group e similar propenies
and the same number of valence electrans. Cur
understanding of the atom evalved along with
our understanding of what elemeants in & group
an the periodic table have in common in lerms
of valence electrons, reaciny, and properies

Whila the nature of atoms and elements were
nod understiood at the time of the periodic
table's development, the original (able was
well designed. As new Information was
discovered aboul atoms and elements, the
prods 1Bk evolved and incorporited The
nw information resulting in a table that is just
as useful today as it was when il was first
developed.
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STUDY GUIDE

B GO DNLINE 1o study with your Sclence Molebook.

Lesson 1 DEVELOPMENT OF THE MODERN PERIODIC TABLE

= The elemaenis voere birsl 1'-r'|;.1n|.rn! by icreasing alomic mass,
wihich led Lo inconsistencies. Later, Ly were asganimed by
increasing afomic nomber,

Thar perindsc baow states Lhat whien the dlements are .'|Fr.l|'|.ﬂ‘|'|.! [y
increaaing mombc number, Uvere s a persodic repetition of thedr
ciwmncal ancd ph1.wr.1.i| properties

The perindse lable arganines the clements into persods (rows] and
groarps or amdbies [columins); elements with similar properties are

4

+

=

5

paeiodic lnw

graup

paviog

TR0 ESaN Lot B amsent
Iransibon element
e

nlxali meind

allaling aaetn matal
Iracsitian metsl

e fransilion moein

1 the same group, T LRI 4T
s BEDUP. o netinide Seres
= Elements ane classshird as metals, mofmaetals, or nisalloods. « nanmedal
« halogen
Atomic —=8 )= symool + nable gos
Aumbes + ineldllsid
Qe — Elment
Atomic ——I5890
mass
Lasson 2 CLASSIFICATION OF THE ELEMENTS
+ The periodic lable has four blocks (s, p.od, 1)
« Elements within a group have similar chemical propertices
¢ Thit group number for clements in groups 1 and 2 equals the
element’s nuimber of valende elecirons,
* The enengy level of an atom’s valence electrons equals its period
b
Leszon 3 PERIODIC TRENDS = jon
+ 0NIT 0 BNeTg
* Abonic and jonic radil decrease from left fo right across a period, v DO r:H: v

and imeredse & voo move dovern a group

+ lonization energies generally increase from befl 1o nght acomss a
perind, and decrease down a groap.

* The octel rule states thal aboms gain, lose, or shane elecirons o
acquire a full set of ¢ight valence electoons.

* Electronegativity generally increases from Befit jo right across &
perind, and decreases down a group

whacironegaliedy

A [ wea—

[T

et 2]
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™. THREE-DIMENSIONAL THINKING

\&/ 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
phenomencn. Summarize the evidence you gathered from your investigaticns and
research and finalize your Summary Table. Does your evidence support your claim? If nal,
revise your claim. Explain why your evidence suppons Your claim.

STEM UNIT PROJECT
Mow that you've completed the module, revisit your STEM unit project. You will
apply your evidence fram this module and camplete your project.

GO FURTHER

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 beast stable of the Alkali Metals Data

first 10N elements, with a half-lile of just 22 minutes for its T PO r""""""-: ;

mast stabile isotopa. Use the properties of other alkali metals, | Poit () o

shown in the table, 1o predict some of francium's properties. | Lithium | 1805 | 1342 | 152
Analyze and Interpret Data | Sodum | N8 | W 9%
Use the given information about the known properties of the |Potassium | €34 | 759 | 227
alkall metals to devise a method for predicting the | Rubidium | 383 | &88 | 248
cormrespanding properties of francium | Cesiom | 284 l &h 265
1. Claim, Evidence, Reasoning Devise an approach that clearly | Francium | | ¥ ?

displays the trends for each of the propenies glven in the
table and allows you o extrapolate a valwe for francium. Use
the perodic law as a guide.
2, Claim, Evidence, Reasoning Predict whether francium is a
solid, a Bguid, or 8 gas, How can you support your prediction?
3. Inferwhich column of data presenis the greatest possible
error in making a prediction. Explain
4. Determine why producing 1 million francium atoms per
second is nol enawgh to make measurements, such as
density or meling paint.
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IONIC COMPOUNDS AND METALS

ENCOUNTER THE PHENOMENON
Why do some crystals
form cubes?

&3 Ask Questions

Do you have other guestions about the phenomenon? If s0, add them to the driving
guestion board.

& Claim, Evidence, Reasoning

Make Your Claim LUse your Collect Evidence Use the Explain Your Reasoning You
CER chart to make a claim lessons in this module to ‘ will revisit your claim and
aboul why some crystals form | collect evidence to support explain your reasoning at the
cubes. your claim. Record your end of the module.

evidence as you move ‘
through the module.

G GO OMLINE to access your CER chart and explore resaurces that can
halp you collect evidence.

KXY

LESSOM 2: Explore & Explain: LESSOM 2; Explore & Explain:
lonic Bond Formation Properties of lonic Compounds
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ION FORMATION

FOCUS QUESTION
Why do elements form compounds?

Valence Electrons and Chemical Bonds

Imagine going on a scuba dive, diving below the ooean’s surface and observing the
awe-tnspiring world below, You might explore the colorful and exolic arganisms teem-
ing around a coral reef, such as the one shown in Figure 1. The recf is formed from a
compound called calcium carbonate, which is just one of thousands of compounds
found an Earth. Howe do so many compounds form from the relatively fesw elements
known o exist? The answer to this question imaobaes the electron structure of atoms
and the nature of the forces betwisen atoms.

In previous chapters, you learned that elements within a group on the periodic table
have simikar properties. Many of these properties depend on the number of valence
electrons the atom has. These valence electrons are involved in the formation of chemi-
cal bonds betweren two atomes, A chemmical band 1= the force that holds bwo afoms
wogether.

fishes

IR TR - ...::E.Hﬂlm

COLLECT EVIDENCE INVESTIGATE
[EUH'W.! Sdence Joumal ta LY GO ONLIMNE bo find there sctiviiies and mons risourcss.
record e evicdence you collec as {77 Identify Crosscutting Cancepts

Figure 1 A% carbon dicaide dissoleis in eoean wales,
carbonate (ons are praduced. Coral polyps Lapiure thesa
CEBOnaleE 10nS, |:!n-c||_'tlr||_.|- l.'l:f‘:[-dl'l al calieium EArsomits,
wiich they secrete as an exoskedeton. Cher tima, {he conal
resl foema. A Coral ieef & & comples Fabital that supparts
canal, algae, mollisky, echinodurms, and o varigty of

Tt e

(B e o

o]
i o . i |
3

1 iy gl

you compiete the readings and Create @ 1able of he crosscutting concepts and 1ill in @empses you find as you read.

pchivities in this lesson
> Review the Mews

communicale your fndings Lo your dass.

Oiskain Ifformation lrom a curenl Rews Slony Bboul won farmabion, Evaluate your Source and
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Chemical bonds can form by the altraction between the positive nucleus of one atom
and the negative electrons of another atom, o by the attracteon betweesn positive fons
and negative ions. This chapter discusses chemical bonds formed by jons, atoms that
have acquired a positive or negative charge. You will learn about bonds that form from
the sharing of electrons in a laler chapler.

Valence electrons

Recall that an dlectron-dot struchure is a type of diagram used o keep track of valence
electrons. Elsctron-dot structures are especially helphul when used to illustrate he
formation of chemical bonds. Table 1 shows several examples of electron-dot struchures,
For ample, carbon, with an electron configuration of 15725 2p%, has lour 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

1 2 | ®» | 14 15 16 7 | " |
Li= | «Ber B+ | +«C- N- | 'O:| sF: Ne: |

Alsn, recall that ionization energy refers to how easily an atom loses an electron and
that electron affinity indicates how much attraction an atom has for electrons. Mable
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,
Farming numerous compouncs. The difference in reactivity is dinecthy nelated to the
valence elecirons.

The difference in reactivity involves the octet—the stable arrangement of eight valence
electrons in the ooater energy bevel. Unreactive noble gases have electron configurations
that have a full outermost energy level, This level is filled with two electrons for helium
(157 and eight electrons for the other noble gases (nsirp®), Elements tend to react to
acquire the stable electron structure of a noble gas.

Positive lon Faormation

A positive bon forms when an atom Joses ore or more valence eltctrons in order o
attain a noble gas configuration, A positively charged ton is called o cation. To onder
stand the formation of 4 positive jon, compare the electron configurations of the noble
gas neon (atomibc number 10) and the alkali metal sodium (atomic number 11},

Meon atommn (Me) 15°2="2p"
Sodium atom (Na)  1s*252p"3s!

Note that the sodium atom has one 3s valence clectron; it differs from the noble gas
neon by that single valenee electron. When sodium loses this auter valence electron, the
rusubting electron configuration s identical ta that of neon,



Figure 2 shows how a sodium atom loses its valence electron
b become a sodium cation. By losing an electron, the sodium
atom acquires the stable outer electron configuration of nean.
It is imyportant to understand that although sodium now has
the electron configuration of neon, il 5 not neon. Tt is a
suschizam won with o single positive charge, The 11 protons that
establish the character of sodium still remain within its
nucleus,

Iﬁn itz

Identify the number of electrons in the cutermost energy
level that are assoclated with maximum stability.

Metal ions

Metal atoms are reactive because they lose valence clectrons
casily, 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 K7 and Mg’
fons. Some group 13 atorms also form lons, The ons formed
by metial atoms in groups 1, 2, and 13 are summarized (0
Table 2.

Transition metal ions

Kecall that, in general, transition metals have an ouler enengy
lewel of ns'. Going from left to right across a period, atoms of
each element fill an inner d sublevel. When forming positive
ions, transition metals commonly lose thedr two valence elec-
trons, forming 24 ions, Hower, il is also possible for d elec
trons to be lost, Thus, transition metals also commaonly form
ions of 3+ or greater, depending on the number of d electrons

in the electron structune. [t is difficult to predict the number of

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

.-
a8 —=

" -

n—j

g,

¥+

i

l
1uw~\ Sodtum

_/’ + g
1l protons

i+
Sadiun  loization
HLGIT ey
Sodum . Blectron
it )

Figure 2 1n fhe [ormation of 3 postive o,

a neiifral atom loses one or move valence
#lacirens, The abom ik seutral becauss i
condaires @qual nambers of profons dnd
elecirons; the lon, howeser, conlains maore
FEADNS thEn el ctrnis ami Nas & posdive
charge,

Analyre Doss fhe removed of gn elecion
fron @ fiewira! aloat feguite gy ar
raipase emengy?

Fe'* and Fe*™ jons. A useful rabe of thumb for these metals is that they form ions with a

24 or 8 34 charge.

Ig'-'.':‘-l!t it

Explain in your own words why transition metals can form lons with 24 or 3+

charges.

Table 2 Group 1, 2, and 13 lons

Gro Jp ] rration

1 [noble gasjns”

1+ wien ihe 5" electron |s lost

Charge of lon Formed

2 [nonle gaslns®

24 when the 5° eleclrons are losl

3 [noble gasjngnp'

34 when the s*p’ elecirons are lost

Tyt gl iy e | e
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Pigaping i & dinisms bl bl aras bloi Migasionyy
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Tm @@Eﬂrﬁhw 3

Whed the two 85 valence electrons Int*
e last, & stable psewdo-noble gas A

R
configuration consisting of filled s, p, 0
msmmm.nmﬂ e} @EP +2e
itat the filled 35 and 3p orbitals sxdist £

s part of the [Ad] corfiguration.

Figure 3 'When finc reacts with ioding, the heal of te reaction casives solid jodine b subfmate iMo a puigle
vapor, Al thve otiom of e tuse, Znl, is jormed containng 2" jons wih a psedido-nobie 023 configuraticn,

Pseudo-noble gas configurations

Althouwgh 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,
Theese relatively stable electron arrangements are referred Lo as pseudo-noble gas
configurations. The #ine atom has the electron configuration of 157 2p* s 3phes3d ™,
in Figure 3, When forming an ion, the zinc atom loses the two 35 electrons in the outer
energy level, and the stable configuration of 1572 2p 35" 3p"3d'" results in a pseado-
noble gas configuration.
17 edariroms Heutrad chiarine atom
=) N

Negative lon Formation ] e
17 praicns

Monmetals, which are locsted on the right side of the pertodic
table, easily gain electrons to attain a slable outer electron condig-

uration, Examine Figure 4. To attain a noble-gas configuration, Wi
chlorine gains one electron, forming an ion with a 1- charge. 1
After gaining the efectron, the chloride ion has the electron
configuration of an argon atom. Chioride ion
Chiorine atom (Cl) 155272 3s73p" b ivadr
Argon atom (Ar) 152" 2p" s Bp*
Chioride ion (1) 157257 2p" 35" 3p"
An anion is 3 negatively charged fon. To designate an anion, the & \
ending -fie is added o the root name of the element. Thus, a {1+
chlorine atom becomes a chloride andon. %
Figure 4 Duiiing fhe farmation of the pegative dhioeida [on, & neutrl slom gains Chiorine . efetiron
wne slecinn. The protess releases 349 kimal of energy, Aam &™)
Comparg How do e eneny changiss ooompanyg posdve om end segolive m energy

fou farmimion Campana?
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Tabie 3 Group 1517 lons

Group Configuration Chame o lon Formed

_[nobie gasising® | S Wehan L pnEnt S gaad
_lnoble gesjsing’ =i twG srecirons sre gained
[nobie gaslnsing® - when ane electron ks gained

MNonmetal ions

As shown in Table 3, nonmetals gain the number of electrons that, when added to their
valence electrons, equals 8. Fare-.‘;u.mpIn, consider phosphorus, with five valence
ehectrons, To form a stable octet, the atom gams three electrons and forms a phosphede
jon with a 3= charge. Likewise, osgygmen, with six valenoe electrons, gains two eloctrons
and forms an oxide ion with a 2= charge.

Some nonmietals can lose or gain other numbers of electrons to form an ocdet. For
exampie, in addition to gaining three electrons, phosphoros can lose five, However, in
general, group 15 elements gain three electrons, group 16 elements gam two, and group
17 elements gain one 1o achieve an octel.

|& 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 tabhe, and their number of valence electrons
» Some atoms form ions to gain 1o their chemical reactivity.
stability. & stable configuration 2. Describe two different causes of the force of attraction
involves a compiete outer in a chemical bond.
energy level, usually consisting 3 Apply Why are all of the slements in group 18 reta-
of eight valence electrons, lively unreactive, whereoas those in group 17 are very
« lons are formed by the loss ar reactive?
gain of valence electrons. 4. Summarize (onic bond formation by comrectly pairing
» The number of protens remains these terms: cation, anion, electron galn, and electron
unchanged during ion loss.
farmation. 5. Apply Write oul the electron configueation for gach
atom. Then, predict the change that must occur in each
1o achleve a noble-gas configuration.

a nivegen b sulfur ¢ barium d. lithium

6. Medel Draw models to represent the formation of the
posiihve calcium [on and the negalive bromide ion.

LEARMNSMART  Goonline tofallow your personalized iearming path to review practice,
and relnfarce your understanding.

L T e R ]
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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

Whal do the reactions shiwn in Figure 5 have in common? In both cases, elemints react
with each other to form a compournd. Figure 5a shows the reaction between the elemaents
sodivm and chlorine. During this reaction, a sodium atorm transfers its valence clectron o

a chlorine atom and becomes a positive ion. The chiorme atom accepts the electron into its
ouker energy kevel and becomes o negative ion. The opposilely charged fons attract each
other, forming the compound sodium chloride. The clectrostatic force that holds oppositely
charged particles together in an ionic compound is referred to as an fonic bond, Com-
pourds that contain ionic bonds are ionde rm'rpnl.m&n. If iomie bonds occur between metals
and the nonmetal aogen, oxides form. Most other ionc compounds are calkisd saits,

Figure § Each of these chemical
reactions produces an jonic
b compounid winilid FelRasng a lange
';- amouint of enargy. . The readtion
i between etlemental sodium and
- gas produces & white
:: crysialine soffd. b, When a ribhon
[ ol magnesium mets Durms i it
1 1t forms the lomic compond

RAGTESIL DelEe

oI

o

el

o §

' COLLECT EVIDENCE

:,T ELIE.L' yomir SCiandd Journal o

- record the evidence you coliect as
o complets he readings and
wetivities in this kesson

INVESTIGATE
2 GO OMLINE o find thirte ackivilies and more risoucces

ChemLAB: Synthesize an lonic Compound

Carry ol an invastigation to determing if 2 compound has konic bords based on physacal
prapenies.

Probeware Lab: Conductivity

Obtain, evaluate, and communicate mformation to decover the fenction of an electing
curre to determine Me gropeiies of 8 dissolveg sohil
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Binary ionic compounds

Thousands of compounds contain ionic bonds. Many onic compounds are binary,
wihich means that they contain enly two different elements, Binary fonic compounds
contain a metallic cation and a nonmetallic anion. Sodinm chloride (NaCl) 15 a binary
compound becauke it contains two different elements, sodium and chlorine, Magne-
sium oxide (Mg, the reaction product shown in Figure 5b on the previoos page, is
also a binary lonic compound.

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

Table 4 Formation of Sodium Chloride

Chemical Eguation

MNa+ Cl — MNa'+ LI + anargy

Electran Configuration:

Cne sdaction by transden e

[Me(sT} + [Nel3sd3p® — [Ne| + |&f 4 enegy
et g e

Ha i Ha* O

Oibital Notakian

[rl] Fufad [+ Fofy Fvd fo fomp] -

A In 8, & B J:p n 3
L b e
iu o i
[y (ajrard] + mae) fofedrd (1] [Fri] « eem
L LS N L ] M %
v v
h” o-

D HpCiron & |raerfeenes
Nadl + ) — Malt + [ 4 enengy

11 wiarsrmm 1 picrrrs W i frims W piecirses

- o mr—y e ™y

S .o S e

LT
= T fil+h 1+

o T Tk gl Sorbastt s Chirrrls wn

Tgmprngd =y oo 70l | i
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What role does ionic charge play in the formation of ionic
compotinds? To answer this question, consider how calcium
fluaride forms. Calcum has the electron configuration
|Ar]ds®, and needs to kse bwo electrons o attain the stabbe
configuration of argon. Fluorine has the configuration

[Fhief 252", ard must gain one elsctron o attain the stable
configuration of neon. Because the number of electrons lost
and gained musl be equal, wo [Tuorine aloms are needed (o
accept the two electrons lost from the calcium atom. As you
can seg, the overall charge of one unit of calcium fluonde
(CaF ) is mero.

1Cason (Z2o )2 Eiens (i )= 0 24) + (201-) =0

MNext, conssder alominum oxide, the whitish coating that
forms on aluminwm chairs, To acquire a noble-gas configu-
ration, cach aluminum atom loses three clectrons and each
oxvgen atom gains bwo electrons, Thus, three oxgen
atoms are needed to accept the siv electrons lost by two
aluminum atoms. The neutral compound formed is alumi-
rum oxidee [.M‘_EI!.L

2 Abiens (212 )+ 3 Oiens (325 ) = 20+) + 3(2-) =0

Real-Waorld Chamisiey
lonic Compoundi

MIMERAL SUPPLEMENTS To funciion
propesty, your body reuires a dally intake of
mary different minerals. To snsure they are
Getting whinl Hey nead, My poophs Lk o
daly mulhilame and 3 mincsal suppleimant.
The munesals in fhese wpplements tome:
from i variety of ionic compounds. in bt
e magoeity af menerats found in mneal
Sl Com o graund-ip rocks,

R ADDITIGMAL PRACTICE

PRACTICE Problems
Explain how an ionlc compound forms from these elements.,

7. sodium and nitrogen 8. stroatiem and fluating
B. lithium and aeygen 10, aluminum and sulfur

M. CHALLEMNGE Explain how elements in the two groups
shirwn on tha panicdic tabde ot thi right combing to fosm
an fonlc compoaand.

Properties of lonic Compounds

- Gl 2

£
=
!Ill-.'|:||*—|

I'hie chemical bands in a compound determine many of its properties and applications.
For ionic compotingds, electrical forces in the onic bonds produce unique physical
structures, unlike those of ather compounds, The phvsical structurnes of ionic com:-

pounds also contribute o their bulk physical properties.

Physical structure

Im an wonic compotnd, large numbers of positive ons and negative wns exist toget her
in & ratio determined by the number of electrons transfersed from the metal atom to the
nonmetal atom. These jons are packed into a regular repeating pattern that balances the

forces of attraction and repulsion between the bons.
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Examine the pattern of the ions in the sodium chioride crystal shown in Figure 6. Note

the highly organized mature of an ionic crystal—the consistent spacing of the ions and
the uniform pattern formed by them, Although the jon sizes are not the same, esach
soclium son in the ervstal i2 surrounded by six chloride ions, and each chlonide ion i=
surrounded by six sodium wons. ¥What shape would you expect a large crystal of this
compound to be? As shawn in Figure 6, the one-to-une ratio of sodium and chloride
wis produces o kghly ordered cubic crystal. As in all lonic compounds, in MNaCl, mo
single unit consisting of only one sodium on and one chloride on & formed. Instead,
large numbers of sodium jons and chloride ions exist together. 1f you can, obtain a
magnifying lens and use it B examine some crystals of table salt (KaCly. What is the
shape of these small salt crystals?

E Get ir?

Explain whal delermines the ratio of positive ions to negative lons In an lonic
mineral crystal,

The strong atraciions among the pasitive pons and the negative 10ms 0 an 100 oom-

pound resalt in the formation of a crystal Taktice. A crystal lattice is a three-dimensional

geometric arrangement of particles. In a crvstal lattice, each positive lon is surrounded
by negative ions, and each negative 1on is surrounded by positive ions. lonic crystals

vary in shape due to the sizes and refative numbers of the ions bonded, as shown by the

mimnerals in Figure 7

Figure & When vidveed wilh @ scanming
Blactron microscope, ke cubic shape of a
SO Chlonoe orystal |5 visinle. The
striciune ol the cryslal s highly ordered
Compare i shope of ihe crystal of fhe
romic SO fo Bwe shope of ihe orysiol of

—— AN
Aragande (CaCD ) Hariin ([Ba50) Boryl [Ba Al 500
Figure 7 Aragonie [CaC0 ). barite (Ba50, ), and beryl (Be ALSLO | are examples of minerals that are ionic

compaunds. The lons that toom them are banded lagether Im o crystal lathica. Ditlenances in lon sire and
chage resul in different ionic crysial shapes, o lopic that will be discussed iale,

ok el 1y Feagr (b T G F ik e P e i T o ey e

e I E RN - S R R R L R

T ogmpr s
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m:] This minerals in Figure 7, on the previous page,
are just a few of the types studied by minerabogists, scientists who study minerals, They
make use of several classification schemes W organize the thousands of known
minerals, Color, crystal structure, hardness, chemical, magnetic, and electric
properties, and numerous other characteristics are used o classify minerals. The types
of ambore minerals contain can alee be used to wentify them. For example, more than
one-third of all kniswn minerals are silicates, which are minerals that contain an anion
that is a combination of silicon and oxvgen. Halides comtain flooride, chloride, bromide,
or indide wns. Other mineral classes include boron-containing ansons known as
borates and carbon-oxygen containing anions known as carbonates,

lﬂ'ﬁe: i?

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 Compounds
bulk physical properties of matter that are deter Melting Point | Bolling Poin

Lompournd

minied by the strength of electrival forces between
particles thal make up the matler. Because jonic

bonds are relatively stromg, nbe erystals require

it large amount of energy to be broken apart.

Thus, ienic erystals have high melting points and

high bailing points, as shown in Table 5. Many
crystals, including gemstones, have brilliant : = v
colors. These colors are due to the presence of [ Mg | @G | 3500
transition metals in the crystal lattices.

lomic crystals are also hard, rigid, brittle solids due to the strong atteaction between
electric charges that holds the ions in place. When an éxternal force is applied to the
crystil=a force strong enough to overcome the attractive forces holding the ons in
position within the crystal—the orvstal cracks or breaks apart, as shown in Figure 8. The
crystal breaks apart becaise the applied force reposithons the like-charged jons next o
wach other; the resulting repulkion between eliectric forces briaks apart the crystal.

++ 4 +
—
ﬁr -4

ol bhed s Oel oyt Apgdisdl o ool paridle Foioes ol prpumsnn beesa Lryulal s
Befer e ke o SRRERL, e CrpuE e oD Awor & g gl & g NerE Treael oy sty
5, @ e g TR o EE 11 puthr o ey o o akrere Eep rauwred me gresin agan T wyeal

Figure 8 Strang attreclive borces hald Ehe kais in place witil 8 Tonck $EronGg enouon 1o e come The
anraction & applied



Anather property—the ability of a material o conduct electricity—depends on the
availability of frecly moving charged particles. lons are charged particles, so whether
they are free to move determines whether an ionic compound conducts electmcty. In
the solid state, the ions in an ionic compound are locked into fived positions by strong
attractive forces, As a resull, wnic solids do not conduct electricity.

The situation changes dramatically, however. when an ionic solid mells to become a
liquid or is dissobved in solution. The ions—previously locked in pesition—are now free
to miove and conduct an electric current. Both ionic compounds in solution and in the
liquid state are excellent conductors of electricity. An jonic compound whose aqueots
solution conducts an electric ourrent is called an electrolyhe

Energy and the lonic Bond

During every chemical reaction, energy is cither absorbed or released. If encrgy is
absorbed during o chemical reaction, the reaction is endothermic, If energy is released,
it i exothermic. The formation of ionic compounds from positive ions and negative kons
is always exothermiie. The attraction of the positive ion for the negative ions close o 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 jons and negative ions together will break apart.

Lattice energy

Because the ions in an ionic compound are arranged in a crystal lattice, the energy
required to separate 1 mol of the lons of an jonic compound s referred (o as the Lattioe
energy. The strength of thee electrical forces holding fons in place is reflectsd by the
lattice energy, The greater the lattice energy, the stronger the force of attraction.

Lattice energy is directly related o 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 atiractions and greater lattice energies, For
example, the lattice energy of a [ithium compound is greater than that of a potassium
compuound with the same anion because a lithium kon is smaller than a potassium fon.

HG&!E n?

Explaln the relationship between lattice energy and the size of the ions inan lanic
Compound.

SCIEMNCE USAGE v. COMMON UISAGE

conduct

Science usage: io transmit kght, heal, scund, or plecincity
The moteviol did ot conduct electricity waill
Common usege; ta guide or lead

I e the monagor’s fob Ao condiact e Brodhing session

Tamprg o s e Tl [
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The value of bitice energy is alsn

Table & Lattice Energies of Some lonic Compounds
alfected by the charge of the won. |

Latiice

The ionic bond formed from the i it Compoadnd Enengy
attraction of ions with larger positive [ g | (el'mai)

or negative charges generally has a a o | 632 KF 808
greater lattice enengy. The lattice I l

energy of Mg is almost four times.  —— :;_ ! f_:: i ::iil :E
greater than that of MaF because the | |

charge of the ions in Mgl is groater |l .. S N Jo30
than the charge of the jons in NaF. | MNaBr | 732 L S
The lattice energy of SrCl is { MNeQ | 768 |  MgO Sarag s

between the lattice energies of Mg
and MaF becatise SeCl, combains bons
with bath higher and lower charges.

Table & shows the attice energies of some ionic compounds. Examine the lattice
energies of RbF and KF, Because K+ has a smaller ionic radius than Bb+, KF has a
greater battice energy than KBF, This confirms that lattice energy is related o ion size,
Motice the lattice energies of SrClL and AgCl How do they show the relationship
botween lattice energy and the charge of the jons imolved?

|2 Check Your Progress

Summary Demonstrate Understanding

« lonic compaunds contaln ionic 12. Explain how an lonic compound made up of charged
bonds formed by the attraction particles can be electrically neutral.
of oppositely charged ions. 13. Describe the endothermic and excthermic energy

+ lans in an ionic compound ane changes assoc/aled with lonic bond farmation, and
arranged in & repeating pattern ‘relate these to stability.
known as a crystal lattice. 14, Identify three physical properties of ionic compounds.

 lonic compound properties are that are assoclated with lonic bands, and relate them
related ta ionic bond strengih, to bond strengih,

+ lonic compounds conduct an 15. Explain how ions form bonds, and describe the struc-

electric current in the liquid
phase and in agueous salution,
Latice energy is the energy
needed (o ramove 1 mol of ions
from its lattice.

ture of the resulting compound,

16. Relate lattice energy to ionic-bond strength.

17. Apply Use electron configurations, orbital notation,
and electron-dot struciures to represent the formation
of an jonic compound from the metal strontium and the
nonmeatal chiorine.

18. Design a concept map that shows the relationships
among lonic bond strength, physical properies of ionia
compounds, Isttice enengy, and stability.

LEARKMNSMART Goornline io inlliow your personaiized |eaming path o review, praciice,
and reinforce your understanding,
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LESSON 3

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 nissd to be able lo communicate with one another,
they have developed a set of rules for naming compounds. Using this standandized
naming system, you can write a chemical formala from a compound’s name and name a
compound given its chemical formula,

Recall that an womic compound is made up of ions arranged in a repeating pattern, The
chemical formula for an jonke compound, called a formola unil, represents the simplest
ratio of the jons imvalved. For example, the formula onit of magnesiuom chloride is
MgCl, because the magnesium and chloride jons exist in a 1:2 ratio,

The overall charge of a formula unit is pero because the formula unit represents the
entire crystal, which is electrically neutral, The formula unit for MgCl. contains one
Mg on and bwo CI jons, for a total charge of zero.

Monatomic ions Table 7 Common Monatomic lons
Binary ionic compounds are composed of positively 2 ' _ANommthat | o e
charged monatomic ions of a metal and negatively Soup | Lasimarty Foem lons
charged monatomic jons of a nonmetal. A monatomic | il

iom i= 3 one-atom ion, such as Mg™ or Br. Table 7 1 H, LI, Na, K, Rb, Cs J +
indicates the charges of common monatomic ions L < Bo, Mg. Ca, Se. Ba | 2+ |
according o their location on the periodic table, What 15 N, P AS | o

is the formula for the beryllivm ion? The iodide on? _15_ . 0,55 _]-_2__ |
Thie nitride jon? _T'?_ — FCI_ iilr i | i ]

Transition metals, which are in groups 3 through 12,

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

(B

El
COLLECT EVIDENCE INVESTIGATE ;
l'UHWSﬂNH‘JMﬂIJH LV GO DOHLIMNE bo find thars sctiviiles and mone risourcss. §
record the evidence you collecias | (273 |dentify Crosscutting Concepts !
g piata: th reacings prd Craate @ lable of the crosscutting concepts and 11l in exampdés you find as you read
ackiities o his lesson
Review the News

Diskair Iffermation Irom o cutenl Aews Slory 0ol iecor additions 10 the periadic lagle.
Evaliate your scurce and communicate your lindings to your class.
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The oxidation number of a menatomic jon, also Tabie 8 Monatomic Metal lons

Oxidation numbars

called its onidation state, is equal to the net charge
of the ion. As shown in Table 8, mos! transition
metals and group 15 and 14 metals have maorne

SHTEMan 10mS

ST La™

TF T

than one possible jomic charge, Note that the ionic
charges given in the table are the most commaon

b

ones, bol not the only ones possible.

Criv, Cp»

The cxbdation number of an element inan ionic

M"I-_ “-Il-lI TEII

compound equals the number of electrons trans-

Fei', Fe'*

ferred from the atom to form the jon. For exam-

Cott, G

ple. a sodium atom transfers one electron toa

M, Pe*, P, Pt

chlorine atom Lo form sodium chloride, This

Cu', Cu', Ag*, Aur, Au™

reanits n MNatoand CIF, Thus, the oxidation num-

2k, Cd', Hg >, Hg™

ber of sodium in the compound is 1+ because one
electron was transferred from the sodiom atom,

N'_. G“'I-.-I EI“. 'ﬂ'. I-n}-il hlrl n‘. n'h-

ElRIN2| 5 |0 |o|~|o|m|slw

Because an electron i transferred to the chlorine

En™, S, PR, PR

atom, its axidation muember s 1=,

Formulas for binary ionic compounds

In the chemical formula for any ionie compound, the symbel of the catlon is always
writhen first, followed by thie symbol of the anfon. Subscripts, which are small numbers
v thie lower right of a symbol, represent the number of ions of each element in an jonic
compound. If no subscript i= written, it is assumed to be one, You can use oxidation
numbers to write formulas for ionic compounds, Recall that ionic compounds have no
charge, If you add the oxidation number of each ion multiplied by the number of these

o 1n a formda unit. the total mist be zero,

Suppase 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 bon:
Ma® and F. The ratio of ions in a formaula unit of the compound must show that the
number of clectrons lost by the metal equals the number of dlectrons gained by the
nonmetal. This occurs when one sodium atom transfers one electron o the fluorine

atam: the formula unit is MNaF,

I!EHI:I‘!

Relate the charge of an jon to its oxidation number,

STEM CAREER Connectian

Pharmacist

Wioald you lke using chemistry to heip peaple treat disease? Phamacists prepare
and dispense medications to patlents and provide experiise on the safe and
propar ise of modicationg. Thiy My work il retil phaimacies of in hosserl.
Prarmacists alsa conduct health screemngs, pive snmunizations sach as fiu shats,
nd advise patients on general health topics such ps died, suercise, and managing
ress,

ACADEMIC VOCABLLARY

transher

b CALEE 10 PASS Brom o 16 anolier
Crarlers o [0 bensdiar 100 naiy Schoo!
e s paremts moved B0 @ hew
rpigiohood.




EXAMPLE Problem 1

FORMULA FOR AN IONIC COMPOUND Determing the formula for the sonic compound formed
from potRSSILM and o gen.

1 ANALYZE THE PROBLEM
Yau ane given that potastium and odygen ions form an fonic compauncd, the formia far the
compound s the unknown. First, write out the symbol and oxidation nuwmber for each jon
Invoived in the compouwnd, Potassium, from group 1, forms 14 lons, and caygen, from group
16, forms 2— jous.

K? o

Because (he charges ane not the same; you need to detenmine the subscripts 1o use Lo indicate
e ratio of posilive ions to negaltive jons.

2 SOLVE FOR THE UNKNOWN
& potassium stom lases one electron. while an omiygen stom gains two electrons, i combined
ina one-ig-one ratis, the number of elacirons lost by polassiem will not balance the rambser
of eeciions gained by owygen, Thus, two potassiam ions are needed for each oode ion, The
farmula s K 0.

2 EVALUATE THE ANSWER
The overall charge of the compotind |s zero.

2 gdors | o) + 10dom () = 2041 + W2-1 = 0

EXAMPLE Profylem 2

FORMULA FOR AN IONIC COMPOUND Determine the formula for the compaound foarmed from
atumtinom ions and sulfide ions,
1 AMALYZE THE PROBLEM

¥ou are given that aluminum and sutfur form an lonic compound; the: fomta for ine ionic
compound & The unknown. First, determine tha charges &f aach lon: Aluminum, from group 13,
forms 3+ wons, and subur, from group 18, forms 2— ans.

A 5"

Each akumingm atom loses three electrons, while @ach sulfur atom gains two electrons, The
nurnbe: of electrons lost must squal the number of electrons gained,

2 SOLVE FOR THE UNKNOWN
Thar s=nallest number that can be divided avenly by both 2 and 3 i= 6. Therefone, six alectrons
are ransferred. Three sulfur atoms socept the six electrons lost by two aluminem atoems. The
edrrect formuln, ALE,, shows two aluminum ions borded 1o thipe sulfide kans,

3 EVALUATE THE ANSWER
The overall charge of one formuba unit of this compound is zeno,

2 asers ( F) + 3sioms (F=) = 2841 +3@-)=0

o e e e Tl | e
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PRACTICE Problems X ADDITIOMAL PRACTICE
Wiite formuias for the ionkc compounds formed by the following ions,
Use units as a guide to your solutions, Groaip 17

9. potassium and iodide 21, aluminum and bromide 5

20. magnesium and chloride 22, cesium and nitride ki

23. CHALLENGE Write the gpeneeral formisa for the [onic :
- |
a

:
o o i

compound formed by elements from the beo groups
shown an the perodic tanle at the hght.

Formulas for polyatomic ionic compounds

Marny ionic compounds contain polyatomic ions, which are ions made up of more than
one atom. Table 9 and Figure 9 liat some commaon polvalomic ions. Also see Table R-5
in the Student Kesources, A polvatomic ion acts as an individual jon in a compound and
its charge applies to the entire group of atoms. Thos, the formula for a polyatomic
compound follvws the same rules used for a binary compournd,

Because a polvatomic ion exists as a unit, never change subscripis of the atoms within
the ion. If more than one polvatomic on is needed, place parentheses around the ion
and write the appropriate subscript outside the parentheses, For example, consider the
compound formed from the ammonium jon (NH,°) and the axide ion (7)., To balance
the charges, the compound muost have wo ammoniam ions for cach oxide jon, To add a
subseript to ammonium, enclose it in parentheses, then add the subscript. The correct
formula is (NH_), O,

Table @ Common Polyatomic lons

NH | ammonium | 10, | periodate

NO,” | nitrite | €H0. | acetote

NO,” | nitrate | HPO, m s iy
| oW | hydrowde | €O* | carbonate

CN- | cyanide | SO0 | sulfite

MnO, | permanganate | S0 | sufate

E

5,05 | thiosulfste

! ' | carbonate | |
| Cio | hypochiote | ©OF | peroside mﬁﬂ
| 00, | chiorite | €0} | chromate

= e iy chiorate [ Cr.0.* | dichromate Figure 9 Arenoniim and phesphale lons are

| hydrogen palyatomic: that is, they are made up of more Hhan

G0, perchiorate HPO,? P one piom. Each palyatomic wn, however, aCls a5 @
|-' T A E T TR TS tmgie undl and has ome charge.
| Bro, | bromae PO | phosphate Idwntity What are the charges of the ammanium
L1, |dodse | AOF | ssenste ion and phesphate fon, respectively”



EXAMPLE Problem 3

FORMULA FOR A POLYATOMIC IOMIC COMPOUND A compound formed by cabcium fons and
phosphate ons is often wsed In fenllizers. Wite the compound’s farmula.
1 ANALYZE THE PROBLEM
You know that Cobclum and phosphate sons form an ionic compound; the foaamula for the
compound s the unkmown. First, write each ion along with its charge. Calcium, from group 2,
forms 2+ kong, and the polyatomic phosphale acis as & single unit with a 3- charge.
Ca't PO
Each calcum mom loses two electrons, while each polyalomic phosphaie group gaing ihree
electrons, The number of electrons lost must equal the number of slectrons gained,
2 SOLVE FOR THE UNKNOWM
The smallest number evenly dhvisible by both charges is 6, Thus, a todal of six electrons are
fransferred, The negative charge from two phosphate ions equals the positive charge from
thwee calcium igms, In the formula, place the polyatomic ion in pareniheses and add a subscipt
e the outside, The correct formula for the compound is Ca, (PO, ).
3 EVALUATE THE ANSWER
The owerall charge of one formula wilt of calcium phosphate is 2eo,

3le"m]+lﬂﬂrﬂ(&;j=aﬂﬂ+m—:=n

PRACTICE Protlems W AGDITIOMAL PRACTICE

Write formulas for lanic compounds composed of the folliowing ons,

Use units as a guide to your solutions,

24. sodism and nitrate

258, calchum and chiarate

II».. alumipnem and carbonate
27. CHALLENGE Write the formula foe an lonic compount formed by lans from & group 2 elemert
and polystomic lons composed of anly carbon and cxygen,

Names for lons and lonic Compounds

Scientists use a systemalic approach when naming ionic compounds. Because onic
compounds have both cations and ankons, the naming system accounts for both of
these s,

MNaming an oxyanion T“h"-‘ “-" Cuyariion Neming Comventions Fnr ‘S and Witrogen

1ot i | Jdmmrm-mmmmgmt-ﬂmmmwm

a9 ﬂ;:;ili:ﬁﬂi::;# This lon ks named using the root of the nonmetal and the
nonmetal, bonded o one or mn‘m : i
cygen atoms, More than one + Ichentify the jon with lewner cweygen aloms This kon is named
oxvanion exists for some nonmet- using the root of the nanmetal and the suMix-ite
als, such as nitrogen and sulfur, Examples: NO;  MO.- s SO

i i m"h i Ht.::!e nII.r:ul al;me 5li;ﬂ'e
the rules in Table 10,

LG TR R T R
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As shown in Table 11, chlorine forms four teyanions that are
ramed aconrding to the numiber rﬂ'm'ygm atoims present. Names
of similar oxyanions frermed by other halogens follow the rules wsed
fr chlorine, For example, bromine forms the bromate ion (BrO_),
and odine forms the periodate jon (10, ) and the iodate ion (10,).

Naming ienic compounds

Chemical pomenclature s a systematic way of naming com-
pounds. Now that vou are familiar with chemical formulas, you
can use the following (ive rules 1o name ionic compounds,

1. Marne the cation lollowed by the anion. Eemember thal the
cation ks always written first in the formula.

2. For moratomic cations, use the element pame,

3. For monatomic amions, use the oot of the element name plas
the guifix -,
Example:
Huiigr 1
T
G beamide

o
e |

4. To distinguish between multiple oxidation numbers of the
same element, the name of the chemical formula must indicate
the mcdation numbser of the cation. The axidation numbser =
wrillen as 4 Roman numeral in parentheses after the name of
the cation.

Table 1 Oxyanion Mmning
Comventions far Chiorine

= The axyanion with the greaiest
mumber of ogen aloms ik
named using the prefic per, the
oot of the nonmetal. and the
sulfix -afe.

+ The cxyanion with ons fewet
oiygen Mom ks named Using
the rood of the nonmetal and
thie SUIEfEy e,

= T ey anson with two fewes
oxygen atoms s nomed using
the root of the nonmetal and
thie suiffis e

= The etyamson with three fewer
oxygpen atoms is named wsing
the prefix hypo-, the root of
thiz nonmetal, and the suffie
=it

Expmiples:
Cio,  perchiorate
€0 chlorate
CQ  chlorite
Cikr  hypochiorite

Mote: This rule applics o the transition metals and metals on the right side of the

perodic table, which aften have more than one oxidatson number. See Table B earlier
in thi= lesson. It does not apphy to growp 1 and group 2 cations, as thiey have only one
oxidation numbser,
Examples:  Fe' and O, ions form FeQ), known as ironfll) made.

Fe'" and O, ions form Fe,0,, known as izon{l) oxide

5. When the compound contains a polyatomic ion, simply use the name of the

palyatamic jon in place of the anion or cation,

Examples:  The name for NaOH is sodium hydronide.
The name for (NH,),5 is ammoniam sulfide.

'“.. ADDITHOMAL PRACTICE

PRACTICE Probbdms

Interpret the formula representations and name these compounds.

28, Magr 32 Ag OO,

29, CaCl, 33. CHALLENGE The iomic compound NH,CIO, is o ey renctont used n solid

30, KOH rocket boasters. such as ihose hal powered the Space Shutie into aril. Name
31 CuiNG)), this compound,



PROBLEM-S0LVING STRATEGY

Naming lonic Compounds
Maming loné compounds ks easy if you follow this
naming-conventon fowchan.

Apply the Strategy
MName the campounds KOH and Ag, Crd, Lsing
thils flowchar

‘hia gy = ancaer phoophete Fmglly = wowili] caide

Maming ionic compounds is important in communicating the cation and anion in a
crystalling sokid or agueous solution. The Problem-Solving Strategy reviews the steps
wsed 10 naming woic compounds if the formula i known, How might vou change the
diagram to help vou write the formulas for onic compourds if you know their names?

|® Check Your Progress

Summary Demonstrate Understanding

= A formila unit gives the ratio of 34. State the order in which the ions associated with a
cathons to anlons in the konic compound composed of potassium and bromine
compound, would be written In the chemical formula and the

- A manatomic lon is formed COMPOoNG name.
from one atam. The charge of a 35. Determine the difference between a monalomic ion
manatomic lon Is equal to its and a polyatomic ion, and give an example of each,
oxidation number. 36, Apply lon X has a charge of 2+, and lon Y has a

« Roman numerals indicate the change of 1—, Write the formula unit of the compound
oxidation number of cations formed fram the ions.
having multiple possible 37 State the name and formula for the compound
oxidation states. formed from Mg and C1,

= Polyatomic lons consst of more 33 Write the name and formula for the compound
than one atom and act as a farmed fram sodium iens and nitrite lons,
single: nit. 39. Analyze What subscripts would you most likely use i

+ Toindicate more than ane the folkawing substances formed an ionic compound?
m"ﬂ"ﬁ:mﬁr s a.an alkali matal and a halogen
around the palyatomic kon and b an alkali metal and & nonmetal from group 16
use a subscript. . an atkaling earth metal and a halogen

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

LEARNSMART Goonine to follow your personalized learming path to review, practice,
and reinforce your understanding.

Pl R T L RER
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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 onic compouncds. The
bonding in both metals and ionic compounds 15 based on the attraction of particles with
unlike charges. In the solid state, metals often form lattices similar to onic crystal
lattives, In such a lattice, & W 12 other metal atoms closely surround each metal atom.

A sea of electrons

In a metallic lattice, metal atoms do not share thetr valence electrons with neighboring
atoms, nor do they lose their valence lectrons. Instead, the outer energy levels of the
metal atoms cverlap, as shown in Figure 10, This unigee 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 o “sea” of electrons that surrounds the metal
catioms in the lattice. The electrons present in the outer cnergy levels of the bonding
mietallic atarms are not held by any specific atom and can move sasily from one stom (o
the mext. Becouse they ane free to

monve, they are often referred o

Medal catban
f;e alm’s outer -.-]mmn:':::awnr !‘ﬁ! :.- -l.—‘! = :".ﬁ/_,.r— “Soa” of elecinon
treely throughout the solid, a -,r._.". __. .._ —...
metallic cation is formed. Each .":..:.'_-._

such ion is bonded to the lattice

oy the m ot @rm r]:ﬂ-r:_:m. A Figisre 10 The varlence elegirees in metals shown s 8 bive cloud of minus
-hﬂ:hul i the ﬂ"l’ﬂ-l:h!.‘l'ﬂ of signs] arn evenly dstifubed among the metalic cations (shown n rad]

a metallic cation tor delocalized  gyracnons petween posdive cations and the negatese *ses” holl the mela
elections, moms gehor in & bailice

Explain Wy ore eleciroms im melnls known o deloonined sleciom?

|
o
1

 COLLECT EVIDENCE INVESTIGATE
B Use your Science Joumaite | ) GO ONLINE 10 find these aclivithes and more resources.
recard the evidence you calect as o Applying Practices: Modeling Electrostatic Forces—lanic and Metalfic Banding

¥ou complety e reatings ond HS-PS2-4, Use mathemalical representations af Newlor's Law of Graviiation and
activities in this lesson. Caukamb’s Law b describe and predict the gravitatinnal and lectrostatic forces between
objects.

& Quick Investigation: Obseamne Properties
Conatrist an splanation af the sirsctones s msligsbis properies of steel,




Properties of metals Table 12 Melting and Boiling Points
The physical properties of metals al the bulk
scale can be explained by metallic bonding,
These properties provide evidence of the
strength of metallic bonds,

Melting and boiling points The melting
points of metals vary greatly, Mercuary is a
liguid at room temperature, which makes it
useful in scientific instruments such as

thermometers and barometers. On the other [Cooper | NS e
hand, tungsten has a melting point of 3422°C. Lightbulb filaments are usually made
from tungsten, as are cerlain spacecrait 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
mekal, so it docs not take much energy for them to be able o move past cach other.
However, during boiling, atoms must be completely separated from the lattice, which
requires much more energy.

Thermal conductivity and electrical conductivity The movement of mobile
ebecirons arpund positive metallic cations makes metals good conductors, The
delocalized electrons move heat from one place to another much more quickly than the
ebectrons in a material that does not contain mobile electrons. Mobile electrons easily
move 25 part of an electric current when an electric potential is applied 10 a metal.
These same delocalized chectrons interact with light, absorbing and releasing phitons,
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 melallic bonding can be
pushed or pulbed past vach other. Metals are generally durable. Although metallie
citions are mobile in a metal, they are strongly attracted to the electrons surrounding
them and are not easily removed from the metal.

Extertial
faice

000 " 0000
0000 00080
0000 0000
0000 6606e

Figure 11 An applied longe causes metsd s (s mave threanh delocaliced slacirons, making
metals malieabie and duclife

Describe i poir cen wovils st hiopens o metal isos wian g mefal 5 stk willr 0 hamned
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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 handness and strength. For example, strong
mietallic bomds are found in transibon metals such as chromiom, ron, and nickel,
whereas alkali metals are considered soft becamse they have only one delocalived
electromn, ',

B sec e

Contrast the behavior of matals and lonic compounds when each is struck by
a hammer.

Metal Alloys

Due o the nature of metallic bonds, it is relatively easy to introduce other elements into
the metallic crvstal, forming an alloy, An alloy is 2 mixture of eloments that has metallic
properties. Becouse of their unique Blend of properties, allovs have a wide range of
commercial applications. Stainless steel, brass, and cast iron are a few of the many
wseful alloys, Table 13 lists some commercially important allovs and their uses,

You [ikely have items made of aflovs in your home, but vou might not have realized it
Magnets often are used Lo attach decoralive items or mementos to refrigerator doors.
Candlesticks made of brass are common hbome accessories. Yellow gobd pewelry s made
of an alloy of copper and gold. Silver gold jevedny often is made of an alloy of gold wath
sitver or palladivm. Stainless stecl often is used to make kitchen sinks, appliance doors
and exposed swdes, and tablewars.

Table 13 Commercial Allays

L OFTHORSRTEN

Alnico Fa 50%, A) 20%. M& 20%, Co 0% | magnets

Brass Cu 67-90%, Zn 10-33% plumbsng, hardware, lighting
Bronze Cu P0-95%, In 1-25%, 5n1-18% | beasings, bells. medals

Cast Iron Fie B6-87T%, C 3-4% casting

Gold, 10-carat AU 42%, Ag 12-20%, Cu IT46% | jewelry |
Lead shot Po 9983, A5 0.2% shongun shess |
Pewter Sn 70-85%, 5b 5-15%. Pb 0-15% | tableware
| Stainiess steet Fe 73-79%, Cr 14-18%. M 7-9% | instroments, sinks '
| Sterling silver Ag92.5%, CuI5% tableware, |ewely

(553 CROSSCUTTING CONCEPTS
Structure and Function Make a list of the propertias of metals discussed inthts | alioy

Bosson, Fareach item an the Est, expinin how ol property could be seen as

evidence of the siructune of mataks af the aomi scale.

YWORD ORI

which means {6 bind'

comes from the Latin word affigans,
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Properties of alloys

The propertics of alloys differ somewhat from the propertics of the
vlements they contain. For example, steed is ron mieed with at least
om other element. Some properties of inon are present, but stee] has
additional properties, such as increased strength. Allows are classitied
intoy bwo basic types, substitutional allovs and interstitial allovs.

Substitutional alloys In a substitutional alloy, some of the atoms in
the orginal metal are replaced by other metals of similar alomic size.
Sterling silver is an example of a substitutional alloy. In sterling silver,
copper atoms replace soame of the silver atoms in the metallic crystal,
The resulting solid has properties of both sitver and copper.

Interstitial alloys An intestitial alloy, such as the titanium alloy
shown in Figure 12, is formed when the small ok Gntersbices) in a
mtallic cry=tal are filled with smaller atoms. The best-known
interstitial alloy is carbon steel, in which holes inan iron crystal are
filled with carbon aloms. lron alone is relatively soft and malleable, but

the added carbon makes the solsd harder, stronger, and less ductile.

Figure T Bicyche lrames are
sometimes made of 125
tanium alloy, 3n alloy ol
bt cordnining 3% Alumirum
ant 2.5% vanddiim.

[& Check Your Progress

Summary Demonstrate Understanding
= A matallic bond forms when 40. Contrast the structures of lonlc compounds and

metal cations attract freely

mefaks.

maving, delocalized valence 41, Explain how the conductivity of electricity and the
alactons. high bolling 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 lanic bonds
metallic crystal and are not and metallic bonds.
heid by any particutar stom, 43, Summarize alioy types by correctly pairing these
The glectron sea model terms and phrases: substitutional, interstitial,
explaing the physical properties replaced, and lled in,
o matalic cojlds. 44, Design an experiment that could be wsed 1o distin-
Metal alloys are formed when a guish between a metallic solid and an jonic solid.
metal is mixed with one or Include at least two different methods for comparing
more othar elements. the solids, Explain your reasoning.

45, Model Drow a model to represent the physkcal

property of metals known as ductility, or the ability to
be drawn Into & wire. Base your drawing on the
electron sea maodel shown in Flgure 10,

LEARNSMART Goaonline io follow your personalized bearring path o review, praciice,
nd reindforcs your understanding.

Crmmrghd & i Comr 048 | doiratiets Weat g T athy e g S o
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ENGINEERING & TECHNOLOGY

From Salty to Fresh

Desalination is the process of remaving
dissohved salts from seawaler. Desalination
technologies are becoming more important a5
other sources of fresh water are depleted,

Taking the Salt out of Saltwater

Cnly 1 percent of all water an Earth s
accessible fresh water. Most of Earth's
water Is in oceans, As fresh walter sources
are depleted, looking o the oceans as &
sgurce of watar seems an obviows salution,
The challenge for engineers is 10 develop
desalinaticn processes that are efficient,
economical, and ervironmentally friendly.

Thermal distillation & a technigue that has
been used for thousands of years. In this
process, heat is used to evaporate seawater,
The water becomes o vapor and the other
substances in seawater are ket behind as a
residue. The evaporated water is collected
and condensed by cooling. The condensed
water contains no salls of other dissolved
impurities and is safe o drink

A variety of technologies use thermal distilla-
tisn, ranging from small salar stills that produce
fresh water for individuals to huge distillation
plants that produce fresh water for cities,

The main probbem with thermal distillation is
that it requires a lol of energy. Since the

@ DEVELDPR A MODEL TO ILLUSTRATE

Makea diagrams thal compare dasalination
using thermal distillation and reverse osmosis.
Be sure to include labels and caplions,

Desalination plamts such as this one can produce millions
o ithers of Trissi weliber From seawinlor ety day

mid-1900s, desalination research has focused
on another process called reverse osmosis,
which uses much less energy than thermal
distillaticn. In reverse osmosis, water is
subjected 10 high pressure to cause il 10 pass
through a semi-permeable membrane. The
membrane allows water molecules but not
igns 1o pass through, resulting in salt-free,
drinkable water on ane 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 potental
harm to maring life when the concentrated
seawater is released back to the coean.
Engineers and scigntists continue to improve
desalination technologies io ensure a stable,
safie source of drinking water for the future.
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STUDY GUIDE

Q GO DNLINE 1o study with your Science Molebook.

Lesson 1 1ON FORMATION o chemical bond
= A cheeical bond is the borce that holds bwo atomes I-.rw.‘”“"l’- : Ir-::ll:zF
* Bome atoms form bons o gain stability. This stable configaration
irvolves a complete ouler energy leved, wsually consisting of egghl
valerce electrons.
= lons are formed by the lnss or gain of valenoe electrons
© The mamber of prolons remains unchamged during ion formation
Lesson 2 IOMIC BONDS AND IOMIC COMPOUNDS « lgnic band
& i oantpounids conlain ke bamds formed by the altrac s oF % :H"'- bl
« gryslal lnttice
opposibely changed s, » ghacirobie
* loms in an ionic compusind are arranged ina repeating patbern + inftice energy
Knvenwn s a crvstal lattice
* lomic compoand properties are relatied to lonic band strength
* lomic compounds conduct an electric corrent in the liquod phase
and in agueoss sodubion,
* Lattice energy is the energy needed o remove | mol of ons from
it= laitice
Lesson 3 NAMES AND FORMULAS FOR IONIC COMPOLINDS + formula unil
5 - & Thddhialoimet (o
= A formaila unit gives bhe ratio of cations o anions in the iomic « poiyatomic ion
coampound, e

A monabomic & is formed from one atom. The charge of a
Mmondlmac Won is L-|.|'_u| 1o its oadidation number

a

Roman mirmerals indscate the oadatvon aumber of citions havang
mudtiple prasible oxsdaton stales

Pobvatomic wons consist of mone than one atom and acl as 4 1.r|'||[||-
wmit

T indscabe more than ane polyatom on m a chemical formula,
place parentheses anound the palyatomic ion and use a subscript

Lesson 2 METALLIC BONDS AMD THE PROPERTIES
OF METALS
« A metallic bond forms whien metal cations attrect ireety moving,
delovaliced valence ebectrons

In the electron sea model, electrons move through the melallic
crvalal and are not hield by any partic iididd il

W

e electron sea model explains the physscal properties of
melallic sodicks

Belestnl il e Bowrrnued when 2 il is mawed with one or merne
other elements

#hprTron sen maded
pelncatiped Blecon
mefallic bom:

iy

v il | i

[T

et 2]
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7. THREE-DIMENSIONAL THINKING

\&/ Module Wrap-Up

REVISIT THE PHENOMENON

Why do some crystals
form cubes?

Claim, Evidence, Reasoning

Explain Your Reasoning Revisil the claim you made when you encountered the
phenomencon. Summarize the evidence you gathered from your investigaticns and
research and finalize your Summary Table. Does your evidence support your claim? If nal,
revise your claim. Explain why your evidence suppons your claim,

STEM UNIT PROJECT
Mow 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 Analysis Lab
Can embedding nanoparticles of silver into a polymer give the
paolymer antimicroblal properties?

Researchers tested the antimicrobial properties of a new Data and Observations
compaosite material—the polymer pody{d-vinyl-N-hexylpyridinium
bromide], known as MPVP which attracts cations. It is knoem E. coli Population v. Time

thiat sitver ions from silver bromide and silver nitrate exhibit
antimicroblal activity, Sllver bromide was embedded Into the
NPYP polymier Scientists tested the antimicrobisd properties of
the composite material. Thelr results, illustrated in the graph,

43% HMF

{ —
\,\'\ — b
—= 4L AP

E. colil poulation
jefu/ml = 10%)
o B & 5 8

show the growth of £ coll bacteria over a period of approsi - ;ﬁ'hhm
matedy four hours, Each ling represents the £ coll population in =,
v seul 50 100 130 200 250
response to the introduction of a particular substance. Time (min)
Analyze and Interpret Data lista ciuined Srom: Saniiny, V., o2 al. Published on
1. Claim Droes the addition of sitlver bromide (AgBr) ions to e Wl ATV 20H06, Selver Bromide Nanapansce
MPVF improve the antimicrobial properties of the compaosite? Folymar Complites Joos "'lj_'_r" e ‘l;"" n
ST TRy

2. Evidence, Reasoning Does a composite polymer containing
NPVP and silver bromide show antimicrobial properties?
Explain your answer.
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COVALENT BONDING

ENCOUNTER THE PHENOMENON
Why does water expand
when it freezes?

&3 Ask Questions

Do you have ather guestions about the phenomenon? If so, add them to the driving
guestion board.

Claim, Evidence, Reasoning

Make Your Claim LUse your Collect Evidence Use the Explain Your Reasoning You
CER chart to make a claim lessons in this module to will rewisit your claim and
about why water expands collect evidence to support explain your reasoning at the
when it freezes. your claim. Record your end of the module.

Evidence &5 you move
through the madule.

G GO OMLINE to access your CER chart and explore resources that can
halp you collect evidence.

LESSOM 4: Explore & Explain: LESSOM 5: Explore & Explain:

Hybridization and Maolecular Intermolecular Forces and

Shapse Properties of Covalant
Compounds
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LESSON 1
THE COVALENT BOND

FOCUS QUESTION
How do atoms bond in covalent molecules?

Why do atoms bond?

Tos understand why new compounds form, recall what you know aboul elements that do
nod tend to form mew compounds-<the noble pases. You learned that all noble gases
have stable eleciron arrangements. This stable arrangement consists of a full outer
emergy level and has bower potential energy than other electron arrangements, Because
of their stable configurations, noble gases seldom form compounds. Other elements
frequently form compounds, sech as the hvdrogen and oxygen that form the waber
shown in Figure 1.

Gaining stability

The stability of an atom, on, or compound 1
related to iis enesgy, with lower energy slales
being more stable. In wonic bonds, metals and
nonmetals gain stabality by transferring elec-
trons to form ions. The resulting ions have
stable noble-gas electron configurations. In
this module, vou will learn that valence electron
sharing = another way atoms can acquire the
stable electron configuration of noble gases,
resulting in stable maolecules with less energy Figure ¥ Each water droplet is made up of water molecles
than the same el of atoms _-\.._-]mr_ﬂﬁ[. Each water molecudn is made up ol two frydrogen atams and
GNE arygen aom that have bonded by sharing ebectrons
Thie shapes ol the drops ae dus § iMMermalecular M
.1'."i|l|i.'_| o e wrlee maiecites

ot F R W TR b

T |~ T T 1 am L o o T ,.' = = ..—
COLLECT EVIDEMNCE INVESTIGATE
B Use you Stience Joumal o | VGO OMLIME tofind these activilies and moce resources
recoed the evidence you colect as ﬁ Applying Practices: Electran States and Simple Chemical Reactions
you compizde: e readings and H5-P51-2. Construct and revise an explanation for e oslcone of & smale cheml ol
RCEhTivES i this lesyon redction hased on e outenmou elsction sties of atoms, ends in the peradic tibke, and
knovwivdge of the patterns of chemical properies.

7 Revisit the Encounter the Phenomenon Question

What infarmation from this l2sson can help you answer the module gueshon™

i

1 iy gl
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What is a covalent bond?

Y¥oru just read that atoms can share electrons 1o form stable electron configurations.
How does this occur? Ane there different wavs in which electrons can be shared? Flow
are the properties of these compounds different from those formed by fons? Read on o
answer these questions.

Shared slectrons

Atoms in nonionic compounds share electrons. The chemical bond that results from
sharing valence electrons is a covalent bond. A moleeule is formed when two or more
stoms bond covalently, In a covalent bond, the shared electrons are considered to be
part of the outer energy levels of both aboms mvolved, Covalent bonding generally can
oocur between elements that are near each other on the periodic table. The majority of
covalent bonds form between aloms of nonmetallic elements.

Covalent bond formation

Diatomic molecules, such as hedrogen (H ), nitrogen (M.}, oxvgen (0}, Muorine (F ),
chilorine (CL), bromine (Br.), and fodine (L}, form whien two atoms of cach 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 15°28°2p", Bach flucrine atom has
seven valence electrons and needs another electron to form an octet. As two Aueorine atoms
approach each other, several forces act, as shown in Figure 2. Two repulsive forces act on the
alomms, ane from each atom's like-charped electrons and one fram esch atom’s likecharged
protons, A force of attraction also acts, as one atom's profons attract the other atom’s
electrons. As the fluorine atoms move closer, the attraction of the protons in each nucleus
far the other atom's electrons increases until a point of maximum net attraction is achieved.
Al that point, the two atorms bond covalently, and a molecule forms. Mow, each alom has a
completed octet because they are each sharing a pair of electrons. If the two nucle move

+—— Force of repulsion
—= Foroe of aftraction

. L e - ———

The aitoens ans Each nusches aitracls fhe The distance i right far the I it aboms are

N fide agait 1o other atoam’s elecinon aliraction betwesn one forced closen

heve maticeahle clowd. Repulsian accurs alom's prodons and the ingaitier, tha
altrsclion or Deietweznl pucle and ather abaim's edecirons to muctel and eleciror
mepulsion, betwseen mlechnon clowds. make the bond stable. repal paih other

Figure 2 The afmees i Eis diagram show the ned fontes ol #ltracton ana mepuducn S1ing o two
fiaaeims abamE a3 they moae 1oward each oihet. The averall bancs Lelwsen wa A8ms i5 e reaul of
eleciron-plecinon mpulson, nutisis nucieus repalsion, amd nscheus-electron atfraction, Al the posfion
of masimiim et attraction, 3 covalent bond ks

Relale Hew 5 the seatwity of the Bond relsfed 10 the foroes acting on Ihe atoms
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B & Er Figure 3 Two fiuorine moms sitane 3 pai of slectrons 1 fomm o
Flaarine Fluorine covalend bond, Kote that (he shared ebactran pair gives each adom
Mam aam a tomplete aclel
1 Indier oy e ey of this Sinine oloms chonges when ey lorm
o Eavmhenf band,
Bondindg pais
Comnpiete of elpciions
bt Lone
Fuorine PO
molecile

The most stable arrangement of aloms ina 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 flucrine atom a stable noblegas configuration. As shown in Figare 3, each flucrine
atam in the fluorine molecule has one pair of clectrons that are covalently bonded
{shared) and three pairs of electrons that are unbonded {not shared). Unbonded pairs
are also known a3 long pairs.

Single Covalent Bonds

When only one paic 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
Iedrogen molecule, shown in Figure 4, each covalenily bonded atom equally attracts
thie pair of shared electrons, Thus, the two shared electrons belong o each atom
simultaneously, which gives ach hydrogen atom the noble-gas configuration of heliom
(1) and lower energy. The hvdrogen malecule is more stable than either hvdrogen
atom s by itself.

FKecall that electron-dot diagrams can be used to show valence elecirons of aloms. Ina
Lewis structure, they represent the arrangement of electrons in a molecule, A line or a
pair of vertical dots between the symbaols of elements represents a single covalent bond
im a Lewis strocture. For example, a hydrogen molecule is written as H—H ar H:HL

Group 17 and single bonds

The halogens—the group 17 elements, such as Auorine~have seven valence electrons,
To form an octet, one more electron is needed. Therefore, atoms of group 17 elements
Iorm single covalent bongds with atoms of other nonmetals, such as carbon. You have
already riad thal the atoms of some group 17 elements form covalent bonds with
identical atoms. For example, (Tuorine exists as F, and chlorine exists as O, Because
atoms irom group 17 need only one more electron to form an octet they are very unsta-
ble and reactive,

Figure 4 When two rydrogen atams
. + . —+ .m*-ui-mmhm.-mh‘rdmgn

atom & stable berause i has o full ouler
H. + “H i HiH

anergy hevel.
Hyrogen Hydrogen Hyilragen

atom asom modemle

B R e
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Group 16 and single bands

An alom of a group 16 element can share two electrons and
can form two covabent bonds, Oxygen is a group 16 element
with an electron configuration of 15725 2p", Water is composed
of two hydrogen atoms and one oxygen atom, Each hvdrogen
atom has the noble-gas configuration of heliem when it shares
one electron with oscygen. Osovgen, in buen, has the noble-gas
configuration of neon when it shares one electron with each
hydrogen atom. Figure Sa shows the Lewis structure for a
molecule of water. Motice that the oxygen atom has two single
covalent bonds and two unshared pairs of electrons,

Group 15 and single bands

Group 15 elements form three covalent bonds with atoms of
nonmetals. Nitrogen 15 4 group 15 element with the electron
configuration of 18°2¢°2p". Ammaonia (NH) has three single
covvalent bomds. Three nitrogen electrons bond with the three
hvdrogen atoms leaving one pair of unshared electrons on the
nitrogen atom. Figure 5b shows the Lewis structuse for an
ammaonia mobeoule. Nitrogen also forms similar compounds
with atoms of group 17 elements, such as nitrogen trifluoride
(F ) mitrogen trichloride (NCL) and nitrogen iribromide
{MBr ). Each atom of these group 17 elements and the nitrogen
atom share an electron pair,

Group 4 and single bonds

Aboms of group 14 elements form four covalent bonds, A
methane molecule (CH ) forms when one carbon atom bonds
with four hydrogen atomys. Carborn, a group 14 element, has an
eleciron eonfiguralion of 15°24°2p', With four valence
electrons, carbon needs four more electrons for a noble gas
comfiguration. Therefore, when carbon bonds with other
atormns, it forms four bonds. Because a hydrogen atom, a group 1
elemant, has one valence electron, It fakes four hydrogen
aloms to provide the four ehectrons needed by a carbon alom.
The Lewis structure for methane is shown in Figure 5c.
Carbon also forms single covalen! bonds with other nonmetal
atoms, incloding those in group 17

ll’rs.nm

Describe how a Lewis structure shows a single covalent
band,

Watar
.
H. + ﬂ - B0

|
H

T Singée Covalen] Bans

Ammaonia

H
X |

H, &+ N = H—M:
- |

H
Thiee Single Covalen Bonts

|
4+ C.—+ H—C—H

I

H

Four Single Covaler Bonds

Figure 5 Thess chesmical eqquations
ahgwi o b shata aleirons and
tiecoma siable, &s shawn by e Lewis
stnucture Bar each malecule, all akoms
each modocule achiene a tull guter
enengy level

Describe Fior e cealral Moo in gach
moiecide, descrige how the ociet rule
Is mat,
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Figure § Tha frosted-lopidng parlions of 1his globe wene
ChemuCally elched using mydrogen [Ricnde {HF), @ weak acid
Hydrogen Ruofide ress wibh Sica, the Mo Companent of
glass, and farms passous sifcon irmfluceide (5F ) and waber

LEWIS STRUCTURE OF A MOLECULE The paltern on the glass shown in Figure 8 was made by
chemically etching lis surface with tydrogen fluoride (HF. Dvaw the Lewis structure Tor a molecute
ol hydrogen Ruonde,

1 AMALYZE THE PROBLEM
You are gren the information that Fydrogen and Auonna Tomm the molecule hydrogen fluorde,
An atom of hydrogen, a group 1 element, has only ocne valence electron |E can bond with any
nigamatal atem wiven ey shane one pair of electrons. An stom of fluodinge, & group 17 slement
faeds one election to Complate s octel. Therelore, a single covalent bond forms when atams
of hydragen and Buorine bond,

2 SOLVE FOR THE UNKNOWN
To draw 8 Lewis struchee, first draw the slectran-gdol diagram for each of the atoms. Then,
rerwr il the chemical symbods and drow & line betwesn them to show the shared pair of
alectrons, Fnally, add dots to shoWw the unshared slectron pairs

H 8 'E: i H_E:
Hydrog i Mydrogen fluaride
LLIE ] whom PR

3 EWALUATE THE ANSWER
Each atom o the new molecule now has a noble-gos configuration and is stable,

FRACTICE Problems W ADDITIONAL FRACTICE

Dvaw the Lewls structure for each molecule.
1 PH,
2L HS
A, HO
4. CCi,
5. SiH,

6. CHALLEMNGE Draw a generic Lewls struciuee for 8 molecule fermed
Between ftoms of group 1 and group 16 slements,

e g il A

el | shoiinh
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Wiater [H0) Aemmaonia NHy)

Figure 7 Sigma bonds foemed in 2ach of these molecules winen the atomic arbital of each hdiogen =tom
overiappead and-io-end with (he arbital of ihe cemiral aiem

Imberpred idenfiy e pumber af apa bonds in sach mokecule,

The sigma bond

Sinle covalent bonds are also called sigma bonds, represented by the Greek letter
sigma (o), A sigma bond occurs when the pair of sharmsd electrons s inan area cenlered
between the two atoms, When two atoms share electrons, their valence atomic orbitals
overlap end-lo-end, concentrating the electrons in a bonding orbifal between the two
atoms, A bonding orbital is a localized region where bonding electrons will most likely
be found. Sigmia bonds can form when an s orbital overlaps with another s orbital ora p
orbital, or two p orbitals overlap end-o-end. Water (H,0), ammonia (NHL), and meth-
ane (CH ) have sigma bonds, as shown in Figure 7.

l!ﬂﬂlﬂ

List the orhitals that can form sioma bonds in a covalent compound, such as the
DHNA modecule shown in the photograph at the beginning of the module.

Muitiple Covalent Bonds

In some molecules, aloms 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 vou know if
bwo atoms will form a multiple bond? In general, the number of valence electrons needed to form an
octel equals the number of covalent bonds that can form,

ACADEMIC VOCATULARY

overap

1o pecupy thie Sami area in pan

The b0 diveiays oviiag At IFe strest forming & common emlrance.
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Twoshastad pairs - Figure 8 Musiiple covadent Lands form

.t % i i of electians when twa atoms share mare han one pair
':I;h + Th o= DO of alpctroms:

& Twn aoygen poms lgem a double bond
b. A& biple bonid foems Betwosn twe

O + 4 — ~=n (QED) g oo
Theee shared pairs

of ileckng

Double bonds

A double covalent bond firms when two pairs of electrons are shared between two
atoms. For example, atams of the element axvgen only exist as distomic molecules,
Each oovgen atom has six valence electrons and must obtain two additional electrons
fier @ nobde-gas configuration, as shown in Figure 8a. A double covalent bond forms
whien each eooygen atom shares twio efectrons; 3 total of two pairs of electrons are shared
Bebween the two atoms,

Triple bonds

A triphe covalent bonad forms when three pairs of electrons are shared bebween two
atoms. Chatomic 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 Sb.

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 (), forms when parallel orbitals overlap and
share electrons. The shared electron pair of a pi bond occupies the space above and
below the line that represents where the twi atloms are joined together,

1t is impartant to mote that molecules having multiple covalent bonds= contain bath
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 onee

sigma bonid,

Fpure 9 Hotice how the mltiple bond betwaen the twa
cArbon atoms in ethese [CH) conssts of & sigma bond and
i bond. Ths sigma bomd i lormsed by the end-l0-end
overiap of oristals directiy betwesn e two carbon o,
The eartan athms see clowe enaugh mal the uss-ly-wde

p oibitals averdap and form the pl bond, Thin resuhs ina
doughnut-shaped dioud around the simma band

Trgmroghd & s Comear 786 | iy ans
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The Strength of Covalent Bonds

Recall that a covalent bond invalves attractive and repulsive forces. In a molecule, nuchs
aned electrons attract each other, but nuclei repel other nuclel, 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 casily than others. Several
factors influence the strength of covalent bonds.

Bond length Nustles
The strength of a eovalent bond depends on the distance between the

bonded neclei. The distance between the two bonded nuclei at the positeon z

of maximum attraction is called bond bength, as shown i Figure 10, 11 is R
determined by the sizes of the two bonding atoms and how many electron et

pairs they share. Bond lengths for modecules of fluorine (F.), oxygen (O ), Band lengin

and nitrogen (N) are listed in Table 1. Notice that as the number of shared  gowe 40 5ana tengn s
electron pairs increases, the bond length decreases, 1he distance from he

Bond length and bond strength are also related: the shorter the bond length,  71er of one nuci=us 1o
the stronger the bond. Therefare, a single bond, such as that in F, is weaker 1 fenier ol the ather
than a double bond, such as that in 0. Likewise, the double bond in O, is ﬂﬂ""m"”m banied
weaker than the triple bond in N sl

Table 1 Covalent Bond Type, Bond Length, and Bond-Dissociation Energy

Molegule Bornd Bond Lenglf

F, single covatent 143 = 10" m 158 kNmol
o, doubde covalent 131 % 10" m 498 kmol
N, fripe covalent 10 = 0% m I 845 kimaol

Bonds and energy

An energy change ocours when a bond between atoms in a stable malecule 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 Lthe amount of energy necded 1o break covalent
bonds i an example of how energy fows 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, oxvgen, and nitrogen are listed in Table 1

Bond-dissociation energy also indicates the strength of a chemical bond because of the
imverse 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 enengy ina molecule of that compound,

B cerin

Compare the flow of energy in forming a malacule with the fiow of energy when
the molecule breaks apat.
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I'he intal energy change of a chemical reaction is deler-
mined from the energy of the bonds broken and formed, An
endothermic reaction occurs when a greater amount of
energy is required to break the existing bonds in the
repgclanis than s releaszed when the new bonds form in the
prociucts. An exothermic reaction occurs when more energy
is released during product bond formation tham is requined
{0 break bonds in the reactants. Figure 11 illustrates a
comumon exothermic reaction. You will stedy exothermic
and endothermic reactions in much greater detall when vou
study the energy changes in chemical reactions.

Figura 11 Breaking the C-C bondtin charcoal and the 0-0 bonds in fhe
GRPOEN I alr feqeines an (rpot of endigy. ENEy M released as heat and
) when bonds form, producing CO . Thus, the buming of charcaal is an

sRoEhermic eaction

|® Check Your Progress

Summary Demonstrate Understanding
« Covalent bonds form when 7. Describe how the energy of a molecule compares to

atoms share one or more pairs
of electrons,

Sharing one pair, two pairs, and
three paks of slectrons forms
single, double, and triple
covalent bonds, respeclively.
Onrbitals overlap directly in
sigma bonds, Paralled orbitals
overlap in pi bonds. A single
covalent bond i5 a sigma bond
but multiple covalent bonds are
made of both sigma and

o bonds.

Bond-dissociation energy is
negded to break a

covalent bond,

the same set of atoms separated

2. Describe how the stability of an atom relates to the
octet rule and the formation of covalent bonds.

S, Mustrate the formation of single, double, and iriple
covalent bonds using Lows struciunes

10. Compare and coentrast ionic bonds and
covalent bonds.

11, Contrast sigma bonds and pi bonds.

12. Apply Create a graph using the bond-dissoclation
energy data and the bond-length data in Table 1.
Dascribe the ralationship betwean band length and
bond-dissociation energy.

12. Compare the bond-dissoclation energies needed to
break the bonds in the structures below. Then explain
how these values relate 1o the amount of energy
needed to form the compounds.

a H—CmC—H b. H H

xc_cf
Mim
H H

LEARMSMART' Goonlinelofolow your personalized learming petn bo review, practics,

and relnforog your understancding,

T s = iy e sl b b Pl § parie



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 schentilic names
that reveal their composition, To write the formulas and names of mobecules, you will
use processes similar to those described for ionic compounds.

Start with a binary molecular compound. MNote that a binary molecular compound is
composed only of two nonmetal atoms—not metal atoms or fons. An example is
dinitrogen monidde (N.0), a gaseous anesthetic thal is more commonly known as
nitrows oxide or lughing 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
nama. N is the symbol for mitrogen.

2. The second element in the formula is named using iis rool and adding the suifix
-ide. O s the symbol for axygen so the second word s owide.

3. Prefines are used to indicate the number of aloms of each element that are
present i the compound, Table 2 lists the most commaon prefives used, Therne ane
twio atoms of nitrogen and one atom of oxygen, so the first word |s dinitrogen
and the second word is monoxide,

Table 2 Prefixes in Covalent Compounds

MNumber of Atoms | Miusmiber of Atams

| EanG-

U COLLECT EVIDEMNCE INVESTIGATE
Imumiﬂmmh 2 GO ONLINE io Bind thiese Aciilies and mon resoures.
= tecond thie evidence you collect as Review the News
your compler ihe: rendings and Cibtmén Enformation from @ cument news shory about naiivng molecies. Evalugte your source




There are exceptions to using the prefives shown in Table 2. The first clement in the
compound name never wses the sigaros prefic, For example. CO s carbon monoxide, not
monocarbon monoxide. Also, if using a prefix results in bwo consecutive vowels, one of
the vowels is usually dropped to avoid an swkward pronunciation. For example, nitice
that the oxvgen atom in CO is called monoxide, not monooxde.

EXAMPLE Problem 2

HAMING BINARY MOLECULAR COMPOUNDS Name e compound P O which is used a5 &
drying and dehydrating agent.

1 AMALYZE THE PROBLEM
You are-gheen the formdda for a compound. The Tonmida containg the elements and the number
of atoms of each element in one molecule of the compound. Because onfy hwo different
elemams ane present and Both ane nonmaetals, the compound cen be named wsing the nues for
naming binary molecular compounds.

2 S0LVE FOR THE UNKNOWN
First, name the elements invabved In the compound.

phosphorus Thin Tl mtemend, spreesntea by B & ghosphoius

ek The second ssEment, refeesirted oy O, I ayipEn
Pchd o 5l Ml 0k by thia 1ol (5T Oy gon, Gie

phosphorus oxide Comatunm ii1e maires

Mot mcciihy the names (o Indicate the sumber of atoms prasent i malacule,

diphosphanis pentoside Fro urva fran omdian 7,1, o Mry Tt e D o ik aAoms

et T crpgen abome misks o 8 molscule of the compound
Froem Tabie 2. you bnow (Bnd of i (e pretia foi twe s
it i e g fod five: The @ I feaviio- |5 mod diaed
because gue begies Wik 8 vowel,

3 EWALUATE THE ANSWER
The name diphasphorus pentoide shows that a malecite of (he compound contains two
phasphorus atoms and five cosgen atoms, which agrees with the compound’s chemscal
farmiula, PO,

PRACTICE Problems W, ADDITIONAL PRACTICE
Name each of the hinary covalent compeunds listed below.

W, O,

15, 50,

16. NF,

1 CCl,

18. CHALLENGE What is the formula for diarsanic trioxide?

Toigmyragdd = e oo #%f | g i
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Commen names for some molecular compounds

Have you ever enjoved an icy, cold glass of dilvdrogen monoxide on a hot day? You
probably hove but you most lkely callisd it by its common name, water, Recall that
many ionic compounds have common names in addition o their scientific ones, For
example, baking soda is sodium hydrogen carbonate and commaon table salt is sodium
chloride.

Many binary molecular compounds, such as nitrous oxide and water, were discovered
and given commaon names long belore 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 ammaonia (MH_ ), bydrazine (8 H ), and nitric
axide (NO).

I!EEI it?

Apply What aie the sclentific names for ammaonia, hydrazine, and nitric oxide?

Naming Acids

Water snlutions, alss called agueons solutions, of seme molecules are acidic and are
named as acids. Acids are important compounds with specific properties. Ll a
compound produces hydrogen bons (H') in solution, it ks an ackd. For example. HC
produces H in solution and i an acid. Two comamon types of ackls exist—binary acids
and oxyacids.

Maming binary acids

A binary acid contains hydrogen and one other dlement. The naming of the common
binary acid known as hydrochloric acid is explained in the following rules.

1. The first ward 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 chiorine) becomes hydrochlaric,

2. The second word Is always acid. Thus, HCl in a water solution |s called
hydrochloric acid.

Although the term Mnory indicates exactly two elements, a few acids that comain more

than two elemenis are named acdording o the rules for naming binary acids,

U o ensvgen is present in the rmuls 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
rook of the polyatomic ion that the acid contains. For example, HCN, which i
composed of hydrogen and the ovanide jon, is called Bydrocyanic acid in solution.

MNaming oxyacids

An acid that contains both a hydmgen atom and an oxyanion is referred 1o as an
oxyacid. Recall that an oogranion is a palyatomic ion containing ane or more ocygen
atoms, The following rules explain how to name nitric acid, an important oxvacid that
has a chemical formula of HNO,,



chiogic pcid
Qs chigrous acid
ka e
HMD nilrate i nitrhc acid
| ..... A e v b AL — ' r A i ! ket et
{HND, ___nire ous 1 nitrous acid

1. First, identify the cxyanion present, The first word of an cxyacid’s name consists
of the root of the cayanion 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 suffis that
depends on the cuyanion's sufle, I the oxyanion’s name ends with the suflix -ale,
replace It with the suffix -ic. If the name of the oxyanion ends with the suffix -ite,
replace it with the suffix -ous. NQ, , the nitrate ion, becomes nitric,

2, The secand word of the name is always ocic. HNO, (hydrogen and the nitrate (o)
becomes nitric ocid,

Table 3 shows how thee namis of several oxvacids follow these rules, Notsce that the

Iydrogen in an oxyacid is not part of the name.

You have learned that naming covalent compounds follows different sets of rules

depending an the composition of the compound, Table 4 summarizes the formualas and

name=s of several covalent compounds. Note that an acid, whether a binary acid or an
mxvacid, can have a commaon name in addition to its compound name.

PRACTICE Prolesms W AnDiTIoNAL PRACTICE

Mamne the following acids, Assume sach compound s dissolved in water.
B H

20, HCIO,

1. HCIO,

22.H 50,

3. H,5

24. CHALLENGE 'What ks the formuls for perodic poad P

Table 4 Formulas and Mames of Some Covalent Compounds

Common Mape

M.H, hydrazine | dinitrogen tetramydnde

el muriatc acid hydrochioric acid

LEH,0, aspirin ___ Ziacetyloxy)benzoic acid

Trgmprongd =iy oo T | S s
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Figure 12 Liss this
Nereechiart fo name
modgcilar compoans
when Meir lmuias am
lemawn.

Apply Which componnt
i ine foure &

ey Which is 2
[

HBr (ag) ls hydrobromic acid,

......

H,50, s sulfurcus acid,

The flowehart in Figure 12 can help vou determine the name of a molecular covalent
compound. To use the chart, start at the top and work downward by reading the text
comtained in the colored boxes. Apply the text at each step of the flowchart to the
formula of the compound that vou wish tn namie.

Writing Formulas from Names

The name of a molecular compound reveals its composition and i important in
communicating the nature of the compound, Given the name of any binary malecule,
v should be able to write the correct chemical formula, The prefises used in a name
indicate the exact number of vach 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,

Iﬂﬁiﬂ

mmw:hwuﬂhmimml cofrect subscripls to use in onder lo
write the chemical farmula of a binary molecular compound when given the.
compound's name?
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The fermula for an acid can also be derived from the name. 11 is helpiul to remember
that all binary ackds contain bydrogen and one other element. Also, keep in mind that
the first part of the namie of a binary acid will abways use the prefic -,

For oxyacids—acids containing axyanions—vou will need to know the names of the
commen oxyvanions, [fyou need to review the formulas and names of cxyanions, see
Table 9 in the previous module,

PRACTICE Problems W ADDITIONAL PRACTICE
Idhentity the formula for each compound.

25, siver chiorede

26, dihydrogen monoxide

27, chiorine friffuoride

28, diphosphorus ifoxions

29, disutfur decafluatide

30, CHALLENGE What i the formuta far carbonic acid?

|& Check Your Progress

Summary Demaonstrate Understanding

+ Mames of covalent molecular 31, Summarize the rules for naming binary molecular
compaunds include prefizes for compolnds.
“‘E““%“;‘Eﬂmmm 32, Define a binary mokecular compound.
mﬂL gl P
prefic it d i the ok 23 ::uhmﬂd*ﬁﬁem&hmeaﬂubhwadde
g b ; 34 wuﬁwMurMHm"mWhhw

X MMMH;;E malecular compounds, describe how you would
ml | ';ﬂmm name the malecule N.O,
slement. Owyacids contain 35. Apply Write the molecular formula for each of these
hydrogen and an aeyanion, compounds: fodfc ackd, disulfur rioxide. ainffrogen

manaxiae, and nadrofiiorc acid,

36. State the molecular farmula for each compound
listed befow.

a, dinitregen trioxide  d. chlaric acid
b. nitrogen monoxide & sulfuric acid
€. hydrochloric acid . sulfurous acid

LEARNSMART Goonlire tofollow your perscnalized leaming path to review, practice,
and relnforce your undersianding.

gkl & e el .
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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 onic compounds—substances lormed from ionic
Bewwds. Covalent molecules deseribed in this module have struckures that are different from
those of onic compounds, When studving the moleoular structures of covalent compounds,
various models ane used as representations of the mobecubes,

The molecular formula, which shows the element symbaols and numerical subscripts,
tells you the type and number of sach atom in a mobescule. 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 B-1 in the Student
Resources, These eolors are used for identifving the atoms if the chemical symbol of the
element is nol present.

PH: H“‘-ﬁ-‘-‘H
Maolecular formiila II-I
’ Lewis structure
Figure 13 Al of fhase
Space-filling midels can Se used 1o show
mobecular modal the relative locations of
aloms and sechong an the
H_T_H phesgharus trifspdride
H [iohnsgrbine) modpcule
Structural farmiula Ball-and-stick ¢ and " the
-a

types of informanian
malecular model camiaimad in sach Model

i
; COLLECT EVIDENCE INVESTIGATE
!Ummmmthh DGO ONLINE 10 find thi:se ittty and moee o,

recard Ihe evidence you collect 38 | (5 |dentify Crosscutting Concepts
ot complete ihe: readings and Creale a table of e crosscutting concepts and Bl i axamples you find as you read,

pitivities in this kegon, - the he Pha it

What inforrmation fom this lessan Can halp you answed (he module quéstion?




One of the most useful molecular models is the structural formula, which uses letter
svmbals and bonds to show relalive positions of atems. You can predict the structural
frrmula for mamy molecubes by drawing the Lewis structure. You hive already seen
somie simple examples of Lewis stroctures, but mone involved structures are needied (o
help vou deterrmine the shapes of molecules.

Lewhs structures

Although it is fairly easy to draw Lewis siructures for most compounds formed by
nonmetals, it s a good idea to follow a regular procedure. Whenever vou need o draw
i Lewis structure, follow the steps outlined in this Problem-Solving Strategy.

PROBLEM-50LVING STRATEGY

Drawing Lewis Structures

1. Predict the location of ceértain atoms. The atom that has the least attraction for
shared electrons will be the central atom In the molecule This element |s usually the
ong closer 1o the Wi side of ihe periodic table. The central afom i located in tha
center of the molecue; all piher atoms Decome tenminal atoms.
Hyerogen |s always 8 terminal, o engd, sloen. Because i can share only one pair of electrans,
hydiagen can be connected to only one ofhir atom,

2. Devbermine the number of slections svailabile Tor Bonding.
This number ks equal 1o the tetal number of valence electrons in the atoms that make up the
milecule.

3. Determine fhe numbar of bonding palrs.
To do this, divide the nurmber of elecirons svaitatile 1or bonding by bwo.

4. Place i banding pairs.
Prace one boanding pair (single Bond) between e certral stom and each of the terminal atoms

5. Determine the numiber of electron pairs remaining.
To dio Enils, siibtract the number of pairs used In Step 4 from the total number of bonding pairs
determined in Step 3 These remaining palrs nclude lone pairs a3 well o pairs used (n doubls
and triple bonds. Place lone pairs around each tlesminal atom (except H atoms) bonded to the
central atom 1o satisty the octet rule. Any remaining pairs will be assigned 1o the central atom

6. Determing whather the central atom satisfies the oclel rale,
Is thve contral atom surmounded by four slactron pairs? If nat, it does nat satisty thie actet ruls. To
safisly the octet rule, convert cne or bwo of the lone palrs on the terménal atoms into a dowble
bond or a triple bond between the terming! atom and the cenfral atom. These pairs are still
associiled with e terminal abom o well a5 with the central atom. Remembar thal carban,
nitragen, owygen, and sulfur ofien form double and friple bonds.

Apply the Strategy
Study Exampie Problems 3 throwugh S 10 see how 1he steps in the Problen-Solving
Strategy are applied.

O by e Tl e
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LEWIS STRUCTURE FOR A COVALENT COMPOUND WITH SINGLE BONDS Ammonia is a row
reaterial used in tre manufacture of many products, including fertilizers, cleaning produects, and
eploshees, Diraw the Lowls structure for ammonia (NH ),

1 ANALYZE THE PROBLEM

Ammonia modecules consist of one nitrogen atom and three hydrogen atoms. Because
hythrogen must be a terminal alom, nilragen is the central atom.

2 SOLVE FOR THE UNKNOWN
Find the tolal number of valence electrans avallable for bonding.

1IN atom x SYARD0EASTUOE | 3 4 piame x RMAILORCIN _ g L signce elections

There are 8 valence glectrons avallable for bonding,

EXAMPLE Problem 3

%m A pairs Digserning the tatal numbe of barcding pals
Tex e (s, il (e rurnbed of mwailsbie shecrom by e,

Four pairs of electrons are avallabie for bonding.

H'_N_H Puaca & bonding geair (i Aingee bond) REbGEn the oentrl
| nithogien piden and Each Termsial ydroges Rom

H

Datarming thi number of banding pairs remaining.

4 pairsiodal — 3 pairs used  Sulsivact ife nusmaes of pas usad in fhess bomos kom
= | pair available it pakal Iuifbert ol pairs of eecihe swpiitie

The remaining pair—a lone pair—must be added fo either the tenminal atoms or the centra
alom, Because ydrogen aloms can have anly ane band, they have no lone pairs

H_N_H Face e earnhg lone pan on iBe tenirsl nftrogen mom.

H

3 EVALUATE THE AMSWER
Each hydrogen atom shares one pair of electrons, as required, and the central nitrogen atom
shares three palrs of @lectrons and has one lone pal. providing a stable aclel

PRACTICE Probkems K ADOITIONAL PRACTICE

37, Draw the Lowis structure for BH,

38. CHALLENGE A nitrogen trifludride molacule contsing numarous lone pairs.
Draw s Lewls structsre.

(=3 CROSSCUTTING CONCEPTS

System and System Models Refes 10 1he lve common moleculss models, shown
on fhe first page of this lesson, With a partner. choose 2 compounds Isted in
guestion number 36 in the lesson 2 Review 12, Indiidually, wéthout shanng your
weork, USE D INGEK CahdS 10 draw asch model Type 1o Pepresen ath compound,
uging & total of 10 index cands, Shase your cands with your partner and compare
your models. W they differ, work tagethar io reach an agread configuration.



EXAMPLE Problem 4

LEWIS STRUCTURE FOR & COVALENT COMPOUND WITH MULTIPLE BONDS Carbon dioxide
s o product of ail cellutar resgiration. Draw e Lewis structure for carbon dioxide (CO,).

1 AMALYZIE THE PROBLEM

Thee carbon dioxide molecule consisis of one carbon alom and two oxygen atoms. Because
cartiod has less attraction for shafed electrons, cishon is tha central stom. and the two aygen
atoms are terminal,

2 SOLVE FOR THE LINKMNOWN
Find the botsl nuember of valence slecirdns availabie for bonding.

1C alom x LU0SICE RGN 5 G aloms x SYESHCESREIINS — 16 valence slectrons

Thete are 16 valence electrons avadable for bonding.

limnummw = § pairs Esimrming e tasnl memser of Boring pairs
oy Eividing Tee muimsser of pyadabee eleciron by (wd.
Elght pairs of electrons are avasadle for bonding.

G c 0 Faace & AT ol D sngte bondl Detaeed e
centtal ceotion stom e esth larmensl prygen nbom.

Dwrtesrmine the number of electron pairs remsining.

B pairs total —2 pairs used Subtraci e nambeey of paim ysmd in These Donos
= & pass available fraen nive iolal raimiter of pars af eieciror dyalinbie
"m - m
:Q —C"— Q: dicind e Tome DTS 10 wocly tsimina iy gen slam
Debermine the number of eloctron pairs remaining.
& pairs available — & pairs used SLACDFRCT Ehwe Wi [ 1 1Te0T THg funk s Avaiariar
= () pairs available

Examine the incomplete structure above (showing the piacement of the lone pairs). Note that
the carbon atem does not have an octel and that there are no moe electron pairs avallable, Ta
glve the carban atom an octel, the molecule musl farm doubla bonds.

L o P _.ﬂ'- U 8 e gese frow) Bach O atom 1o foem 3
':D C . ol nond with tha C adom

3 EVALUATE THE ANSWER
Both carbon and oopgen now have an octel, which satisfies the oclet nee,

PRACTICE Probleims t. ADDITIONAL PRACTICE

38, Draw the Lewis structure Tor efhylene, CH_

40, CHALLENGE A molecule of carbon disutfide comtains both lone pairs and multiplecovalent
bonds, Draw 15 Lewis struclung,

Trgmprogd = iy ooew Tg | S
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Lewis structures for polyatomic ions

To find the total number of electrons available for bonding in a polvatomic ion, first find
the number available in the sfoms present in the won. Then, add the ion charge if the
i is megativee, or subtract thee fom charpge 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 on is negatively charged and fewer are predent if the jon is positive.

EXAMPLE Problem S

LEWIS STRUCTURE FOR A POLYATOMIC 10N Drvw thie Corecl Levwis streciuine for e
polyatomic on phosphate (PO," ).

1 AMALYZE THE PROBLEM

Wour @re given 1hatl 1he phosphate lon consists of one phosphorus som and four oxygen oms
and has a charge of 3—. Because phosphorus has less attraction for shaned glectrons than
orygen. phosphorus is the central atom and the Tour oxygen Aoms are teminal atoms.

2 SOLVE FOR THE UNKNOWN
Find 1ha total rumber of valence electrons swailable for bonding,

19 ptom x 2RISRV o 4 o proms x S¥EiC deciion

+ 3 elactrons from the negative charge = 32 valence slecirons
i% = 10 pakrs [ptemuine five Hiak b of barding pairs

O—P—0 Draw wsigie bmins Trom EREh TRl ciApen i i e o
I phosphonus stom
6 pairs ot - 4 pairs used  Sublinct e rosiber of pals wsed Niom be 160 oumber af balis of
= 12 pairs avadnble e irG, Wik,
Add three lone paies 16 each terminal ouygen atom. 12 pairs available — 12 lone pairs used = 0
- = 13- Sunafngring e lane moirk isgd from e pies penllagis venfies na
HOH [Fhie e e CLA O Daire sl 1or 1 EhaspiveLs atoir Thie

| Lewis structure for the phasohats on s shown

:0—P—0:
l-

0
L - -
3 EVALUATE THE ANSWER
AR of e atorms: e an oo, and e group has a meﬂl -

®CADDITOMAL PRACTICE

PRACTICE Praoblams
41, Draw thie Lewss structure Tor e BNH] ion,
42, CHALLENGE Tha CIO, ion contains numenous ion pais. Draw its Lewis structure,
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Resonance Structures

Using the same sequence of atoms, it i possible o have more
than one correct Lewas stricture when a mobecule or
polvatomic fon has both a double bond and a single bond,
Conzider the polvatomic ion mitrate (MO, shown in

Figure 14a. Three equivalent structures can be used to
represent the nitrate ion.

Resonance 1= 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 bon are referred o as resonance
structures. Resonance structures differ onldy in the position
of the electron pairs, never the atom positions. The
loeation of the lone pairs and bonding pairs diffiers in
resonance structures. The molecube O, and the polvatomic
tons MO, MO, S0 %, and CO 2 all exhibit resonance.

It is important to note that cach molecule or jon that
exhibits resonance behaves as if it has onby one structure.
Reter 1 Figure 1db. Experimentally measured bond lengths
show that the bornds ane identical ko each other. They are

Real-Workd Chemistry
Prinaphorus and Nithogen

ALGAL BLOOMS Phosphosus and
nilrogen are nutrients requeed for algss
growth. Bodh can enter Inkis and sireams
{rom discharges ol sewage and industrial
wasli, and in Tertizer runoll. B ihese
subistances build up in a body of water, &
rapid growth of algas, known &5 an algal
bloam, can occur, forming a thick layes
of greén slima ower the walers tarface.
‘Wihen the algas use up the supply of
nuftients, fhey die and decompoie. This
process neduces the amoont of dissolved
aygen in thie wader thal i available to

shorter than single bonds but longer than double bonds. atfier apuatic argankms
The actual bond length is an average of the bonds in the
resomance struciures,
{a} & | ™) s} T
= I E
JN‘N JN
/ 0 ﬂl Ha) ﬂq:
- [ T
Il I
J"N'\ J’N"H
o g o o

Figuee 3 Tha nitrate jon (NGO ] exhibis resonance.

8, Thesae mesanance struCiures aller anly in e locidion of the couble bond. Thn kocatons ol The mSnogem and

DAy A0S sty e Seme

b. Tha aciual nitrate i@n s ke an average of the theee resonance strictures ina. The dotted lines indicale

possble ocabans ol the double band

Pl ¥a e

Toigmprogd = s Do, ¥ | boiraliaes
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PRACTICE Probloms W ADDITIOMAL PRACTICE
Draw the Lewis resonance structures for the following molecules,

43, N0 a4, 50, 48, 0,

A6, CHALLENGE Draw the Liwis resonance siructure Tar the lon 507

Exceptions to the Octet Rule Incomplete octet
Cenerally, atoms attain an octet when they bond with other atoms. Some
molecules and jons, however, do not obey the octet rule. There are several i O

reasans for these exceptions, Figure 16 The central

milrogen gtom n this MO
Odd numbei of valence electrons oge s
First, a small group of molecules might have an odd number of valence the oetel rule, the mirogen
dlizrtrons and be unable bo form an ocbel around each atom, For example, M0, #lom hes only saven
has five valence electrons from nitrogen and 12 from oxygen, totaling 17, EIECHONS In 145 sider

which cannat form an exact number of eleciron pairs, See Figure 15 CI0. and snevgy hewel
WO are other examples of molecules with odd mmbers of valence electrons.

Suboctets and coordinate covalant bonds

Another exception to the octet rule is doe to a few compounds that o e B e |
form suboctets—stable configurations with fewer than eight electrons |
present around an atom. This group b= relatively race, and BH, ks an H

example. Boron, a group 15 metallosd, forms three covalent bonds

with other nonmetallic atoms. The boron atom shares only six elec-

trons—too few 1o form an ectel, Such compounds tend to be reactive and can share an
entire pair of electrons donated by another atom,

A eoordinate covalent bond forms when one atom donaties both of the electrons to be
shared with an atom or jon that needs two electrons to form a stable electron arrange-
ment with kower patential energy. Refer 1o Figure 16. Atoms or jons with lone pairs
aften form cosrdinate covalent bonds with aloms or ond that need two more electrons,

H H H H
é | 1. L]
H*“I + :Iii—-H — H*‘?-*i'ii—H
H H H H
The baran atom Ras no glectrons 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 renctian hetween boron trinydrice (BH ) and ammonia (NH ), the nitcgen atom danztes
beth dlecinons tha aré shared by boran and nitrogen, lomming a coondinate covalent bomd.

Imberpret Does e cosdimsle covalen] Dand i Me prods! mifecule satisly the ootel mle?



1l :C1: Figiare 17 Prioe to the renttion of PCL and Q1.
[ e :Ef E“ everyreactant atom faliows the octet rule. Aler
P H . an

the rEnction, e product, POL, nas an axpanded

: .:;--\E“ i - H-:::I “: octet containing ben elactrons.
Expanded octet
Expanded octets

The third group of compounds that does not folliw the octet rule has central atoms that
contain more than eight valence electrons. This electron arrangement s referred to as
an expanded octel. An expanded octet can be explained by considering the d orbitals
that vecur in the energy levels of elements in period three or higher. An example of an
expanded octet, shown in Figure 17, @ the bond formation in the molecute PCL. Five
bonds are formed with ten electrons shared in one s orbital, three p orbitals, and one d
orbital. Another example is the malecule SF, which has six bonds sharing 12 electrons
in an s orbital, three p orbitals, and two d orbitals. When vou draw the Lewis structures
fier these compounds, either extra lone pairs are added to the central atom or more than
four bonding atoms are present in the malecule.

'!Gut_ [} i

Summarize three repsons why some maolecules do not conform fo the octet rule.

EXAMPLE Prablam &

LEWIS STRUCTURE: EXCEPTION TO THE OCTET RULE Xenan is a nobde gas thal will farm a
few compounds wilh nonmetals that strongly attrect elections. Draw the cofmact Lewts stuctune
for wenion tetraflunride (ef )

1 AMNALYZE THE PROBLEM

You are givien that & moleculs of xenon tetraflucrde consists of one senon Mom and Tour
fiuoring aloms. Xenon has less attraction for electrons, 5o it |5 the centrad atam.

2 SOLVE FOR THE UNENOWN
First, find the otal number of valence electrons.

10 Mom » LTSN | g b yamg T SCION _ 35 algnce elections

%:ﬂ:ﬂdﬁ Dietarmine e fetal rambel of bpring pavs

r -
"'-\ ,r" e o Bonding paka i bonm 90 four F aloms
fxe\ [P vl K AT

F r

fE T R PR I
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EXAMPLE Problem B [continued)

1B pairs avallable — 4 pairs used D mlise e nunie gl (emsnng paes
= 14 pairs pvailable
Hpﬂs—lFmH-f%::‘E Ado P gl 10 euch) F elom o obdein s octet
= 4 pairs unused et Row iy oaln emiin
am an
'E E* Placis 17 v 1amaining frans oo e cermine
\'\. iy .:/ Xw ndom
N

2 EVALUATE THE ANSWER

This structure gives xenon 12 tofal electrons, an expanded octet. Xenon compounds, siech as
ihe XeF, shown here, ane toxic Decause they are highly reactive.

PRACTICE Protlems W AUTHTIONAL PRACTIGE
Draw the expanded octet Lewis struciure for each malecule,
47, CiF,
48, PCi,
49, CHALLENGE Draw the Lowis structure Tor the modeculs formed when Sk Muorine stoms and
one sulfur stom bond covalenty.
|& Check Your Progress

Summary Demonstrate Understanding

v Different models can be used 50, Describe the information contained in & structural
to represent molecules, formula.

+ Resonance oocurs when maore 51, State the Sleps used to draw Lewis structures in your
than one valld Lewis struciure oW words,
enists for the same molecule. 52, Summarize excaptions o the octet rule by comectly

+ Expeplions to the oclel rule paifing these malecules and phrases: odd number of
oocur in some molecules, valence electrons, PCl; CIO,. BH , expanded octet,

less than an octel,

53, Evaluate A classmate states thata binary compound
having only sigma bonds displays resonance. Could
the classmate’s statement be true?

54, Draw the resonance structures for the dinitrogen
oxidi (N,Q) molecule,

55, Draw the Lewis structures for TN, SiF, HCO,, and,
AsF

LEARNSMAIRT' Goonline to follow your personalized leaming paih 1o review, practice,
and reinforce your undarstanding.
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LESSON 4

MOLECULAR SHAPES

FOCUS QUESTION
What shapes do molecules form?

VSEPR Model

Once a Lews structure is drown, the molecular geometry, or shape, of a molecule
can be determined using the Valence Shell Electron Pair Repulsion model, or
VSEPR model. Thi= model is bazed 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 malter

To understand the VSEPR model better, imagine balloons that are inflated (o
similar sizes and tied together, as shown in Figure 18, Each balloon represents an
cleciron-dense region. Yhen a sel of balloons is connected at a central point, which
represents a central atom, the balloons naturally form a shape that minimizes interac-

Hons betvween the balloons,

Linidat Tngonal phahas Tewalndral

Figure 18 Ela¢tran pairs in & mobsoule & Iocated a5 1ar 30a a3 Ihisy con be, Ji5 48 thss halanns

are arranged. Two paies Torm o finear shape Throe pas faom a trigonal plardas shape. Faie pairg foer

a telranedial shape

a0 'oei eec se

COLLECT EVIDENCE INVESTIGATE

|5-lh,- Uia youl Stence Jodimal ba QDGO OMLIME to find these sctivifies and moee resources

recond the evidence you coled as nﬂ Apphying Practices: Modeling Electrastatic Forces—Covalent Bonding

YO COOMEEiR Wi TEncEngs and HS-P52-4. Use mathemalical representations of Mewton's Law of Gravitatan snd
ReCEhvTineS in thies losyon Ceulamn™ Law ta describe and predict e gravilataonal =nd electosiatic forces bebweaen
phjedls

Virtual Investigation: Molecular Shapes

Develop and use models (o discover the struciure and function of slomér el=cire charges

bl |+

¥ iy gt
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Bond angle

Thee electron pairs in a molecule repel one another in a similar way. These forces cause
the atoms in a molecule to be positioned at fixed angles relative to one another. The
angle formed by bwao terminal atoms and the central atom is a bond angle, Bond angles
predicted by VSEPR are supported by experimental evidence.

Unshared pairs of electrons are also important in determining the shape of the
maolecule. These electrons occupy a slightly larger orbital than shared electrons,
Therefore, shared bonding orbitals are pashed togethes by unshared pairs.

EEREERR Connection] The shape of a molecule determines manmy of its physical
and chemical propertics, For example, scientists discovered that the shape of food
milecules is impartant to our sense of Laste. The surface of vour longue is covered with
taste buds, each of which contains from 50 to 100 taste receptor cells. Taste receplor
ceells can detect frve distinct tastes—sweel, bither, salty, our, and M50 (monosodiam
ghutamate),

The shapes af food molecules are determined by their chemical stroctures, Whena
muolecule enters a taste bud, it must have the correct shape for the nerve in vach
receptor cell to respond and send a message o the brain. The brain then interprets the
message as a certain faste. When such molecules bind to sweet receptors, they are
sersind as sweel. The greater the number of food mobecules that fit a sweet receptor cell,
the sweeter the food tastes, Sugars and artificial sweeteners are not the only sweel
malecules, Some proteins found in fruits are also sweet molecules. Some comman
molecular shapes are illustrated in Table 5 and Table & on the following pages,

Hybridization

Sometimes atomic orbitals fuse to form a new hybridized orbital. Hybridization occurs
when pwo things ane combiresd and the result has characteristics of both. For example,
during chemical bonding, if electrons come from 2 different atomic orbitals, such as a por
an s, they must rearrange or combine into a hwbrd orbital with the same shape and
energy kevel. To understand hybrid orbitals, consider the bonding invelved in the meth-
are modecule (CH). The hvbrid orbitals in a carbon atom are shown in Figure 19 on the
nexk page in blue, Note, a5 shown in the electron notation, that although carbon initially
has only 2 electrons in its p orbital, a 1 s ebectron is promoted from the = to the p orbital so
that & total of 4 unpaired electrons can be shared. These 4 unpaired #lactrons are rear-
ranged into four hyvbrid sp’ orbitals that can now be used to bond with 4 hydrogen atoms,

WORD DRIGIN EES CROSSCUTTING COMCEPTS

irigonal planar Steuctune and Fisnchion Designing new systens requlies samisng propenies of
cames fnom the Latin wards ingonum, miterials, structures of components, and connecbons of components o scive o
which maans irlanpiuiar. and plan, whith | probbem. Wiite a blog post for a sdence web site hat apolies thes statement to
maans fal devEloping robats with arifcial Tt recepiors That memic human omes,




The hvbrid orbitals in a carbon atom are shown in Figure 19,
The bybrid orbital is called an sp® orbital because the four
hybrid orbitals form from ane 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, i addition, the number of hvbrid
orbitals formed equals the number of atomic orbitals mined.
For example. ANCL has a total of three pairs of electrons and
VSEIR predicts a trigonal planar molecular shape. This shape
results whisn one s and two p orbitals on the central atom, Al
mix and form three identical sp® hyvbrid orbitals,

Lione pairs also ocoupy hybrid orbitals. Compare the vdbrid
orbitals of BeCl, in Table 5 and HL.O in Table 6. Both com-
pounds contain three atoms. Why does an 11O molecale
comlain sp orbitals? There are two lone pairs on the central
egygen atom in FLO, Therefore, there must be four hybrid
arbitals—two for bonding and two for the lone pairs.

Recall that multiple covalent bonds consist of ome sigma
bond and one or more pi bonds. Only ihe bwo electrons in
the sigma bond occupy hvbrid orbitals such as sp and .sp*
The remaining unh\'hndl.md p orbitals cverdag to form pi
bonds. It is important to note that single, double, and triple
covalent bonds contain anly one hybrid orbital, Thus, CO,
with two double bonds, forms sp hybrid arbitals,

l!ﬁint I?

Describe how repulsion between electric charges at the
#tomic scale explains the structure of a methane
mabkecule.

Table 5 Molecular Shapes: 2 or 3 Total Pairs

shared | Lone | Hybrig

4

L @El
Joh

Carbon

p—
% [Z]

Figure 19 Noiice thad the fybrid
OrDAals have an evhermediade amogint
of podenibal amergy when compared
wilh tha eneagy of the origenal § and p
aelaks, Aocording io VEEPH theory, a
IEirafdral $hape meimibet repulisn
betwaan the hybrid arbitals in a CH,
malecul,

ldentify How mamy faces does e
fetrahedral shape foemed by the sp’
arbitals have?

Pairs | Orbaitals

180" Figlecube Comaing anly o
= nlh shared with the ceniral Be
Becl, 2 2 0 sp | (L ifri = oiom Trese bonding eleckans fave tne
U THE TR SRR, @ Dond angle of 807,
and ihe moleciar shame & linear
a0 Thie thres Banding electron pairs i AICL
alct, 3 k| o sp? = MV MAKimIm Sepnration in & irgonal
planar shape with 1207 band angles.
Trigonal planar

*Baiis represent aloms, sticks represent bonds, and lobes represent lone pairs of elecirons,

[ R e
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al | Total | Shared | Lone

" | Pairs | Pairs Bl

Tabie &8 Molecular Shapes: 4, 5, or & Total Pairs

109.5°

Whien the central afom i a molecuie

. ™5 four pairs of honging eiectrons,
a5 CH, dos, She shage b tetmbedral.
Tive biond angles are 109.5°

MH, 4 3 1 sy

HO 4 2 2 sp?

NH, nas tree single covalens bonds
and one lone pait The lane palr akes
1P & greater smoun of space than
The shuned pairs. Theve is stranger

MbBr, 5 5 o sp'd

SE, 8 6 sp'd?

907

Octahedral

i Howmvae, 5 shargd pairs amanged
about he ceriral ntom resull inan

*Balls represent stoms, slicks represent bonds, and lobes represent lone palrs of electrons.

EXAMPLE Problem 7

FIND THE SHAPE OF A MOLECULE Phosphorus trifiydride, & colodéss gas, is produced when
organic materials, such as fish flesh, rot. What is the shape of a phosphorus tribydnde molecula?

Predict the bond angle and ideniity hybiid orbitals.
1 ANALYZE THE PROBLEM

A phoaphorus irihydride mobecuse nas thrie ydrogen sioms bonded 1o & central

phosphasus atom.
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EXAMPLE Problem 7 (contimued]

2 SOLVE FOR THE LINKMNOWN
Find the total number of valence electrons and the nurmbed of electron pairs

| wkilc @
1P stom x LINEIELESEONE | 3 gigms x [TEIERN _ g \qience etectrons

T vhechiora. pan = 4 pairs [ apsreriivnis (hil 10701 it OF o ing pairs.
H=P=H H=P—H Ciraw THiE LB S1ructune, using one par af

'i_| —+ |!1 mheCtris 1o bohed @ M Attt 38 e Ceotial B

=om AnG PsEgEeg A lane Dl o e P wom
Lewis Mailecular

siruciure shape
The molecular shape b dgonal pyramicnl with & predicied 107 bond angée and sp® hybisd
orbitals

3 EWALUATE THE ANSWER
All glectron palrs are Used and each atom has a stable etectron configuration,

PRACTICE Problsrrs W ADDITIONAL FRACTICE

Determine the molecular shape, bond angle, and hybrid orbitals for each molecule,
56, BF, 57. OC, 58. BeF, 89, CF,
60, CHALLENGE For a NH, " ion, idéntify its malecular shape, bond angle, and hybrid arbitals.

|& Check Your Progress

Summary Demonstrate Understanding

= WSEPR model theory states &Y. Summarize how the VSEPR mode| helps explain how
that electron pairs repel each electric charges atfect bonding and molecular shape
other and determing both the Im covalent compounds.
shape of and bond angles in a 62 Define the term bond angle.
molecule,

63. Apply Use the term hybridization to describe the

+ Hybridization explains the bonds in a methane malecule.

wmjm 64 Compare the size of an orbital that has a shared
IF'“.'":' electron pair with ane that has a lane pair.

65. ldentify the lype of hyhrid orbitals present and bond
angles for a melecule with a etrahedral shape.

65. Compare lhe molecular shapes and hybnid orbitals of
PF, and PF, molecules. Explain why thelr shapes differ.

67, Listin a table the Lewis structure, malecular shape,
bend angle, and hybrid orbitals for molecules of CS,,
CH,0, H.Se, CCLF, and NCI,

LEARNSMART' Goonlingto fallow your persanalized leaming path to review, practice.
and reinforce your nderstanding,

Tilgeprghl e vl 1Ak
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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 tvpe 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 Figune 20 lists
electronegativity values, Recall that electronegativity indicates the relative ability of an
atom to attract electrons for bonding. Because noble gases dio not generalky form
compounds, the noble gases are nol shown on this table,

' . ;‘::m wh s
BB ol

%% . I8
S A L
“Eﬁ@ﬁﬁﬁ%ﬁ%ﬁﬁ@

Figure 20 Elecironagativity valoes are derived by companng an ajom's attractson for shared slectmons fo
5 it of @ fluorine st shirmctios lor shared slectrons. Mol the slecicnegativily values Tar (e lamienids
and Actinide Series, vhich are rot Showr, range tram 112 1o 1.7,

%%

é%‘
m

s
I
w
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e

U MDTHIMKING (o0 MicessyTodiams CiC Do Do

% COLLECT EVIDEMNCE INVESTIGATE

B Use your Science Joumaite | 3 GO ONLINE 1o find these activities ard more resources.

recard e evidence you caliect as #mm Communicate Infarmation abaut Contact and Noncomntact
you complete ihe readings and Forces

WCThaties 0 SH3 heksan. HS-PS2-6. Communicate seisntific and technical information A why the fcecunr vl
shructure 5 imporiant v ithe fenciioning of designed materialbs

< Revisit the Encounter the Phenomenon Question
Whist indnemation from this lessan can el you answer (he module question?




Table 7 EN Difference Between Atoms within a Compound and Bond Character

Electronegativity Dilerance Band Character

C——— L == i Fa L .
| 04 -17 I polar covalent

. < 04 misstly covakent

| | nonpotar ¢ovalent
Electronegativity

The scale of electronegativities—shown in Figane 20—allows chemists to evaluate the
affinity of specific atoms n a compoiind for electrons, Electonegativity is a measure af
the tendency of an atom o accept an electron. Excluding noble gases, elecimanegativity
increases with increasing atomic number within a peniod and decreases with increasing
atomic number within o 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
comsider 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 ncreasing an atom’s aflinity for electrons in order to reach a more stable stale.

Note thar fourive has the greatest electronegatnity valoe (3,98), while francium has the
least (0.7). Although xenon is a noble gas, il can sometimes form boands with highly
electonegative atoms, such as flourine.

HGH i

Explain how electric charges at the atomic scale relate to the electronegativity of
an atam.

Bond character

A chemical bund between atoms of different elements i never completely fonic or
covalent, The character of a bond depends on how strongly sach of the bonded atoms
attracts electrons. As shown in Table 7, the character and tvpe of a chemical bond ran
be predicted using the electronegativity difference betwesn atoms that bond within a
compound. Electrons in bonds between ilentical atoms have an electronegativity
difference of zero—meaning that the clectrons are equally shared between the Twa
atoms. This type of bond is considered nonpolar covalent, or a pure covalent bond.

On the other kand, because different elements have different electronogativities, the
electron pairs in a covalent bond between différent atoms are nol shared egqually.
Unedqual sharing results in o pelar covalent bond. When there is a large differvnce in
the electronegativity between bonded atoms, an ebectron is transferred from one atom
1o the other, which results in bonding that is primarily ionic.

Bonding is not often clearly ionic or covalent. An electronegativity difference of 1,70 is
conssdered 50 percent covalent and 50 percent ionic, As the difference in
ehectronegativity increases, the bond becomes maore jonic in character, As shown in
Table 7, ionic bonds form when the electionegativity difference is greater than

LT0. However, this culoff is sometimes inconsistent with experimental observations
of two nonmetals bonding together.

B I R
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Copainght & i sge tl Lh wes

Flgure 21 Thiz graph shows thal the differsnce
i glarironegativity Detwieen Donding aloans
dElpemines e peront ionic chaadter of the
tiond, Abave S0% ko character, bonds are
mestly ienic

Figure 21 surmmarizes the range of chemical bonding between two atoms. What percent
bonic character i a bond between two atoms that have an electronegativity difference of
2007 Where would LiBir be plotted on the graph?

Ilﬁﬂl n?

Polar Covalent Bonds

As vou just learned, polar covalent bonds form because not all atoms that share elec-
trons attract them equally. A polar covalent bond is similar o 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 boward its side, When a polar bond forms, the shaned
électron pair or pairs are pulled tosvard 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 thi bond,

The Greek letter delta (6) 1= used 1o represent a partial charge. In a polar covalent bond,
& mepresents a partial negative charge and 5 represents a partial positive charge, As
shown in Figure 22, & and & can be added to a molecular model to indicate the
polarity of the covalent bond. The more-clectronegative atom is at the partially negative
end, while the less-clectronegativie atom is ab thee partially positie end, The resulting
polar bond often is referried to as a dipole (two poles).

Figure 22 Chiorine’s electronegaivity &

Elecironegativity Q=316 tha that ol i
_ higher yivogen. Therelore, in
ww H=21.1M ﬂ+‘ﬁ a moheole o Laiitimg Mm.ﬂ and
Difference = (.86 chicriae, the shared pasr of elections ks
H—O with ihe chiaring Atom mose ofien than i L

with B ydrogen abom. Symboks @ ised
ta indicate the pariss] charge at each end
il ihie moletule tram (e wnogual shaing
of elecirons,



Molecular polarity

Covalently bonded molecules are either polar or nonpolar; which type depends on the
location and nature of the covalent boands in the molecule. A distingushing feature of
nonpelar molecules is that they are not attracted by an electric field. Polar molecules,
however, ane attracted by an electric field. Because polar molecules are dipoles with
partially charged ends, they have an uneven electron density. This results in the Len-

dency of polar molecules to align with an electric field.

Palarity and molecular shape

You can learn why some molecules are polar and some are not by comparing water
(H.O) and carbon tetrachioride (CC1) molecules. Both molecules have polar covalent
bonds. According to Figure 20 earlier in the lesson, the electronegativity differenes
between a hydrogen atom and an oxypen atom is 1.24. The electronegativity difference
between a chlorine atom and a carbon atom is 0,61, Although these electronegativity
differences vary, a H-0 bond and a C-Cl bond ane considered to be polar covalent,

b & b &
H-Q -l

According to their molecular formulas, both molécubes have more than one polar
covalent bond, Howsever, anly the water miolecube is palar. Why might one molecule
with polar covalent bonds be polar, while a second maolecule 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 VSEPE, is bent berause the central
oxygen atom has lone pairs of electrons, as shown in Figure 23, Because the polar H-0
bonds are asvmmetric in a waler malecule, the molecule has o definite positive end and

a definite negative end. Thus, it is polar.

5 %

H—od
y

Pt

Figuta 23 The beni shape
ol i ater mokeduls males
It palar

S EM CAREER Connection

Surtace Chemisi

Surface chemstry involves the stuty of chemical reactons at surfaces
and Ifarfaces, usially betweet two diffenent sokd, liquid, of gos
phases, Sarface chamists are iMerestad in devaloping new surface
treatments, using materlats sich as polmer films or ancpanticies b
solve industrial probisms. & bachelor's degres, masters deqres, o
Ph.D, is needed., as an understanding of cheanlcal synifests is requared.

55 CROSSCUTTING COMCEPTS
Patteens Lise graph paper to constuct the graph
i Figure 21, Caleulate the slectionegality
diffarences tor the following - PhCI, CH, 0, MaCl,
L4, 5if). Plot the valees on he cunve 1o determine
Ty Hhey ane bonded. What evdence can you cile
1o imeplain the pattem in electronegathety whian
menneg ledt to right cn ihe pedodic labie?

Togapragi i s == #el s
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A CC molecule bs letrahedml, and therefore, symmetrical, as
shown in Figure 24. The electric charge measuned at any
dhiskance from s cenber i identical to the charge measured al
the sams distance 1o the opposite side. The average center of
the negative charge is located on the carbom atom, The positive
center is also located on the carbon atom, Beeause this partial
charges are balanced, CC, i= a nonpolar molecule. MNobe that
symmetric molecules are usually nonpolar, and molecules that
are symmetric ane polar as long as the bond tvpe is polar,

s the maolecule of ammania (NH. ), shown in Figure 25, polar?
It has a central nitrogen atom and three ierminal hedrogen
atoms. Its shape is trigonal pyramidal becanse of the lone pair
of electrons present on the nitrogen atom. Lsing Figure M0, vou
can find that the clectronegativity difference of lvdrogen and
nitrogen i (L84, making each N=H bond palar covalent. The
charge distribulion is uniual because the molecule is
asvmmetric. This, the molecule is polar.

Properties of Covalent
Compounds

Titble sall, an jonic solid, and table sugar, a covalent solid,
are similar in appearance. However, these compounds
behave differently wiven heated. Salt dees not meli, but
sugar melts at o relatively low temperabure. Does the bvpe of

bonding in a compound affisct its properties?

Intermolacular forces

Differences in properties of atoms are & result of differences
in both attractive and repulsive forces. In a covalent
compound, the covalent bonds between stoms in molecules
are stromg, but the attraction forces between molecules are
rilatively weak. These weak altraction forces are known as
intermalecular forces, or van der Waals forces, Intermolecu-
lar forces vary in strength bul are weaker than the bonds
that join atoms in 4 molecale or those that join ions in an

ke compouingd.

8 et

Distinguish covalent bands {rom 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 foroes
quickly vanish and are no longer present.

ccl, ¢

Figure 24 The symmatry of 4 CCL
el resulls in an egual distribu-
fion of chiange. and e mskacule s
feangicint

Hﬁ“
E|+’/ \Hﬁ+
NH, HY

Figure 25 The ssymmetric shape af
a0 ammania modecule resuls inan
uneqies charge destnindicn, and the
milecule is polar
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Figure 26 Symemirric covalinl molecoles, swth a oil and
most petroleum products, are nonpeie. Asymmesric
molerules, Such as water, are ususlly polar. A5 show in
1hes phato, polar and nanpols substances usualty do

nod mein

Imfer Wil water alone clean ol from & febric?

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
appositely charged ends of two polar molecules is called a dipole-dipole force. The more
pilar the molecale, the stronger the dipole-dipole foroe. The third force, a hydrogen
bond, is especially strong, It forms between the hydrogen end of one dipole and a
fluorine, axygen, or nilrogen atom on another dipole. You will study intermnlecular
forces in more detadl when you study stabes of matter.

lﬂ’su It?

Compare dispersion forces, dipole-dipole forces. and hydrogen bonds.

Solublility of polar molecules

The physical property known as solubility is the ability of a substance 1o dissabve in
another substance, The bond type and the shape of the molecules present determine
solubility. Polar molecules and ionic compounids are usually soluble in polar substances,
but nonpolar molecules dissolve only in nonpolar substances, as shown in Figure 26.

Forces and properties

The propertics of covalent molecular compounds are related 1o 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 =alt does nob.

Weak intermaobecular forces also explain why many molecular substances exisl as gases
or vapaorize readily at room temperature. Oovgen (O), carbon dioxide (CO ), and
hydrogen sulfide (H.5) are examples of covalent compounds that are gases al room
femiperature, Because the hardness of a substance depends on the intermolecalar 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 sofid.

In the solid phase, molecules align to form a crystal battice. This molecular Lattice is
similar to that of an lonic solid, but with less attraction between particles. The structure
of the lattice is affected by molecular shape and the type of infermolecular force. Mosi
molecular information has been determined by studying molecular solids.

Trmprngdd = oo % | eboiraiaes 80T HPED S S Plan ol Tl p Frases
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Covalent Network Solids

These are sone solids, often called covalent
metwork sohds, that are composed only of
atoms interconnected by a network of
covalent bonds. Cuartz and diamond are
b commmon examples of network solids,

In comitrast o molecular solids, netwaork solids
are typacally britthe, nonconductors of heat or
electricity; and extremely hard, Anabering the
structure of a diamond explains some of its
properties. In a diamond, each carbon abom
i borcind to four other carbon aloms, This
tetrahedral arrargemient, which s shown in
Figure 27, forms a strongly bonded ervstal
systenm that is extremely hand and has o very

Figure 37 Network
salids are olled used
in Ciathing 16als
becauwse of Their
datrEe andngid
Hzra, & diarmong-
rilF-I:'I'! s Dlade
cuks thesugh Stans

high melting point.
|& Check Your Progress

Summary Demonstrate Understanding

« Attraction and repulsion of BE. Summarize how electonegativity refates o bonding
electrical charges at the atomic and what patiern of electronegativity is observed in
scale explain the elecironega- elements as you move from left to right on the
tivity, bonding, and palar periodic table.
charactensics of compounds. E9. Describe a polar covalent bond,

+ The eleciranegativity 70. Describe a polar mabecule.
difference between atoms ina 71. Listthree properies of a covalen compound in the
compound determines the solid phase,
character of a bond between 72. Categorize bond types using electronegativity
atois. difterences.

» Polar bonds occur when 73. Generalize Describe the general characteristics of
electrons ang not shared covalent network sofids.
ArCEly Toming 4 dipoi; 74. Predict the type of bond that will form between the

- The spatial arrangement of following pair of atoms:
3““‘““‘"’5;:““?-“ a, HandS b CandH ¢ Naand$
;;Em" uihlEr.:sulu VLN potaiy 75. |dentify each molecule a5 polar or nonpolas SCI,

' CS,_.and CF,

= Molecules aiiract each other by
weak intermotecular forces, In
# covalent netwark solid, each
atom is covalently bonded 1o
many other aloms.

T6. Determine whather 8 compound made of hvdrogen
and sulfur atoms is polar oF nonpolar

77. Draw the Lewis structures for the malecules SF, and
5F,. Analyze each structure to determine whether the
malecule 5 polar or nonpolar,

LEARNSMART Goonline lofollow your personaiized leaming path o review, practice,
and reinforce your undesstanding,



SCIENCE & SOCIETY

Plastics: The Good, The Bad, and the Ugly

Flastic’s properties make It a very versatile
material. s chemical structure makes it
strong, lightweight, and easy to produce.
However, because plastic doesn't decompose
viery easily, it's Causing SOme wany wormng
effects on the environment,

Past, Present, and Future

The first completely synthetic plastic, Bakefite,
was inventad in 1907 By the 1950s, plastic
could be found in almost every room in an
Amencan house, from plastic-wrapped baked
goods in the kitchen to plasticcoated chil-
dren's toys Im the nursery,

Plastic's properties are due to ifs structure.
Plastic is formied when carbon monamers
covalently bond In long chains, The resuling
material is easly moldable and durabbe, How-
ever, the arangement of bonds in synthatic
plastic pokymers makes them difficult to be
broken by bactera and other decomposers. The
result is that maost plastics aren’l biadegradable,

Many plastics are recyclable, bul the pro-
CESS04 Lsed 0 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 ooean,

EVALUATE A DESIGM

SOLUTION
Research one way in which scientists are
trying to solve the problem of plastic in the
environment, Create an infographic or other
wisual display about how this solution might
work in your community.

Lame patrhes of plastic waste and mecrmplastics foat in
Earih's ocoans

Thi: problem of plastic pollution isn't Hmited to
unsightly bags and bottles lying on the beach,
Once in the envircnment, plastic can be
broken down by sunlight into smaller pieces
called microplastics. After thiey find their way
into an ocean ecosystem, microplastics have
lang-reaching effects on marine life.

Thanks to education and atvocacy Qroups,
the public is paying attention to this problem.
Somie communities have recycling processes
that are easier for the public to use, and many
are using less plastic. Some sclentists ane
concentrating on creating plant-based plastics
that are more bindegradable, while others are
studying bactera and fung that are able 1o
use plastic for energy. The key 1o solving the
probdem with plastics will be to find a balance
between making plastics wark for both
peaple and the environment

Trigmproghd @ iy Do 7% | b mbenes bl gy P e e
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STUDY GUIDE

'B GO ONLINE to study with vour Science Nolebook.

Lesson 1 THE COVALENT BOND

Camvalend bonds form when aloms share omse or mone pavirs o

lertions.
* Sharing one pair, two pairs, and three pairs of electrons forms
':in'u.JLl. doglsle, and 1r|.|_1||,~ rovalent bonds, TSP [FTTH L

= Crrbitals overlap directhy in sigma bomds, Parallel orbitals overlap
i i bonds. A single covalent bond is a sigma bond, but multiple
covabent bonde are made of both sigma and pi bonds

+ Bond dissociation energy is needed o break a covalent bond.

Inspare: Chemistry 9-12 Student Edition

covilen bond

+ IDiecLle

Limwas strueciune

= Exmma ond

= o sDid
encoineTmic Feaciion
= enthetmic rescion

Lessan 2 MAMING MOLECULES

= Mames of covalent molecular compoands inclsde prefives tor the
mumber of each alom present, The final keiter of the prefix s
dropped if the élement name beggins with a vl

= Midecules that pmdun' H* 10 gadution are acids, Binary acids
canvtain hvdrogen and one olher element. Chovacids contaln
hwdrogen and an oxyanion

= pipacid

Lessan 3 MOLECULAR STRUCTURES
» Different models can be osed b represeind molecules.

* Resonance occurs wihen mone than one valid Lewis strociene
exisls for Lhe samie modiecude
* Exceptions to the oclel rule ocour in some malecules.

St weCluial fodimiuks
= IEEROARANCE
Copddinabe owealent Dond

Lesson & MOLECULAR SHAPES
* VREPFR midxdel rhmr}' states that electron pairs r\t'r-u'l vach other
and determine both the shape of and bond angles in a molecule

« Hybriduzation explains the observed shapes of milecules by the
presenoe of (‘quw.'l-ll.mr h}'hn.d ortvtals,

VEEPR mode|
Tyl iz aton

4

Lesson 5 ELECTRONEGATIVITY AND POLARITY

* The electronegativity difference determines the characher ol a
bond |,‘|'|:"'|‘1l.'l.1'l'll atoms

* Polar bonds oecur when elactrons ane mod shared equally, forming
a dipale,

= Thet spatial arcangement of polar bonds in a oesdeouwle dedermine
the overall polarity of a molecule

+ Molecules attract each other by weak inlermolecular [orees, Ina
covalent network solicd, each atom is covalenthy bonded to mamy
other atoms.

» kel coviAlen bond
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. THREE-DIMENSIONAL THINKING

¢/ Module Wrap-Up

REVISIT THE PHENOMENON

Why does water expand
when it freezes?

@ED 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
resaarch and finalize your Summary Table. Does your evidence support your clalm? f nol
revise your claim. Explain why your evidence supports your claim.

STEM UNIT PROJECT
Mow 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

ET) Data Analysis Lab ]

How does the polarity of the mobile phase affect chromatograms? &0 mnn | EN walis vt e

5% vt
GO walet malilde e

High-performance liquid chromatography, ar HPLC, is used by =0

Intensity

analytical chemists (o separate mixtures of solutes. During HPLC, 30

components that ane -'-trﬂngl-.- atfracied to the extracting sabvent o

aie retdined longer by the moanng phase and tend 1o apbear

early on a chromatograph. Several scientists performed HPLE 20 140 480 T 560 TO0 w40

using a methanol-water mixiure as the extracting solvent to Time (5]

separate @ phencl-Dengaic acid mixture, Thedr results are shown ‘Data oblamed from: Joseph, Seema M, and Patasria,

in the graph. The peak areas on the chromatograph indicate the A . 20 ). VO LRI STRRCE O O

amount of each companent present in the mixture, s
Educadion TR 136

Analyze and Interpret Data
1. Explain the different retention timeas shown an the
chromatograms,

Z. Infer from the graph the companent, phEnol or Denzodic acid,
that 5 in excess. Explaln your answer,

3. Infer which component of the mixiure has more podar molecules.

4, Determine the most effectve composition of the mobile phase
(of those tested) for separating phenal from benzoic acid
Explain,

bl Joboraie W o par Ty ity e

e
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CHEMICAL REACTIONS

ENCOUNTER THE PHENOMENON

What happens to food
when you cook it?

: @3 Ask Questions

Do you hawe other guestions about the phenomenon? If so, add them to the driving

g guestion board.

! @D Claim, Evidence, Reasoning

E Make Your Claim Use your Collect Evidence Use the Explain Your Reasoning You
CER chart to make a claim lessons in this module to will revisit your claim and

f about what happens to food collect evidence to support explain your reasoning at the
i wihen you cook it your claim. Record your end of the module.

-:E evidence a5 you move

2 through the module.

E a GO ONLIME to access your CER chart and explore resowces that can

i help you collect evidence.

] =

=

L

-

£

F

LESSOM 1: Explore & Explain: LESSOM t Explore & Explain:
Evidence of Chemical Reactions Representing Chemical
Reactions
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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 vour clothes, and the plastic in your
D5 have something in common? Foods, fibers, and plastics are produced when the
atoms in substances are rearranged to form different substances. Rearrangrments 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
almesphere.

The process by which the atoms of one or maore
subslances are rearranged to form different
substances is called a chemical reaction. "-lh-‘
A chernical reaction is another name for a chemical
change, which vou read about previously.

Chemical reactions affect every part of vour life.
They break down your food, producing the energy
vou 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 animmals. In facto-
ries, they produce synthetic fibers such as mylon,
which is shown in Figure 1. Mylon is used in many
familiar products, including carpeting, clothing,
sports equipment, and tires.

Figure1 When adpoyl chioride in dichlonomethane reacts with
nexanediaming, nydon is lormed

i o' Charden O Windury

COLLECT EVIDEMCE INVESTIGATE E
!E'meyuurf.mnce Joairnal b DGO OMLINE tofind these activiies and more resources. E
recond the evidence you coliedt as Ga.muwmchmw:mm Mystery of the Moonlight Ride #
you complete the readings and Obtain information on a waler decompasition reacticn and describe s struciure and

R s fursetlen 25 i relatos to fuel,

.‘E"?g Virtual Investigation: Balancing Chemical Equations
Use matematics and computational thinking to balance chembeal squatiars.
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Figure 2 Each of thewe pholos illusirates evidenos of 8 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 occor during the burning of wood, release
energy in the form of heat and light. Other chemical reactions absorb heal.

In addition to a lemperature change, color change can indicate that a chemical reaction
has ocourred. For example, you might have noticed that the color of some nails that are
left oulside changes from silver to orange-brown in a short time. The color change is
evidence that a chemical reaction occurred between Lhe iron in the nail and the oxygen
in air. Odor, gas bubbles, and the lormation 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
reactanis 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 o produce or yield. The reactants are written to the left of the arvow, and the
products are written to the right of the arrow. When there are bwo or more reactants, or
when there are two or more produects, a plos sign separates each reactant or each
product. These elements of equation notation are shown below.

Reactant 1 + Reactant 2 — Product 1 + Product 2
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Symbols for equations Table 1

You have already seen that the plus symbol is used o sepa- mbols Used in uations
rate twio or more reactants or products on each side of an

equation, and that an arrow is used to separate the reactants SepABIes w OF mone

from the products. When a reaction is reversible, a bwo-way + reactants or products
arrow is used to show that the reaction can proceed in either | I

ki separates reactants from
direction. =, products
As well, symbaols are used to show the physical states of the separales reactants from
reactants and products. Reactants and products can exist as = products and indicates &
solids, liquids, and gases. When they are dissolved in water, | reversibile reaction
they are said to be aquecus. I is important to show the s} identifies a solid stage
phiysical states of a reaction’s reactants and products in an : [ A )
equation because the phvsical states provide clues about how . 0 SEnUI 28 MR X
the reaction occurs. Some basic symbols used in equations ] identifies a gaseous state
are shown in Table 1. fa) identifies & 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. Alurninum 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 + Feactant 2 — Product 1
aluminumis) + bromine(l) — alominum bromide(s)

The word equation reads, “Aluminum and bromine react o produce aluminum
bromide.”

Figure 3 Science, like all other discipines,
has 3 specialized languane that allows
specific infomation fo be communicated in
a unilorm mannes, This reaction between
alumenum and tromine can be described by
& word equation, & skelelon equation, of a
balanced chemical equation.

Copright B Crm-HI Edhradion Cher ks 0 Wedery' Sioms Seane
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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 W 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.

Aljs) + Br_{T) — 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 forrmulas 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.
Cis) + 5is) —

Fimally, write the chemical formula for the product, liquid carbon disulfide, to the right
of the arrow and indicate its phiysical state. The result is the skeleton equation for the
reaction

Cis} + Sis) — C5.{1)

This skeleton equation tells us that carbon in the solid state reacts with sulfur in the
solid state o produce carbon disulfide in the liguid state. The skeleton equation does
not, however, indicate the amounts of each compound invalved in the reaction.

EG&t It?

Compare What information do skeleton equations provide that word
equations lack?

PRACTICE Problems W ADDITIOMAL PRACTICE

Write skeleion eguations for the following ward eguatons.
1. Hydrogen and bromine gases react to yield hydrogen bromsde.
hydrogen(g) + bromine{g) — hydrogen bromide(g)
2. When carbon monoxide and oxygen react, carbon dicxide foams.
carban monoxide{g) + oxygenfa] — carson dicxide(g)

3. CHALLEMGE Write the word equation and the skeleton eguation for the following rescticn: when
heated, solid potassium chiorate yields solid potassium chioride and coygen gas.

Cipayrighd, i MaCsaseitl Cibmaton

ACADEMIC VOCABULARY {5539 CROSSCUTTING COMCEFTS

formila Encrgy and Matter The total amount of matier is consenved in a chemical

B EXpIBSSHON Sing Chemical syminiols | reaction. Wikt a paragraph that angises that a skekston equation does not

to represent a substance prowide enowgh informatson 1o show this 1o be tnee. ncude evidence 1o suppart

Thewrhﬂlifﬂ'mmﬂjﬂ your afgument.




Az + Brig) - AlBrsis) Figure 4 The infermation
conveyed by skeleton equations

Is Hmited. In this case, the
skeleton equation is comect,

ﬁ + . — but it does not show the exact

rumber of atoms that imemo.
Refar io Table B-16n the

Oine aluminum Tt B mine One shsminam 3iom . Student Resources fod 8 key 1o
atom aboms Three bromine atoms  atom coler comentions.

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 destroved. 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 bwo bromine atoms react o 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 arnow. 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 nol usually written if the valee 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.

284 + g — 208Re )

Figure 5 in a balanced
chemical eguation, the number
of particles on te reactant side
of the eguation equals the
raumber of parthcles an the

. - -
product side of the equstian. in
this case, two aluiminum atoms

aind six hicemine abloms ane

Tweo alisminaim Six bromine Two aluminem atoms  meeded on both sides of the
s Etoems Six bromene aloms equathon.

Copright B Crm-HE Ebpsdion
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Conservation of mass A fundamental concept of chemistry is the law of
conservation of mass. All chemical reactions abev the law that matter, including aloms,
is meither created nor destroyed. Therefore, it is important that chemical equations are
balanced to show that reactions obey this law. The fact thal atoms are conserved is used
to describe and balance chemical equations, as shown in Table 2.

Table 2 Steps for Balancing Equations

Wiife the skeleton eguation far the

reaction. Make sure that the chemical

formulas correctly represent the Haal ¥ oA = Hg
i substances. An arrow separates the @ + i i —3 ‘.

reactants from the products, and a

plus sign separates multiple reactants plniar sl P -

and products. Show the physical

states of all reactants and products.

Count the ofoms of the elements in
the reactants. i a reaction inwahees
identical polyatomic ions in the
; reactants and products, count each H N cL .
polyatomic kon as a single slement. 2
This reaction does not involse any #oomal. TetmC)
polyatomic kons. Two atoms of
hydrogen and two atoms of chiorne
L ATEVERERnG.
Court the ahoms of the elements in
the products. One atom of hydrogen HC1
and one atom of chiorine are Tatom H 4+ 1 atom Cl
produced.

Change the coeffictents to make
the number of aofoms of agch Hy + 0y i EL
elemant equal on bofh sides of the

4 | egquation, showing that atoms are & + ﬁ — ﬁ‘.
consened. Mever change a subscript ‘
in & chemical formula to balamce an Twa hydrogan Two chiaring Tt hytheeagin ptoeres
equation because doing 5o changes atars o Twa chlarios o
the identity of the substance.

Wiife the coefficients in their owest

possibie rafio. The coefiicients showld

b= the smallest possibde whaole

numbers. The ratio 1 hydrogen to H.jg) + Clig) — 2HCHg)
5 | 1chiorine to 2 hydrogen chlodde 12

(11:2} &= the lowest-possible ratio TH, b1 G e 2 HE

because the coefficients cannot be

reduced further and s18l remain whale

| numbers.

Copyrigh 0 Cray-Hll Lok ot oy

Check your wiovk. Make sure that H, + =8 — FHCI

the chemical formulas are written Z2atomsH 2 aomsCl 2 atoms H + 2 atoms C
& comectly. Then, check that the nurmber

of atoms of each element is equal on There are two ydrogen atoms and o chiorine atoms

both sides of the equation. on both sides of the eguation.
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EXAMPLE Problem 1

WRITING A BALANCED CHEMICAL EQUATION Write the balanced chemical equation for the
reaction in which aqueaus sodium hydroside and agueous calcium bromide react to produce solid
calcium hydroside and squeous sodium bromide.

1 ANALYZE THE PROBLEM

o are given the reactants and products in a chemical reaction. Start with a skeleton eguation,
and wse the steps given in Table 2 for balancing chemical equations.

2 SOLVE FOR THE UNKENOWN
Wirite the skeleton equation fof the chemical reaction, Be suse 1o put the reactants on the left

slde of the amoww and the producis on the night. Separate the substances with plus signs, and
indicate thel physical states,

HalH[ag) 4 C.Eﬁlzl-aql - CB{GH}}M + MaBrjaq)
iMa, 10 1H.1Ca, 2 Br Coumt the stoms of esch
element in the resciants

1Ma, 20,2H,1Ca, 1Br Court the atoms of each
element in the products

2M=z0H + CaBr, — CafOH), + MaBr  trsert the coefficent 2 in
frant of KaOH to befance the
Fryclemacle: ions.

2Me0H + Calir, — CalOH), + 2Malir  Imsen the coeficent 2 in
front of Mallr to balance the
Ma and Br sioms

Read-Wornd Chemistry

The ratio of the coeflicients 5 2:101:2. Wi the coeficients in fer

: ) e oty REEF AOUARIUMS An aquedus
sobkithon of calckim ydroside & wsed
Reactants: 2 Ma, 2 OH, 1Ca, 2 Br Check bo meke sune thal In reed aguariums bo provede calcium
Products: 2 Ma, 20H,1Ca, 2 8r the number of stoms of each foer animals such as snails and corals.
slement is equal onboth sides | 45 i byedroride readls with the
of the equation. carhon dicedde in the waler to prodiscs

cakism and bicarbonats lons. Reed
animals use the caldum o grow shells
and cirong skeletal systems.

3 EVALUATE THE AMSWER
The chemical formuias for 8l subsiances are wilthen comecthy.
The number of atoms of each element s equal on both sides of

the equation. The coeffichents are written in the lowest possible ratio. The balanced chemical
equation for the reaction is

INatH{aq) + CaBir fag) — CafOH)(s] + 2NaBirjag)

PRACTICE Problems W ADDITIOMAL PRACTICE

Write chemical equations for each of the following reactbons.

A In water, ronflilj chioride reacts with sodium mydroedde, producing soléd ranill) hydrosde and
sodium chloride.

6. Liguid carbon disulfide reacts with oxygen gas, producing carbon dicside gas and sulfur dicside
gas.

6. CHALLENGE A plece of zinc metal s added to a solution of dipdrogen suffate. This reaction
produces 5 gas and a solution of zine sulfate.

Copywight 0 MeCoww B8 Libsaiin M owel Lokl " b bk s
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Balancing Chemical BEquations

Fgure b Lse this Plowchart to help you masier the skl of balancing 2guabons

Figure & summarizes the steps for balancing equations. Maost chemical equations can be
balanced by the process vou learned in this lesson.

|B Check Your Progress
Summary Demonstrate Understanding
« Some physical changes are 7. Explain why it is important that a chemical equation be
evidence that indicate a chemi- balanced in terms of the fact that atoms are consemved.
cal reaction has occumed. 8. List three types of physical evidence that indicate a
« Word equations and skeleton chemical reaction has occurred.
equations provide important 9. Compare and contrast a skeleton equation and a
information about a chemical chemical equation.
o - 10. Explain why it is important to reduce coefficients in a
= A chemical equation gives the balanced equation to the lowest-possible whole-
identities and relative amounts number ratia,
uiﬂlerea::lil'rlsandp;:::dé M. Analyze When balancing a chemical equation, can
> T'f'e"“"“'!d““ o you adjust the subscript in a formuia? Explain.
I g o 12. Assess |s the following equation balanced? If not,
i " Ealu'tcrrgunequuhm B correct the coefficients to balance the egquation.
adjusting the coefficients until
.! the rnibos oF s of eack 2K CriD, {ag) + Ph{NO_L{aqg) — ZKNO {ag) + PLCrO,[s)
i element is equal on both sides 13. Evaluate Aguecus phosphornic acid and agueous.
g of the equation. calcium hydroxide react to form sofid cakcium

phosphate and water. Write a balanced chemical
equation for this reaction.

LEARNSMART  Goonline tofollow your personalized I8aming path 1o 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 vou remember and understand them. I can also help vou
recognize patterns and predict the products of many reactions.

Chemists distinguish among four reaction types: synthesis, combustion, decomposition,
and replacernent reactions. By analvzing and comparing the reactants and products of a
variety of chemical reactions, you will notice patterns that will help vou to classify them.
Mote, 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 sodinm
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.

o
¢

E

Clzig) —s 2MaCls)

¢
— .‘}
4 Figure T In this synihecis reaction, two

L elements, sodium and chisaring, react i
produce one compound, sodium chloede.

L. ’J 3[,‘. THINKING i Discoiinary Care Ideas SOk Erossenrhng Concepts "iEF Scignoe & Enginesring Practices

COLLECT EVIDEMCE
EU;EWSMEJMMM-
record the evidence you colert as

you complete the readings and
aclivilies in tis kesson.

INVESTIGATE

DGO OMLIMNE tofind these activities and more resaurces.

@ ChemLAB: Develop an Activity Sesles
Oibtain and evaluate information on the effects of metal reacthily to predict chemicnl
reacihans.

Gj Labaratory: Stngle-Replacement Reacthons
Distain and evaluate information on the elfects of @ single replacement reaction 1o
understand the conservation of atoms

Ehpsion
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Two compounds can also combine o form one compeund. For example, the reaction
between calcium oxide (Ca0)} and water (H_ O) to form calcium hydroxide (CalOH) ) is a

symithesis reaction.

Calis) + Hzl:h:i:l -+ Ea.r_l.'_"H:l__s::il

Another tvpe of synthesis reaction involves a reaction between a compound and an
element, as happens when sulfur dicdde gas (50 ) reacts with oxygen gas (0_} to form

sulfur tricxide (S0 ).

250,(g) + O.{g) — 250,(g)

The synthesis reaction between sulfur dioxide and osygen 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 commaon.

A combustion reaction occurs between hydrogen
and oxvgen when hydrogen is heated, as illus-
trrated in Figure 9. Water is 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. [t is 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

Cisl + O.lg) — COLim

l.'b."'-.:-u'gl'_":'l.
2Hgigl +
¢ ’ -
WORD ORIGIN
combiustion

COMmes from the Lathn word
COMTIELIrere, meaning by burn

Ol e 2H,0igh
. ©®
Figure 9 D Lanm Defwesr
ey en Jnd hyd IS Tanmed
=S CROSSCUTTING CONCEPTS

Pattedms 51IJ|:|5.' he different types of chemical reactions in this lesson.
I'hen create a poster tat identifies the Sfferent pattenns absened for e
reaction types. Whai evidence supporis the patberns you used in youw posber?
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Mote that the combastion reactions just men-
tioned are also synthesis reactions. However,
not all combustion reactions are synthesis
reactions. For exarnple, the reaction involving
methane gas (CH,) and oxygen illustrales a
combustion reaction in which one substance
replaces another in the formation of products.

CH (g + 20 (g) — CO(g) + ZH Olg)
Methane, which belongs to a group of sub-
stances called hvdrocarbons, is the major
component of natural gas. A fireplace that uses
natural gas as fuel i shown in Figure 10. All
hydrecarbons contain carbon and hydrogen
and burn in oxygen to yield carbon diowide and
waler.

Fl'ﬂ.ll‘t W0 The combsthon of nateral gas in this leeplace
proviides warmen and light.

PRACTICE Problems W ADDITIONAL PRACTICE

Write chemical equations for the fellowing reactions. Classily each reaction into as many
categories a5 possible.

. The solids aluminum and swlfur react to produce alwminum slfide.

16. Water and dinitrogen pentoxide gas react o produce aqueous hydrogen nitrate.

16. The gases nitrogen dimade and cxygen react o produce dinfrogen pentosdade gas.

17. CHALLENGE Suffuwric acid (H,50 ) and sedium hydrexide solutions react o preduce aqueouws
sodium sulfate and water.

Decomposition Reactions

Some chemical reactions are essentially the opposite of synthesis reactions. These
reactions are classified a.a:lemnplﬂ'unm A decomposition reaction is one in
which a single compound breaks down inlo two or more elements or new compornds.

In gemeric lerms, decomposition reactions can be represented as follows.
AB— A+ B

Decomposition reactions often require an energy source, such as heat, light, or electric-
ity, o ocour. For example, ammaonium nitrate breaks down into dinitrogen monocdde
and water when the reactant is heated to a high temperature.

NH,NO, () — N.O(g) + 2H,0(g)

Copright B Crm-H I Eihration Peta Mk s Cally bmgms

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 prodocts. The products of a decom-
position reaction may be elements, compounds, or one or more of each.
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Figure 11 The decomposition of sodium azide, which prodieces a gas, i the chemical reacton hat indlates

The outcome of another decompaosition 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 alomg with the
sodium azide pellets. When the device is activated, sodium azide decomposes, produc-
ing nitrogen gas that quickly inflates the air bag.

IMaN (s} —= 2Na(s) + 3N.i(g)

Motice that the decornposition of sodium azide produces sodium metal in addition to
the harmiess gas nitrogen. Sedium metal is highly reactive and caustic and therefore
poses a safely concern when the air bag deploys. Designers overcame this problem by
adding ron{Ill) oxide. The sodium reacts with the iron([ll} oxide o 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 lake place very quickly.

PRACTICE Problems W, ADDITIOMAL PRACTICE
Wite chemical equath:ms for the FEII-ID-H'n'I'Ig demmpmllbnn reactons.

18. Aliminaam :!uu'ﬂE[S.I decoimpases whan EIE\'_‘tl'Il:‘Ty' passeg [hl"ﬂ-ugﬂ it

19. Mickeyllj hydroxidels) decomposes to preduce mickel(ll) oxide(s) and water.

20. CHALLENGE Heating sodium ydrogen carbonatefs) produces sodium carbonate(ag) and water.
Carbon dictide gas 1S also produced.
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Replacement

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 tvpes of replacement reactions: single-replacement reactions and
double-replacement reactions.

single-replacement reactions

The reaction between lithium and water is shown in Figure 12, The following chemical
equation shows that a lithium atom replaces one of the hydrogen atoms in a water
molecule.

2Lifs) + 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 m'.‘ngl&mphcemem 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+B{—AX+B

LE_’ Get It?

Analyze |nthe reaction between lthivm and water, which elerment replaces
hydrogen in water?

Lithiuem + Waksr Copped + Silved Narabe

Figure 12 In a singbe-replalement reaction, the aipms af ane element replaie the atoms of another element in a

LOMmpoand

vagpben Friveh B Crm - H B Echcatsn

O M Cram-H0 Erhraion (Dt Packos PeCamse 9l Eo siton, i

Copyrighi
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Metal replaces hydrogen or another metal The reaction
between lithium and water is one type of single-replacement METALS

T ; 3 3 Meast Lithism
reaction, im which a metal replaces a hydrogen atom in a water TS Fubich
molecule. Another type ufsing]e—replnee_nmnt reaction DE_CIIIE Futas;le
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 :Iia"‘:li'::"
that are accumulating on the copper bar are the silver atoms that Ma L
the copper atoms replaced. Tine

Iron
Culs) + Ehg.‘ﬂ[}l{aq} — 2Agis) + Cu(NO, ) {aq) Hickal

A metal will not always replace another metal in a compound i
dissalved in water because metals differ in their reactivities. Reac- Copper
tivity is the ability to react with another substance. An activity Sibser
series of some metals is shown in Figure 13. This series orders Least Platinum
metals by reactivity with other metals. Single-replacement reac- active ¥ Goid
tions are used to delermine 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 Fluodine
the bottom. Simiarly, the reactivity of each halogen has been E:'um"'e
determined and listed, as shown in Figure 13. Laam g | RV

You can use the activity series to predict whether or not certain
reactions will occur. A specific metal can replace any metal listed
below it that is in a compound. It canmol replace any metal listed

above it. For example, copper atoms replace silver aloms in a

solution of silver nitrate. However, if vou place a silver wire in aqueous copper(Il}
mitrate, the sibver atoms will not replace the copper. Silver is listed below copper in the
activily series, so no reaction occurs. The letters NE {ne reaction) are commonly used Lo
indicate that a reaction will mod ocour.

Agis) + Cu(MNO,) (ag) — NR

Monmetal replaces nonmetal A third type of single-replacement reaction involves
the replacement of a nonmetal in a compoand 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

é halogen replaces a less reactive halogen that is ]:narlcn‘ a compound dissolved in water.

; Ahalngen cannot replace any halogen listed above il For example, fluorine replaces

I bromine in water containing dissolved sodium bromide, as shown in the following

i chemical equation. However, bromine does not replace fluorine in water containing

3 dissolved sodium fluoride.

5 F.{g) + 2NaBr{ag) — 2NaF(ag) + Br.(1}

Br,{g) + 2NaF(aq) — NR
E Get It?

Explain how a single-replacement reaction works.

Figure 13 An aCtivity sares is 8
usful ool for delesmining the result
of & single-replacsment reactkon.
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EXAMPLE Problem 2

SINGLE-REPLACEMENT REACTIONS Predict the products that will resull when these reactants

combine, and wiile 3 balanced chemical equation for each reaction.

&. Fefs) + CuSO fag) —

b. Br [ + MoClL{ag) —

< Maols) 4+ AKCL{ag) —

1 ANALYZE THE PROBLEM
‘You are given three sets of reaciants. Using Figure 13, you must first detesmine if each reaction
ocours. Then, if a reaction i predicied, you can determine the productis) of the reaction. With

this information you can write a skeleton equation for the reaction. Finally, you can use the
steps for balancing chemical eguations to write the complete balanced chemical equation.

e L i Real-Warld Chemistry

a. lron i ksted above copper in the activity series. Therefore, React
the first reaction will occur because iron ks more reactive than Single-Replacement

copper. In this case, iron will replace copper. The skeleton r' “"
eguation for this reaction is

Fefs) + CuSO jag) — FeS0 fag) + Culs) )
This equation is balanced. \ F

b. In the second reaction, chiorine s more reactive than bromine ‘_1 I
because bromine is listed below chiorine in the activity series. ’
Therefore, the reaction will nol ocow. The skeleton eguation
for this sifuation is T

Br) + MgCljag) — NR
Mo balancing is required.

¢. Magnesium is listed abowve aluminum in the activity seres.
Therefone, the third reaction will oCour because magnesium
s maore reactive than aluminum. In this case, magnesism wil
replace aluminum. The skeleton equation fof this reaction is ‘J

Mgis) + AICL{ag) — Alis) + MgCl{ag)
This equation is net balanced. The balanced equation is h ‘
3Mgls) + 2AIC1 faq) — 24i(s) + 3MgCLjag)

3 EMALUATE THE ANSWER

ZINC PLATING Tools made of steel are
afien covered with a kayer of 2ing ta

The activity Emmm Figure 13 supports the "E""'H‘:_I“m prevent comrosion. Zing (s mare reactive
predictions. equations balance because the * thae the lead in steel. During 2inc
number of atoms of esch substance is equal on both sides plating, the zinc replaces some of the
of the equatson. | sufare lead, coating the steel.

PRACTICE PFroblems ‘. ADDITIOMAL PRACTICE

Predict whether the single-replacemant resctions will occur. Iif a reaction

oceours, write a balanced eqguation for the reaction.

2. Kis} + ZnClfaq) —

22, Cl.(g) + HF{ag) -

23. Fefs) + Ma PO jag) —

24. CHALLEMNGE Alls) + PbhiNG. ) [ag) —

Copwight O W Coor il Dibsammn ¥ laoksrjdon™ beitor e kows
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A 4 BY — AY 4 BN
b

CafOHk(aq) + 2HO(ag — CaClylag) + 4,00

Figure M The coloe-coding @ the generic equation for a doubbe-replace-
meni reaciion and in the equation for the reaction between caldum
ivyriaxide and kydrachionc ackd shivws the anions changing piaces.

Double-replacement reactions
The final type of replacement reaction, which involves an exchange of ions between bwo
compounds, is called a double-replacement reaction.

In the generic equation in Figure 14, A and B represent positively charged ions
{cationsy, 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
positive and negative ions of two compounds switch places.
The reaction between calcium hydroxide and hydrochloric acid
is a double-replacement reaction.

Ca{OH) (ag) + 2HCl{ag) — CaCl (ag) + ZH O(1)
The ionic components of the reaction are Ca®™*, OH-, H*, and
CI". Knowing this, vou can now see the two replacements of
the reaction. The anions (OH ™ and C17) have changed places
and are novw bonded to the other cations (Ca®* and H*), as
shown in Figure 14.

The reaction between sodium hyvdroxide and copperill) chloride
in solution is also a double-replacement reaction.

; 2NaDHiaq) + CuCl (aq) — 2NaCl{ag) + Cu(OH) (s)
T = g Figure 15 When aguesis sodium

f' In this case, the anions (OH- and (1) changed places and hydraxide is added 1o 2 <ol uion of

# bonded to the other cations (Na® and Ca™). Figure 15 shows coppeill) chioride, the anmas (0H aad
% that the result of this reaction is a solid produoct, copper{II) {1} change places. The resulting

% hydroxide. A solid produced during a chemical reaction in a PGl e S RN -';nl:m

B oolntionis called remains in sobuthan, and coppes

3 e a precipl hydroede, the blue salid in the beakes.
H

5

E

£ E Get it?

Compare How do single-replacement reactions and double-replacement
reactions differ?
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Table 3 Guidelines for Writing Double-Replacement Reactions

Step | Example
L. Wirite the components of the reactants in a '
__ skeletan equation. I RO,
2. identify the cations and the anions i each AlNO. ), has AP and MO~
Compaund. H_ 50, has H* and 50 -
3. Pair up each cation with the anicn from the AP pairs with 50,7
other compound. H* pairs with MG,
4. Wiite the formulas for the products using the AlS0),
pairs from Step 3. [ HNO,
B. Wirite the complete equation for the doubie-
repl.acen_&eg!_l_‘enﬂlm . .I'!I.I-II’ﬁl\'.':il:,j:I + H:,5D+ — AIE,‘SCP_,J: + HME': |
2AING). 4 3H 50, —
6. Balance the equation 1
- | A(50), + 6HNO,

Products of double-replacement reactions

One of the key charactenistics 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 precipilate, or a gas. Refer back to the two double-replacement reactions
previously discussed in this section. The reaction betwesn calcium hydroxide and
hydrochloric acid produces water. A precipitate is produced in the reaction between
spdium hydroxide and copper(ll) chloride. An example of a double-replacement reac-
tiom that forms a gas is that of potassium cvanide and hydrobromic acid.

KCN{aq) + HBrlag) — KBriag) + HCNig)
The basic steps to write double-replacement reactions are given in Tahle 3.

I;Eﬁetlt?

Describe what happens to the anions in a double-replacement reaction.

PRACTICE Problems W ADDITIONAL PRACTICE

Write the balanced chemical equations for the following R
doubde-replacement reactions.

25. The two substances at right react to produce solid sibver
indide and aqueods Nthium nitrate.

26. Aqueous barium chioride and aqueous potassium
carbonate react 1o produce sobd barium carbonate and
afqueosus potassium chionde.

27. Agqueous sodium cxalate and aqueous ead{llj nirate react
to produce solid kead(ll) oxalate and aqueocus sodium
mitrate.

28. CHALLENGE Acetic acid (CH,COOH) and potassium hydroside react
1o produce polassium acetate and wWater

Copew ight @ RaCrdar il Ddasivn
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Table 4 Predicting Products of Chemical Reactions

Type of Reaction Reactants Probable Products Generic Eguation
Synthesis + DewD or more subsiances ' + One compound A4+ B—AB
» B metal and oxygen |+ 1he cxide of the metal
Cesmnbasstion « B nonmetal and ooygen = the casde of the nonmetal A4+O, —AD

Do or more oxides

& compound and oxygen

« W of more elements
Deco sithon + OMe Co wmd AB—A+E
e s and/or compounds

» A new compound and

& metal and a compound

Single-replacement | - anonmetal and & HG SEpaIce fuein) AL+ B—+AX+B
& new compound and
compound

the replaced non-metal
|+ two different compownds,
oo compodnds one of which ks a solid, AX 4 BY — AY + BX

| ‘waker, of agas

Davble-replacement

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 happenead 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.

\E 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, remember, and 30. Explain how an activity series of metals is organized.
wn 31. Compare and contrast single-replacement reactions
» Activity series of metals and and double-replacement reactions.
halogens can be used to _
32, Describe the result of a double-replacement reaction.
predict if single-replacement s 2

33. Predict Use the fact that atoms are conserved, and
your knowiedge of the properties of the elements
involved, to describe and predict the reaction most
likeely to coour when barium reacts with fluorine. Write
the chemical equation for the reaction.

34. Interpret Data Could the following reaction oocur?
Explain your answer.

3Ni + ZAuBr, — 3Nilr, + 2Au

reactions will ooour.

Copyrighl €M Crav ks dtiom

LEARNSMART Goonline o follow your personzlized 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?

Agueous 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, & solution forms. An aqueous solution contains cne or more
substances called solotes dissolved in the water. In this case, water is the solvent—the
most plentiful substance in the solotion.

Molecular compounds in solution

Although water is always the solvent in aqueous solutions, there are many possible
splutes. Some solules, such as sucrose (lable sugar) and ethanaol (grain alcohol), are molecular
compounds thal exist as molecules in aqueous solutions. Other solutes are molecolar
compounds that form ions when they dissolve in water. For example, the molecular
compound hvdrogen chloride forms hydrogen ions and chloride ions when it dissolves
in water, as shown in Figure 16.

An equation can be used o show this
innization process.

HC[I:aq] — H*(ag) + C1"{ag)
Compounds such as hvdrogen chloride
that produce hvdrogen ions in aqueous
solution are acids. In fact, an agueous
solution of hvdrogen chloride is usually
referred to as hydrochloric acid.

ARl L Sen

Figure 16 In water, ydrogen chiceice (HCI) breaks apart into
irydrogen ions (H*) and chioride lons §C1-)

COLLECT EVIDENCE INVESTIGATE
!ELIS-EWMHMMM DGO OMLIMNE tofind these activities and more resaurces.
recond the evidence you coliedt as @mmfmmmmmmhmmmngmnmm

ORETTMH TR 0 AT A Plan and carry oul an investigation to discover e struciure and functian of the coating on a
acivilies in this lesson, gakvanized nall by wsing your knowledyge of the chemcal properbies (maolved

Ciparight €
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lonic compounds in solution

In addition to molecular compoands, ionic compoends might be solutes in aqueous
sodutions. 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 Ma* and CT- 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 Agueous 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 tvpes of
products can form from the double-replacement reaction: a precipitale, 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(l)

chloride are mixed, a double-replacement reaction occurs in which the precipitate
copper(ll] ydroxide forms. This reaction is shown in Figure 17

INaDHlag) + CuCl{ag) — 2NaCliag) + CufOH).is)

CuiOH)is] + NaClla)
Products

Figure 17 Like the aquecus solution of HOl in Figure 16, sodium fydraxide (Na0H) in an aquecss solutian
dissociales nto sodium [Na ) and hydrodde I:CIH | s Lopipen|il) chioride IEL.{'-‘.I'EE‘EEI dissaciales nko
Co'* and € lons

Interpret Whad ic ihe igentily of the bive soifd fhal is farming in the Deakes?
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Mote that the chemical equation does not show some details of this reaction. Sodium
hydroide and copper(ll) chloride are jonic 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™ ions in the other solution react to form the precipitate
copper{ll) hvdrowide, Cu{OH]{s). The Na®™ and CI” ions remain dissolved in the newly
formed solution.

lonic equations To show the details of reactions that involve jons in aqueous
sohutions, chemists use onic equations. lonic equations differ from chemical equations
in that substances that are ions in solution are written as ions in the equation. Look
again al the reaction between aquecus solutions of sodium hydroxide and copper{Il)
chloride. To write the ionic equation for this reaction, you must show Lhe reactanis,
MNaOHiag) and CuCI_,anL and the product, NaCl{aq), as ions.

2Ma*(aq) + 20H- (aq) + Cu®{ag) + 2C1-(aqg) —
INa*(aq) + 200-(aq) + CutOH) (s}

An ionic equation that shows all of the particles in a selution as they exist is called a
complete ionic equation.
HMote that the sodium ions and the chloride ions are both reactants and products.
Because they are both reactants and products, they do not participate in the reaction
Ions that do not participate in a chemical reaction are called spectator jons and are not
usually shown in ionic equations. Spectator ions 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 fonic equations are ionic equations that include only the particles that participate in
the reaction. Net ionic equations are wrilten from compete ionic equations by remov-
ing all spectator ions. For example, a net ionic equation is what remains after the
sodium and chloride ions are crossed out of this complete ionic equation.
22l + 20H (ag) + Cu®*lag) + 20l —
Inartal + 1) + CulOH).(s)

Only the hydroxide and copper ions are left in the net ionic equation shown below.
20H (ag) + Cu™{ag} — Cul{DH).(s)
IEGE!‘. 7

Compare How are complete ionic equations and net ionic equations different
from chemical equations?

SCIENCE USAGE V. COMMON USAGE

compound

Science usoge: a chemical combinatan of bao or more different elemends
Sak ks & compound comprised of fhe efements sodien and chinina.
Common usoge: 3 word that conssis of two of more wonds

Twa compound words ave baskethall omd bexdbook.

Coprioht. B Cree-H I L sbion
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EXAMPLE Problem 3

REACTIOMS THAT FORM A FRECIPITATE Wiite the chemical, complsts ionic, and net ionic
equations for the reaction between aquecus solutions of barkem nitrate and sodium carbonate
that forms the precipitate barium carbonate.

1 AMALYZE THE PROBLEM

You are given the word equation for the reaction between Darium nitrate and sodium
carbonate. You must determine the chemical formulas and relative amounis of all reactants and
products to write the balanced chemical eqguation. To wiite the complete konic equation, you
need to show the lonic states of the reactants and products. By crossing out the spectator lons

from the complete lonic equation, you can wrile the net ionic equation. The net lonic eguatian
willl include fewer substances than the other equatkons.

2 SOLVE FOR THE UNKNOWMN
Write the correct chemical tormulas and physical states for all substances imsalved in the

reacton.

BafhO | {ag) + Na_C0 fag) — BaCO js) + NaNO {ao)

Ba{NO ) (aq) + Na_ 00 [ag) — BaCO s} + 2ZMNaMNO (aqg) Balance the skeleton equation

Ba*{aq) + 2MO~(aq) + 2Ma{ag) + CO.*~(ag) — Show the ions of the reactanis and the
BaCO,[s) + 2Ma“jag) + 2MO_|ag) e

Ba™(ag) + ZMG-—{a) + Zhasa + CO (ag) — Cross out the spectator ions from the

complete lonic equation.

BaCO (s 4 Zhasar] 4+ 2NO-=t=r]

Ba™*{aq) + €O, "{ag) — BaCO ) Wiite- the net lonic equation

3 EVALUATE THE ANSWER
The net lonic equation includes fewer substances than the other equations because It shows

only the reacting particies. The particles compasing the solid precipitate that is the resull of the
reactson ane no longer lons.

PRACTICE Problems W, ADDITIONAL PRACTICE

Write chemical, complete ionkc, and net ionic equathons for each of the following
reactiong that might produce & precipitate. Use NR (o indicate that no reaction acours.

36. Aqueous solutions of potassium iodide and siver nitrate are mixed, forming the precipitate siver
lodide.

6. Aqueaus sodutions of ammaonium phosphate and seduem sulfate are mixed. Mo precipitate forms
and no gas is produced.

37. Aqueous solutions of aluminum chioride and sodium hydroxide are mixed, forming the
precipitate aluminum hydroxide.

38. Aqueous sodutions of Bthium sulfate and calcium nitrate are mixed, forming the precipitate
calcium sulfate.

38. CHALIFMGE When agueous solufions of sodium carbonate and manganese\V) chiloride ane
mized. & precipitate forms. The precipitate s a compound Containing manganess.
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Reactions that form water
Another type of double-replacement reaction that occurs in an aqueous solution pro-
duces water molecules. For example, when vou mix hydrobromic acid (HBr} with a
sodium hydroxide solution (Ma(OH), as shown in Figure 18, a double-replacement
reaction oocurs and waler is formed. The chemical equation is shown below.

HBr(aq) + MaOHiaq) — H_O{l} + NaBr{ag)
In this case, the reactants and the product sodium bromide exist as ions in an aquecus
solution. The complete onic equation for this reaction shows these jons.

H*{aq) + Br-{aq) + MNa*{ag) + OH-(aq) —

H,O01) + Ma*{ag)+ Briaqg)

Examine the complete ionic equation. The reacting solute jons are the hydrogen ions

and hydroxide ions because the sodium ions and bromine ions are spectator iens. If you
cross out the spectator ions, vou are left with the ions that take part in the reaction.

H"aq) + Be=tat] + Ma~arl + OH (aq) —
H, O + MastaqT + Betarl™
This equation is the net ionic equation for the reaction.
H+{ag) + OH-(agq) — H.O{)

E Get It?

Analyze In the reaction between hydrobromic acid and sodium hydroade, winy
are the sodium ions and bromine ions called spectator ions?

>,

Hz O + MaBefag)
Products

Figure 18 |n water, hydrogen beomide (HEs) ionizes into H* and Br #ons. Sodium hydroaxide (NaOH]} alsa
dissoriates vt Ma® and OH- ons. The hydrogen sons and hydroxide lons react 1o form wates,

Determalne  Which jons ae the ankans in ths reaction? The cations?

wi PPl PApasieey

iyl W ey T kg i
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After you have written the chemical, complele ionic, and net jonic equations for
several double-replacement reactions that produce water, vou will notice that the net
ionic equation is the same for all of them. It shows hvdrogen 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 nel ionic equation, go back and
check your work.

EXAMPLE Problem 4

REACTIONS THAT FORM WATER Wiite the chemical, complete lonic, and net ionic equations for
the reaction between hydrochlonc acid and agueous lithivm hydroxide. This reaction produces
water and agueous lithiem chioride.

1 AMALYZE THE PROELEM
‘fou are given the word equation for the reaction that occurs between ydrochlorc aclid and
aoquecs lithium mydroxide to produce water and aqueaus ithium chioride. You must detemmine
the chemical formadas for and relative amounts of all reactants and products to wite the
balanced chemical equation. To write the complete ionic equation, you nesd to show the konic
states of the reactants and products. By crossing out the spectator ions from the complete lonic
equation, you can write the net lonic eguatson.

2 SOLVE FOR THE UNKNOWN
Write the skeleton equation for the reaction and balance i

HCifag) 4 LiOH{ag) — H.Of) + LICHag)

H ) + El"m] + LiY[aq) + Cﬂ'l'm — Shori the jons of the reactants and the
O + Li*{aq) + Cir{ag) it

H*{ady) + ClopenT & Lt + OH-(ag) — Cross out the spectator ions from the
Hiﬂﬂ} +1w+m complele ionic sguation.

H*{ag) + OH-(ag) — H,Of) Write Lhe nat ianic equation.

3 EVALUATE THE ANSWER

The met ionic eguation includes fewer substances than the other equations because i shows
only those paricies involved (n the reaction that produces wates The particles that compose
the product water are no longer ions.

PRACTICE Problems W ADDITIONAL PRACTICE

Write chemical, complete ionlc, and net ionic equations for the reactions between the
following substances, which produce water.

40. Mixing sulfuric acid (H,50,) and squeous pOLESSIUM NYOroGle Droduces Water and aqueous
potassium sulfats.

. Mixing hydrochionc acid (HCl) and aqueosus calcium hydroxide preduces water and aqueous
caloium chilofide.

42. Mixing nitric ackd (HNO.) and aguesus ammondum hydroxide produces water and aguesus
AMMGon LM natrate.

43. Mixing hydresulluric acid (HS) and agueous calcium wdroside produces water and aqueois
calcium sulfide.

44. CHALLENGE When benzosc acid (C H COO0H] and magnesium hydroxide are mixed, water and
miagresium benzoate are produced.
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Reactions that form gases

A third type of double-replacement reaction thal ocrurs in aqueous solutions resulls in
the formation of a gas. Some gases commonly produced in these reactions are carbon
dioxide, hvdrogen cyanide, and hydrogen sulfide. A gas-producing reaction ocours
when you mix hydroiedic 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.Siaq) — H.S(g) + 2Lil{ag)

The reactants hydroiodic acid and lithium sulfide exist as ions in aqueous solution.
Therefore, vou 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) + S*-(ag) —
H_S(g) + 2Li*(ag) + 21-{ag)

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 fons, sulfide jons, and hydrogen sulfide remain.

IH*(ag) + H=tm]l + ZLitwl + 5 (ag) —
H,S(g) + 20l + 2tat]

This is the nel ionic equation.

2H*{ag) + 5 {aqg) — H,5ig)
E Get 1t?

Explain why lithium ions are not showm in the above
eguation.

A reaction that produces carbon dioxide gas occurs in your
Kitchen when vou mix vinegar and baking soda. Vinegar is an
aqueous solution of acetic acid and water. Baking soda essen-
tially consists of sodium hydrogen carbonate, Eapid 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 eccurs when yvou combine any acidic solution and
sodium hvdrogen carbonate. In all cases, two reactions must
eccur almaost simultanecusly in the solution to produce the
carbon dioxide gas. One of these is a double-replacement
reaction and the other is a decomposition reaction. Figure 19 Wiven vinegar and baking soda
isodium hydrogen carbonate, NakC0,)
combine, the result i a viganous bubbling
that releases carbon diewcde [C0,§

For example, when you dissolve sodiom hvdrogen carbonate in
hvdrochloric acid, a gas-producing double-replacement reac-
tion eocurs. The hydrogen in the hedrochloric acid and the
sodium in the sodium hyvdrogen carbonate replace each other.

HCl{ag) + NaHCO, aq) — H,CO faq) + NaCl{ag)

Copright &M Crae HI Eibrabion Chardm O Winlers
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Sodium chloride is an ionic compound, and its ions remain separate in the agueous
solution. However, as the carbonic acid {H_CD,) forms, it decomposes immediately into
waber and carbon dioxide.

H,C0,jaq) — H,O) + CO,(g)

EXAMPLE Problem 5

REACTIONS THAT FORM GASES Write the chemical, complete ionic, and net lonic equations fior
the reaction between rydrochlonc acd and ageeous sodivm sulfide, which produces iydrogen
sulfide gas.

1 ANALYZE THE PROBLEM

You are given the word equation for the reaction between hydrochiornic acid {HCT} and sodium
sulfide (Ma, 5. You mast 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 iens in the complete lonc equation, you can wiite the net ionic equation.

2 SOLVE FOR THE UNKNOWMN
Wite the cofmect skeleton eguation for the reaction:

HCl{ag) + Na,Slag) — H.5(g) + NaClfag)

ZHCljag) + Ma Siag) — H_Sig) + IMaCilag) Hadance the skebeton equation

2H-(ag) + 2CI-{aq) + 2Ma*{aq) + 5*{aq) — Shaw the iona af the reactants and
H_S{g) + 2Na*(ag) + 2CI-{ag) N pch:

ZH"[ag) + 2Ci=teni 4 2be-far] + 57 o) — Craas out the spectatdr ions from the
H_Sig) + 2Me{aE] + 2CHam SO Gr: s

2H{ag) + 5 -(ag) — H,5(g) Write the el iomc equation in f

zmalies? whole-numbes ratio
3 EVALUATE THE ANSWER

The met lonic eguation ncludes fewer substances than the other eguations because it shows
only those particles imvolved In the reaction that prodece mydregen sulfide. The particles that
compose the product are no longer lons.

PRACTICE Problems W, ADDITIOMAL PRACTICE

Write chemical, complete jonic, and net lonic equations for these reactions.

45. Perchioric acid (HCIO,) reacts with agueous potassium carbonate, forming carbon dioxide gas
and water.

46. Sulfuric ackd (H,S0 ) reacts with agueous sodium cyanide, forming hydrogen cyanide gas and
agueous sodium sulfate.

47. Hydrobromic acld (HEr) reacts with agueous ammonium carbonate, forming carbon dioxide gas
and water.

48. Mitric acid (HNO.) reacts with aqueous potassium rubidium suifide, forming hydrogen sulfids
gas.

49. CHALLEMNGE Agueous potassium iodide reacts with lead nitrate in saluticn. forming solid lead
Il



Doubde-replacement reaction
AKX 4+ BY — AY % BX

HCNan) + NaHCOoag) —+  (HEOOGEG] + MaCijag)

AR — A4 + B
HOOfg — .00 + COxfg)
Decompasition reaction
Figure 20 When HC is combined with BaHCD,, 3 double-reglacement reaction takes place,
falloweed Immediately by a decompasition reaction.

Owerall equations

Eecall that when you combine an acidic solution, such as hydrochloric acid, and

sodium hydrogen carbonate, two reactions oeccur—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 reaclants 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{ag) + NaHCO,(ag) — H,C0,{ag) + NaCliag)
Reaction 2 H,CO,fag) — HO(I) + CO{g)

Combined equation Hl{aq) + NaHOD {aq) +HE0na]] —
Bgerta] + NaClfag) + H,O{l)+ CO,ig)
Orverall equation HClag) + NaHCO (aq) —
HO{l) + CO,lg} + MaCl{ag)

In this case, the reactants in the overall equation exist as ions in aqueous solulion.
Therefore, a complete ionic equation cam be written for the reaction.

H*{ag) + Cl-(aq) + Na"{ag) + HCO, {ag) —
H.Ofl} + CO,(g) + Na*(ag) + Cl-{aqg)

MNote that the sodium and chloride ons are the spectator ions. When you cross them
oul, only the substances that take part in the reaction remain.

H*{ag) + ClofaqT + Nastarq) + HCO,-(ag) —
H.OM + C0,fg) + Nasteq) + b=ty

The net onic equation shows that the reaction produces water and carbon dioxide gas.
H*{aq) + HCO,-{ag) — HOM + CO(g)

EG&H!‘?

Describe What is an overall equation?

Copright B Crm-HE Ebpsdion
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Figure 31 Afer a hydrogen carbonate son (HCD § epters a red biood cell, if eeacts with a

iydrogen ion (H°) to form wader and carbon dicosde (00 ). The CO is exhabed from the lungs

duing respiation.
The reaction between hydrogen ions and hydrogen
carbonate ions o produce water and carbon dioxide is an imporiant cne in vour body.
This reaction is occurring in the blood vessels of your lungs as vou read these words. As
shown in Figure 21, the carbon dioxide gas produced in vour cells is transported in your
blood as hydrogen carbonate tons (HOCY). In the blood vessels of vour lungs, the
HEEI: ions combine with H' ions to produce water and CCI:. which you exhale.
As vou have read, the reaction between an acid and sodinm hydrogen carbonate also
occurs in products that are made with baking soda, which contains sodium hvdrogen
carbonate. Sodium hydrogen carbonate niakes baked goods rise. This is partly because
the sodium hvdrogen carbonate reacts with an acid in the batter, such as lemon juice, to
produce carbon dicxide. The gas resulls in bubbles that give the baked item a fluffy
texture. In addition, at high temperatures, sodium hydrogen carbonate decomnposes Lo
form products that include carbon diowide. The chemical and physical properties of
sodium hydrogen carbonate mean it has many other uses. It iz used as an antacid and in
deodorants to absorb moisture and odors. Baking soda can be added to toothpaste o
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 extinguishors.

EGH It?

Infer Why is a mechanism needed o remowve carbon dicedde gas from youwr cells?

STEM CAREER Connection

Hair Stylist

Most hair siylisis are savwy with scissors and up to date on the latest
hsir Erends, but did you know that they also use chemical reactions
in thewr carees T Hair stylists waork with many processes, e thase
that permanenily curl o relax hak, that irvohe chemical reactions.
They also need 1o know how to handie hazardous chemicals safely.
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Table 5 Reactions that Take Place in Aqueous Solutions

Type of Reaction | Drescription

Dissohved substances are med. When they react, a solid is pro-
duced, visible as a white or colored cloudiness in the reaction

Reactions that
form precipitates

miiLre
Reactions that Evidence of the reaction may not be observable because water s
foam water colorless, ododess, and already makes up most of the salution
Resesions that Gases such &s carbon disdde, hydrogen cyanide, and hydrogen
sulfide are produced. Bubbles are produced as the reaction
form gases

proceeds.

Table 5 lists the types of reactions that ocour in aqueous solutions. The descriptions
summarize how physical evidence such as the formation of a precipitate or the produc-
tiom of bubbles can help vou classify a chemical reaction.

|& Check Your Progress

Summary Demaonstrate Understanding

« In agueous solutions, the 50. Listthree common types of products produced by
sobvent is always water. There reactions that oocur in agueows solutions.
are many possible solutes. 51. Describe solvents and solutes in aqueous solution.

+ Many molecular compounds 52. Distinguish between a complete fonic equation and
form ions when they dissohe in a net ionic equation.

EEr = ¥ i _ 53. Write complete ionic and net ionic equations for the
e reaction between sulfuric acid (H,50,) and calcium
R St carbonate [CaCO,).

+ When two agueous solutions
that PR = H,50 aq) + Cal0js) — H,Ofl} + CC,{g) + Ca50.jag)

combined, the ions might react 54. Analyze Complete and balance the following

with one another. The solvent BN,
molecules do not usually react. CO,[g) + HClfag) —

+ Reactions that occur in ague- 55. Predict What type of product would the following
ous sofutions are double- reaction be most ikely to produce? Explain your
replacement reactions. reasoning.

Ba(OH),{=q) + ZHClag) —

56. Formulate Equations A reaction occurs when nitric
acid (HNO ) is mixed with an agueous solution of
potassium hydrogen carbonate. Agueous potassium
nitrate is produced. Write the chemical and net ionic
equations for the reaction.

Eoyyragfd ER Lawy' HE ks divn

LEARNSMART Goonline tofollow your personalized leaming path to review, practice,
and reinforce your understanding.
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How One Woman Led the FDA to Save Lives
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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 metabolizm 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 — waork with the Food and Drug
Ldministration (FOA) to evaluate data and
make decisions regarding the safety and
effectiveness of a proposed medication.

A Historical Example: Thalidomide

In 1960, the FOW received an application for
the approval of thalidomide, a drug used to
treat a vanety of sympioms from nausea to
sleeplessness. In Europe and other parts of the
weorkd, many doctors gave the drug to pregnant
women as a treatment for moming sickness.

The application fell to pharmacologist

Oir. Frances Oldham Kelsey. When she
reviewed clinical studies of the drug, the
lack of research to support the drug’s safety

COMMUMNICATE SCIENTIFIC
INFORMATION
Research the metabolism of atorvastating, a
commaonly prescribed medication used to lower
cholesterol. Make a presentation that explains
these metabolic reactions. Include amy potential
harmiful effects or products of the reactions.

President Johin F. Kennedy and
Dr. Frances Oldham Keisey.

concemed 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 FDWb held off approwving the
application, reports of devastating birth
defects in babies born to mothers who had
taken thalidomide surfaced around the
weorld. By Movember 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
Dir. Kelsey with the Distinguished Federal
Chvilian Service award. In part because of her
weork, the United States Congress passed the
Kefauwer-Harris bill, forcing major regulatory
reforms on the phamaceutical ndustry.
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STUDY GUIDE

LY GO ONLINE to study with your Science Notebook.

Lesson 1 REACTIONS AND EQGUATIONS

= Some physical changes are evidence that indicate a chemical
reaction has occarred.

» Word equeations and skeleton eguations provide important
imbrmation about a chemical reactson.

= Achemical equation gives the sdenbitees and relative amounts of
the reactants and products that are mvolved ina chemscal
resacion,

* Balancing an equation involves adjusting the coefficients until the
number of atoms of each element & equal en both sides of the

equation.
Hy e In8 i FHLI
7 atams H 2 ainms O Zainms H 47 atoms O
& ' - 3 c
Thii RO oagen Tow Chbin Tl BT THGER NS
AT HIETTS Tivo chicring alones

chemca reacion
reaciant

product

chemical equation
ooeficient

Lesson 2 CLASSIFYING CHEMICAL REACTIONS

* Classifving 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 oceur.

omifess reachon
oombustion reaction
decompositon reaction
single-replacement reaction
doubbe-replacement reaction
precipinie

Lesson 3 REACTIONS IN AQUECUS SOLUTIONS

* In aquess solutions, the solvent is always wates. There are many
possible sohubes.

* Many molecular compounds form ions when they dissolve in
water. When some ionic compounds dissolve in water, their ons

* When two aqueous wolutions that contain sons a5 solutes are
combizied, the ons might react with ane another. The sobent
molecules do rok wssally react.

* Reactions that ocour in aqueous solutions ane double-replacement
réackoms.

aqueows salution
solste

sohven

complete ionic equation
spectator ion

net onic eguation

Copright S Crme- HE Librsion
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. THREE-DIMEMSIONAL THINKING

‘\) Module Wrap-Up

REVISIT THE PHENOMENON

What happens to food
when you cook it?

Claim, Evidence, Reasoning

Explain your Reasoning Revisit the daim 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? i not,
revise your claim. Explain why your evidence supports your claim.

STEM UNIT PROJECT
Mo that you've completed the module. revisit your STEM wnit project. You will
summarize your evidence and apply it to the project.

GO FURTHER =33} Analyze and Interpret Data
B33 Data Analysis Lab 1. Make graphs Use the

information in the data table to

How laim th ctivities of ha £
R’ i e == logens make three line graphs.

The location of all the halogens im 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 abouwt the atomic radi, 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

Predict the location of the
element astatine in the activity

I Atomic lonization Electro- - ;
of h B ¥
Halogen | Rincis. () | Erieray fcl/mol) | negativity SETIES alogens. Explain

Properties of Halogens

Fluorine 72 |
(Criorine | 100 1251 318
(Bromine | ma | 140 296
lodne | @3 | 1008 266

. Astabine | 140 929 23
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THE MOLE

ENCOUNTER THE PHENOMENON
How is counting pennies like
counting atoms?

fiy bmapn

832 Ask Questions

Do you hawe other guestions about the phenomenon? If so, add them to the driving
guestion board.

wi g’ Wed eni i T

Claim, Evidence, Reasoning

mib 5 sl Hramr

! Make Your Claim Use your Collect Evidence Use the Explain Your Reasoning You
' CER chart to make a claim lessons in this module to will revisit your claim and

i about how counting pennies collect evidence to support explain your reasoning at the
; is like counting atoms. your claim. Record your end of the module.

evidence a5 you move
through the module.

i G

a GO ONLIME to access your CER chart and explore resowces that can
halp you collect evidence.

Copyright & Me Crae HE B stion
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LESSOM 1: Explore & Explain: LESSOM 2: Explore & Explain:
Defining the Mole Conwverting Between Mass and

koles
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LESSON 1

MEASURING MATTER

FOCUS QUESTION
Why is it useful to group large numbers of things?

Counting Particles

If you were buying a bouquet of roses for a special occasion, you probably would not ask
for 12 or 24; you would ask for one or two dozen. Similarly, you might buy a pair of
gloves, a ream of paper, ot a gross of pencils. Each of the units shown in Figure 1—a
pair, a dozen, a gross, and a ream—represents a specific number of items. These units
make counting objects easier. [t is easier to buy and sell paper by the ream—500 sheets—
than by the individual sheet.

Each of the counting units shown in Figure 1 is appropriate for certain Kinds of objects,
depending primarily on their size and function. But regardless of the objecl—gloves, eggs,
pencils, or paper—the number
that the unit represents is always
constand.

Chemists also need a comvenient
method for accurately counting
the number of atoms, maolecules,
or formuola units in a sample of a
substance. However, in chemisiry,
svstemns can only be quantified
indirectly as atoms are so small
and these are so many of them in
even the smallest sarnple that it is .
impaossible o count them directly. -
Because of this, chemists created W <k
a counting unit called the mole. In

the Launch Lab, you probakbly Figure 1 Different wnits are used to count different types of objects & palr ks

found that a mole of any object s wo objects, 2 dosan = 12, 2 gross is 444, and a ream is 500. What other
an enormous number of ilems. coumnting units are you famiiar with?

Pt & Pt e Pl Cor - b i o

Pl HA Fiby dion

.::,:au THINKING n.:. Discsplinary Care |deas €E€ Cropscyiting Cancepts . :5 P Sdence & Enginecring Practices

COLLECT EVIDENCE INVESTIGATE

|,E_‘U5&m5:iemeimnﬁm G0 OMLINE to find these activilies and more resources.

FeLord e eidente yau Loledt & G‘gmmmm Determining Avogadra's Number

you complete the readings and Obtain and evaluate information 10 determine the function of Avogadio's NuMbes.
SR NE e IR ' Revisit the Encounter the Phenomenon Question

‘What infarmation froem this kesson can helip you answes the module guestion?

£ iypiyrighd
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The mole

The male, abbrevisted mol, i the 51 base unit used o measure the amount of a
substance. A mole is defined as the number of carbon atoms in exactly 12 g of pure
carbon-12. Through vears of experimentation, it has been established that a mole of
anything contains 6.022140857 ¥ 107 representative particles. A representative particle
is any kind of particle, such as an atom, a molecule, a formula unit, an electron, or an
ion. If vou write owl this number, it looks like this.

602, 214,085, 700,000,000,000,000

The number 6 022140857 * 107 is called Avogadro’s number, in honor of the Italian
scientist Amedeo Avogadro, who, in 1811, proposed that equal volumes of gas at the
same temperature and pressure contain the same number of particles. In this book,
Avogadro’s number is rounded to three significant figures, 6.02 x 107,

Avogadro’s number would not be convendent for measuring a quantity of marbles.
Avogadro’s number of marbles with a five-eighth inch diameter would cover the surface
of Earth to a depth of more than 14 km? It is more convenient to use the mole fo measure
amounts of substances. Figure 2 shows one-mole quantities of water, copper, and salt.
Each one has a different representative particle: molecules of water, aloms of copper,
and formula units of MaCl

Figure 2 The amount of each diffesent selrstance is 6002 = B0 ar Tmaol, of representative pasticles. The
represeniative pariicle for each subsiance is shown in 2 bax. Refer io Table R-1 in ihe Student Resources
for a key to atom Color Comventions.

SCIENCE USAGE V. COMMON USAGE | G539 crosSCUTTING CONCEPTS

mole Seabe_ Proportian, and Quantity Some systems can only be studied
Science psage: an 5| base unit used 10 inclirectly as they e ton smad, oo farge, too fast, of too slow i observe
measure the quantity of matier directly. Make a poster that compares and condrasts Avogadno’s number ta
The chamist mezsured ouf & moke of quantly Ftams with methods used to guantidy microorganisms [burbidiny)
the campound. and methods sed to quantity astronomical distances (ight-years or

Commen usage: 3 small barowing animal. The | parcecs). Can you Bink of a third exsmpia?
damage o the lawn was caused by & mole.
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Converting Between Moles

and Particles

Suppese vou buy three-and-one-hall dozen roses and want to
know how many roses you have. Recall what vou have learned
about conversion factors. You can altiply the known quantity
(3.5 dozen roses) by a conversion factor to express the quantity
in the units you want (number of roses). First, identify the
mathematical relationship that relates the given unit with the
desired unit. Figure 3 shows the relationship.

Relationship: 1 dozen roses = 12 rases

Flgume 3 & key 1o using dimensional

analysis is corectly identitying the

mathematical relationship betwesn the

17 roses 1 dozen roses units you are converting. The relationship

T nzen roses 208 “TTroees shown here, 2 rases = 1 dozen roses,
can e used o wiile two Conversion

Then choose the conversion factor that, when multiplied by the factars,

known quantity, resulis in the desired unit. When sel up cor-

rectly, all units cancel except those required for the answer.

By dividing each side of the equality by the cther side, you can
write twio conversion factors from the relationship.

Conversion factors:

12

Conversion: 3.5 dogesromes ¥ ot = 47 mses

| dozep-rems
E Get It?

Determine how many pennies are in the stack on the left in the photograph at
the beginning of this module. Create a conversion factor to calculate how many
pennies are in the photo, knowing that there are 12 stacks of pennies.

Moles to particles

Now suppose vou want o determine how many particles of sucrose are in 3.50 maol of
sucrose. The relationship bebween moles and representative particles is given by Avoga-
dro’s number, 1 mol of representative particles = 6.02 ¥ 10" representative particles.

o | 2 Alaiiy brwigem

Using this relationship, there are two different conversion factors that relate representa-
tive particles and males.
602 10 representative particles

1 mnl

1 rmics]
602 x 10 representative particles

Copright B Crm-HE Ebpsdion

Use the following conversion factor to find the number of particles in a given number of
mioles.
.02 = 1 representative particles

number of moles ®
1 mald

= number of representative particles
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As shown in Figure 4, the representative particle of sucrose is a molecule. To oblain the
nurmber of sucrose molecules contained in 3.50 mol of sucrose, vou nesd o use Avoga-
dro’s number as a conwversion factor.

150 i " 6.02 x 1 mobsmles seorose

1 maol s

= 2.11 ® 10™ molecules sucrose

There are 2.11 * 10™ molecules of sucrose in 3.50 mol of sucrose.

Figure d The representative partichs of suorose is ameaculs. The bad-and-stick model shows that a
mialecule of sucnose is a-snghe unit made up of carban, hydrogen, and aopgen,

Analyre LUse the balf-and-shick maded of sucrase o wrile the chemcal foamula far sucrase

PRACTICE Problems .K ADDMTIOMAL PRACTICE
1 Zinc (Zn) Is used to form & comosion-inhibiting surface on gaivanized steel Determine the numbes
of Zn atorms in 250 mol of Zn.

2. Calculate the number of molecules in TLS mol of waker (H, O}
3. Sitver nitrate (AgNO.} s wsed to make several different sliver halides used in photograghic filmes.
How many foomula units of AgNG, are there in 3.25 moi of AgNO_?

4. CHALLEMGE Calculate the number of coygen atoms in 5,00 mol of cxvgen modecules. Oxygen is
& diatomic molecule, 0,.



Particles to moles

Mow suppose you want to find out how many moles are represented by a certain
number of representative particles. To do this, you can use the inverse of Avogadro's
number as a conversion faclor.

% i 1 mal
number of representative particles ¥ 58 i i

= number of mabes

For example, if instead of knowing how many moles of sucrose vou have, suppose you
knew that a sample contained 211 % 107 molecules of sucrose. To convert this number
of molecules of sucrose to moles of sucrose, vou need a conversion factor that has maoles

in the numerator and molecules in the denominator.

N 1 mal
211 = 107 molecules-ssrermss « 502 % 10° mokecad !

= 3.50 mol sucrose

Thus, 211 * 107 molecules of sucrose is 3.50 mol of sucrose.

You can convert between moles and number of representative particles by multiphying
the known quantity by the proper conversion factor. Example Problem 1 further illus-
trates the conversion process.

& cetie

List the twao conversion factors that can be written from Swogadro’s number.

EXAMPLE Problem 1

PARTICLES-TO-MOLES CONVERSION Zinc (2n] is used as a comosion-resistant coating on iron
and steel It & also an essentlal race element in your diel Calculate the numbes of modes of zinc
that contain 4.50 = 10* atoms.

1

ANALYZIE THE PROBLEM

You are given the number of atoms of zinc and must find the equivalent mumber of maoles i you

compare 4.50 x 107 atoms Zn with 602 x 109, the number of atoms in 1 meol, you can predict
that the answer shoud be less than 30 mol.

Known Uirikreawin
numbrer of atoms = 4.50 = 107 atoms Zn moles Zn = 7 mol

1 md Zn = B.02 = 10 atoms Zn

2 SOLVE FOR THE UNKNOWN

Use B comeersion factor—the inverse of Avogadio's number—that relates males 1o stoms.
number of aloms ® m%?ﬁl = number af males Bpply the comversion facior.
4.50 = 10™ glomaFN x M.‘."méh = T48 mad Zn Substitute number of Zn aloms =

W0 g T
450 ¥ 10 Multinby and divide
numbers and it

Copright 8 Cree-HE L stion
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EXAMPLE Problem 1 [continued)

3 EVALUATE THE ANSWER

Baoth the number of Zn atoms and Avogadro’s number have theee significant figures. Therefore,
the answer i expressed cormectly with three digits. The answer is less than 10 mod, as
predicted, and has the corect unit, males.

PRACTICE Problems W ADDITIONAL PRACTICE

5. How mamy modes contain each of the following?
a. 575 x 10° atoms Al
b. 250 % 0™ atoms Fe

6. CHALLEMGE |dentify the representative particke for each formula, and comeent the ghven number
of representative particles to moles.

a. 375 % 10 CO,
b. 358 x 107 ZnCl,

\B Check Your Progress

Summary Demonstrate Understanding

= Some systems cannot be 7. Explain why chemists use the mola.
studied directly, as they are too £. State the mathematical relationship between
small or large, or too fast or slow. Avogadro’s number and 1 mol.

* The mole is a unit used to count 9. List conversion factors used to convert between
partickes of matter indirectly. One particles and maoles.
mole of a pure substance

5 10. Explain how a mole is similar to a dozen.
comtains Avogadro’s number of

kot it 1. Apply How does a chemist count the number of
i i i ber of moles of bstance?
+ Comversion factors written from iR NES R P o Fn
12. Calculate the mass in atomic mass units of 0.25 mol

Copyrighl €M Crav ks dtiom

Awogadro’s relationship can be
used to convert between moles OFCNBONELE oI
and number of representative 13. Calculate the number of representative particles of
particles. each substance.

» Representative particles a. 1.5 mol of &g c. 0150 mol MaCl
include atoms, ions, molecules, b. 18.0 mol H O d: 135 = 10~ mal CH,
fmrmje_lmils.electlms.md 14. Arrange these three samples from smallest to largest
other similar particles. in terms of number of representative particies:

+ One mole of carbon-12 atoms 125 = 10°° atoms of zinc {Zn}, 3.56 mol of iron (Fel, and
has a mass of exactly 12 g. 6.78 » 107 molecules of glucose [C H O |

ILEARNSMAIRT Goonline to follow your persnalized iearning path to review, practice,
and reinforce your understanding.
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LESSON 2
MASS AND THE MOLE

FOCUS QUESTION
What is the mass of a mole?

The Mass of a Mole

You would not expect a dozen limes to have the same mass as a
dozen eggs. Since eggs and limes differ in size and composition,
they have different masses, as shown in Figure 5. One-mole
quantities of two different substances have different masses for the
same reason—the substances have different compositions. This
difference in mass occurs because carbon atoms differ from copper
atomns. Thus, the mass of 6.02 = 107 carbon atoms does not equal
the mass of 6.02 x 10" copper atoms.

Eecall that each atom of carbon-12 has a mass of 12 amu. The atomic
masses of all other elements are established relative to carbon-12. For
example, an atom of hydrogen-1 has a mass of approximatety 1 an,
one-twelfth the mass of a carbon-12 atom.

You will notice, however, that the alomic-masses on the periodic
table are not exact integers. For example, you will fird 12.011 amu
for carbon and 1.008 amu for hydrogen. These noninteger values
ocrur because the values are weighted averages of the masses of all
the naturally occurring isotopes of each element.

Somie elements have two naturally occuring isotopes, while others
hawe many more than two. Usually, elements have a relatively high
percentage of one isolope when

Figure & A dosen limes hav
compared lo the other isolopes. This gure ozen limes have

; aporoximately twice the mass of £
is why an element such as carbon has 00 dosen eqggs. The difference in 1
a mass of 12.011 amu, as the isclope mass ks reasonabie because limes 3
carbon-12 is the most abundant are differant from egos in P
isotope. composition and size ;

COLLECT EVIDENCE INVESTIGATE

I Use your Science Joumnalto | ) GO OMLINE to find these activities and more resaurces.

rescond the evidence you collert as (77 Identity Crosscutting Concepts

you complete the readings and Create a table of the crossoulting concepts and fill in exampies you find as you read.

aCinities in tis kecson.
' Revisht the Encounter the Phenomenosn Question
What information {rom this kesson can help you answer the modube guestion?

:=
§
g
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Molar mass

How does the mass of one atom relate o the mass of one
mode of that atom? Recall that the maole is defined as the
number of carbon-12 atoms in exactly 12 g of pure carbon-12.
Thus, the mass of one mole of carbon-12 atoms is 12 g. The
masses of all aloms are established relative to the mass of
carbon-12. The mass in grams of one mole of any pure
substance is called its molar mass.

The molar mass of any element is numerically equal to

its atomic mass and has the units g/'mol. As given on the
periodic table, an atom of iron has an atomic mass of

55.845 amu. Thus, the molar mass of iron is 55,845 g/maol, and
1 mod for 6,02 x 107 atomis of iron) has a mass of 535 845 g
MNote that by measuring 55.845 g of iron, you indirectly count

Figure 6 Onz mole of iron contains
out 6.02 % 10° atoms of iron. Figure & shows the rdaunn:.hlp Avopadeo’s number of abomes and has a

bebween molar mass and one mole of an element. mass eual o fs abomk mass n grams.

Using Molar Mass

Imagine that vour class bought jelly beans in bulk to sell by the dozen at a candy sale.
You soon realize that it is too much work o count out each dozen, so you instead decide
10 measure Lhe jelly beans by mass. You find that the mass of 1 dozen jelly beans is 35 g.
This relationship and the conversion factors that stem from it are as follows:

1 dozen jelly beans = 35 g jelly beans

35 g jelly beans 1 dozen pelly beans

1 dowen jelly beans " 35 g elly beans

What mass of jellv beans should vou measure if a customer wands 5 dozen jelly beans? To
determine this mass, you would multiply the number of dozens of jelly beans 1o be sold by
the correct conversion factor. Select the conversion factor with the units you are converting
o in the numerator (g} and the units you are converting from in the denominator {dozen).

Eg ]Ell'l.r beans
5 dozen-jety-beams X e e Tt = 175 g jelly beans
A quantity of 5 dozen jellv beans has a mass of 175 g.

Suppose you want instead to convert [rom mass to a number. For example, how marny
dozen jelly beans are in 105 g7

1 dozen jelly beans

105 gpedivdvearrs * T P e ] = 3 dozen jelly beans
105 g of jellv beans represents 3 dozen jelly beans.

E Get it?

Compare How are the jelly bean conversion factors used above similar to the
maolar mass of a compound?
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Moles to mass

Mow suppose that while working in a chemistry lab, vou need 300 mol of copper (Cu)
for a chemical reaction. How would vou measure that amount? Like the 5 dozen jelly
beans, the number of moles of copper can be conwerted to an equivalent mass and
measured on a balance.

To calculate the mass of a given number of moles, simply multiply the number of moles

mass in grams

number of maoles T mole = INass

If vou check the periodic table, you will find that copper, element 29, has an alomic
mass of 63546 amu. You know that the molar mass of an element {in g/'mol) is equal to
its atomic mass {given in amu). Thus, copper has a molar mass of 63.546 g/mol. By
using the molar mass, you can convert 3.00 mol of copper to grams of copper.

3.00 ol Ce = M =19 g0

: 1 molCer &l
5o, as shown in Figure 7, you can measure the 3.00 mol of copper
needed for the reaction by using a balance o measure out 191 g of
copper. The reverse comversion—from mass to moles—also involves
the miolar mass as a conversion factor, but it is the imverse of the

modar mass that s used. Can vou explain why?

zlle]Kalcl @ Connection | Biologists in the fields of
biochemistry and molecular biology study molecules—often
very large molecales, such as DNA, ENA, and proteins—that
are involved in biological processes. When biologists discover
a mew protein, they can use a technique known as mass
specirometry to determine the molar mass of the prodein. The
molar mass, together with information gained through other Figure 7 To measisre 3.00 mol of coppes,
technigues, can then be used to determine the composition of FARCEE 1 WESCRNM POer 0.8 Rt CE.,

= : g, ; fare the bakance, and then add 9% g of
the protein. By applying this kind of analysis to separate parts 000,
of a large molecule, the structure of the whole molecule can be
pieced together.

EXAMPLE Problem 2

MOLE-TO-MASS CONVERSION Chromium (Cr), a ransition element. is a component of chrome:
plating. Chrome plating i vused on metals and in steel alloys to control comeshon. Calculate the
miass i grams of 0.0450 mol Cr

1 AMALYZIE THE PROELEM

You are given the number of moles of chromium and must convert it to an equivalent mass
using the molar mass of chwomium from the periadic table. Because the sample s less than
one-tenth of & mole, the answer should be less than one-tenth of the molar mass.

Known Unknawn
neimber of modes = 0.0450 mal Cr mass Cr=7g
molar mass Cr = 52.00 gfmal Cr

Copyright O MeCrme- I Ecbyabion Wi Bl ke



oyyrighl € A Crae W Erby dlion

Inspare: Chemistry 9-12 Student Edition -

EXAMPLE Problem 2 [continued)

2 SOLVE FOR THE UNKNOWMN

Use a conversion factor—the molar mass—that relates grams of chromium to moles of
chroméum. Write the conversion factor with modes of chremiurm in the denominator and grams
of chromium in the numeratorn. Substitute the known values into the equation and sobee.

mbstrx%:mmsﬂr Apply the conversion factar.
5200 g Cr
MMxm—:mgm Substitite 0.450 mol for males Croand 5200 g/maoil

for molar mass of Cr. Mulfiphy and divide numibsers
and wnits

3 EVALUATE THE ANSWER

The known number of moles of chromium has the smaliest number of significant figures, three,
50 the answer B comecily stated with three diglts. The answer [ less than one-tenth the mass
af 1 mol, as predicted, and is in grams.

Many of the values for stomic mass ghven in the periadic table have five significant figures.
Howewver, in Example Problem 2, the periodic table value of 51996 gimeod Cr was rounded 1o
52.00 g/mal. It Is generally okay to round reference values as long as you keep one mone
significant figure than the answer will have. In the case of Examgle Problem 2, 52.00 has one
mizre significant tigure than 0.0450 mal Cr, which limits the answer to three significant figures.

PRACTICE Problems W ADDITIOMAL PRACTICE

15. Determine the mass in grams of each of the fallowing.
B 357 mod Al
b. 4.26 mol S

16. CHALLENGE Comeert each given quantity in scientific notation to mass in grams expressed in
scientific natation.

& 345 x 107 mod Co
b 2.45 x 10 mol Zn

EXAMPLE Problem 3

MASS-TO-MOLE CONVERSION Calcium (Caj, the fifth most-abundant element on Earh, is
akwrays found combined with other elements because of its high reacthily. How mary males of
calcium are in 525 g Ca?

1 AMALYZE THE PROBLEM
You must conver the mass of calcium to modes of calcihem. The mass of calcium i moee than
ten times larges than the molar mass. Therefore, the answer should be greater than 10 maol.
Known Unknown
mass = 535 g Ca number of males Ca = 7 mal
mlar mass Ca = 40.08 g/maol Ca



EXAMPLE Problem 3 (continued]

2 SOLVE FOR THE UMKMNOWN

Use a conversion factor—the imverse of molar mass—ihat relates modes of calciem to grams of
calchim. Substitute the known valees and solve.

mass Ca x%:mm Apply the comyersion factor
ﬂEWH%:ﬁ]mlﬂl Sudstfiute mass Ca = 535 g_and inverse

mckar mass of Ca =1 mol/d0.08 g Multiply and
divide numisers and undts

3 EVALUATE THE ANSWER

The mass of calcium has the fewest significant figures, three, so the answer is expressed
cofrectly with three digits. As predicted, the answer i greater than 10 maol and has the

experted unit
PRACTICE Problems t ADDITIOMNAL PRACTICE
7. Determine the number of males in each of the followlmg.
a. 2559 A0 b 300095
1B. CHALLFMNGE Comwvert each mass to moles. Express the answer in sclentific notation.
B 1235 x 0 gZn b. 100 kg Fe

Converting between mass and atoms

5o far, you have learned how o convert mass to moles and moles to mass. You can go
one step further and convert mass to the number of atoms. Recall the jelly beans you
mre*seﬂingal the candy sale. Al the end of the day, vou find that 550 g of jelly beans
is left unsold. Without counting, can vou determine how many jelly beans that is?

You know that 1 dozen jellv beans has a mass of 35 g and that 1 dozen is 12 jelly beans.
Thus, vou can first convert the 350 g to dozens of jelly beans by using the conversion
factor that relates dozens and mass.

550 gielv-beans x LI e = 16 dozen jelly beans

Next, vou can determine how many jelly beans are in 16 dozen by mudtiplying by the
conversion factor that relates number of particles (jelly beans) and dozens. The conversion
factor relating number of jelly beans and dozens is 12 jelly beans/dozen. Applving it vields
the answer in jelly beans.

lzielllxhea.n;_;_ :
16 dogen = - 1 = 192 jelly beans

Copright B Crm-HE Ebpsdion

The 350 g of leftover jelly beans is equal to 192 jellv beans.

Just as you could not make a direct conversion from the mass of jelly beans W the number
of jelly beans, vou cannot make a direct conversion from the mass of a substance o the
numbser of representative particles of that substance. You must first convert mass to moles
by multiplving by a conversion factor that relates moles and mass.
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That conwversion factor is the molar mass. The number of moles must then be
multiplied by a conversion factor that relates the number of represeniative particles
o moles. For this conversion, vou will use Avogadro’s number.

EXAMPLE Problem 4

MASS-TO-ATOMS COMVERSION Godd (Au) ks one of a group of metals called the coinage metals
{copper, silver, and gold). How many atoms of gold are in a ULS. Eagle, a gold alloy bullion coin
with a mass of 311 g Au?
1 AMALYZE THE PROBLEM
Yious must determine the nuimber of sloms in a ghvwen mass of gobd. Because you cannet oomaert
directly from mass to the numbses of atoms, you must first comeent the mass to maoles using the molar
mass. Then, comvert moles 1o the number of atoms using Asogadro’s number. The given mass of
the gold coin is abowt one-sixth the molar mass of gold (19697 g/mal), 5o the nuember of godd atoms
should be approdmately one-sixth Avogaedro’s number
Known Uink o
mass = 31Tg Au number of atems A = 7

molar mass Au = 19697 g/mod Au

2 SOLVE FOR THE UNKNOWN

Use a corersion factor—ihe inverse of the molar mass—that relates maoles of gold to
grams of goid.

mass B = 1"H'r,=mnﬁ_=5.nu Apply the comeersion fncto

Subsiaue mass Au = 311 g and fhe nversse

31,9,;.”%:&.53“” mickar mass of fu = 1 molM96.97 g. Multizhy
’ and divide numbsers and unis

To cormeert the calculated moles of gold o atoms, multiply by Avogadro’s numbser.

mEMR%%H:M!U Apply the comsersion facioe

0158 ety x ZOLAIE SIONS AL _ g 0% atoms Au Susmtute ok
A = 0153 mod, and soe.
3 EVALUATE THE ANSWER
The mass of geld has the smallest number of significant figures, three, 2o the answer is

expressed oorrectly with three digits. The answer is approximately one-sixth Avogadro’s
number, as predicted, and the cormect unit, atoms, is obtained.

EXAMPLE Problem 5

ATOMS-TO-MASS CONVERSION Helium (He) is an unreaciive noble gas often found In

undesground deposits mixed with methane. The mixture s separated by cooling the gaseaus
mixture wntil all but the hellum has Bquefied. A party balloon contains 5.50 x 107 stoms of helium
gas. What is the mass, in grams, of the helbum?

1 AMALYZE THE PROBLEM
You are given the number of atoms of helium and must find the mass of the gas. First, comeert
the number of atoms o0 modes, then convert males 10 grams,
K. nawn Unknawn
number of atoms He = 550 = 107 atoms He mass =7 g He
mular mass He = 4.00 g/mol He
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EXAMPLE Problem 5 (continued)

2 SOLVE FOR THE UNKNOWN
Use a conversion factor—the imerse of Avogadin’s number—that relates mokes o numiber of sloms.

1mod Ha

aioms He = 5 :

= mes He Agply the conversion factor

S.50 x 107 alomerteE X oo HE _ _ 0ogldmolHe  Susstitute soms

He =550 % 10* atoms.
Multiply and divide numisers
and wrists,

Mext, apply 8 comversion factod—the molar mass of helium—ihat relates mass of heliem 1o
miales of hellum.

mmx—m:mm&lﬂ Apply the conversion tactos

4.00
0.0914 pbHe X T = 0366 gHe  Subsiitute maies He = 0.09% mal, motar mass
He = 4.00 gfmal, and solve.

3 EVALUATE THE ANSWER
The answer & expressed comectly with three signilicant figures and is In grams, a mass unit.

PRACTICE Problems W, ADDITIONAL PRACTICE

19, How madny atems are in each of the following sampiss?
a 55291 b. 0230 gPh e M5gHg
20. What Is the mass n grams of each of the following?
&, BO2Z x 10™ atoms Bi b. LOO = 107 atoms Mn . 340 x 0% sloms He
d. 150 = 10" atoms M 2 150 x ¥0™ atoms U
21. CHALLENGE Comwedt each given mass to number of representative particles. Identify the type of
representative partiche, and express the number in scientific notation.
a. 456 = 107 g S5 b. 0120 kg Ti

You should now realize that the mole is at the center of your calculations. Mass must
abways be converted o moles before being converted o atorns, and atoms must be
converted to maoles before calculating their mass.

Figure B, shown on the next page, shows the steps to follow as vou complete these
conversions. In the Example Problems, two steps were used. However, these
conversions can be made in one step by combining the steps together in one
calculation. If vou want to find out how many atoms of oxvgen (0) are in 1.00 g of
oxygen, two conversions are needed—mass lo moles and then moles to atoms. You
could sel up one equation like this.

Copright B Crm-HE Ebpsdion

lmeer . 602 % 107 atoms O
L00§8 X 590950 Taneter

= 3.76 » 1F atorms O
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H’I.IE* The mpée & 81 @e cenber of convessions befween mass and pasicles {atnms, s, o mokeoulesy. in
the figure, mass is represented by a balance, moles by & bag of paricles, and representadive partickes by the
comtents that are spillng out of The bag. Two steps are needed in the convessions

The result of this caleulation will be the exact same value as vou would obtain if vou
were to do the caloulation in two steps. A major advantage to this one step calculation is
that you do nol round off vour answer until the final value is obtained. When this
calculation is done in two steps, the rounding that oocurs after the first step can affect
the value of the final answer slightly.

|E Check Your Progress

Summary Demonstrate Understanding
+ The mass in grams of one mole 22. Summarize why a scientist’s understanding of a

of any pure substance is called
its molar mass.

system at an atomic scale is important in identifying
system relationships at a larger scale.

The molar mass of an element 23, Siate the conwversion factor nesded to comvert

is numerically egual to its between mass and moles of the atom fluorine.

atomic mass. 24. Explain how molar mass relates the mass of an atom

The molar mass of amy to the mass of a mole of atoms.

substance is the mass in grams 25. Describe the steps used to convert the mass of an

of Avogadro’s number of element to the number of atoms of the element.
afthe 26. Ammange these guantities from smallest to largest in

SUbGARICE. terms of mass: 1.0 mol of Ar. 3.0 x 10° atoms of Ne.

Molar mass is used to convert and 20 g of Kr.

Gt "'“:““ S e 27 Identify the quantity that is calculated by dividing the

i ares & t:: molar mass of an element by fwvogadro's number.

o nm 3 Show how units are used to ensure the comrect
Understanding systems on an conversion factor is used to obtain the desired resuit.
:fwiﬁht:ﬂﬁhhm 28. Design a concept map that shows how conversion
im:ue I_ _i factors are needed to convert between mass, moles,
arer R, and the number of representative particles im mudti-

step problems.

ILEARNSMART  Goanline o follow your personalized ieaming path 1o review, practice,

and reinforce your understanding.
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LESSON 3

MOLES OF COMPOUNDS

FOCUS QUESTION
What do chemical formulas say about mole relationships?

Chemical Formulas and the Mole

Different kinds of representative particles are counted using the maole. In the last lesson,
vou read how to use molar mass to convert among moles, mass, and number of particles
of an element. Similar conversions for compounds and kons also exist, but yvou need Lo
know the molar mass of the compounds and ions involved.

Recall that a chemical formula indicates the numbers and tvpes of atoms contained in
one unit of a compound. Consider the compound dichlorodifluoromethane, CCLE,. The
subscripts in the formula indicate that one molecule of CCLF, consists of one carbon (C)
atom, two chlorine (Cl) atoms, and two fuorine (F) atoms chemically bonded together.
The C-CL-F ratio in CCLF_is 1:2:2. A mole of CCLF, contains Avogadro’s number of
malecules. The C-CHF ratio in one mole of CCLF, would still be 1:2:2.

Figure 9 illustrates this for a dozen CCLF, molecules.

Check for yourself that a dozen CCLF, molecules contains one dozen carbon atoms, two
dozen chlorine atoms, and two dozen fluorine atoms. The chemical formula CCLF, not
only represents an individual molecule m’EEIzF:, it also represents a mole of the

comipound.

Figure 3 & dozen molecufes al
‘__{!.‘r'_. ConfaEns ane dozen carban
aloens, two doden Chioring aloms,
and Iwo dozen Thaoine atoms. How
many of each kind of alom-carbon,
chiarine, and foonme-are comtained

in 1mol of CELF,

W Eckradion

Lﬁi A0 THINKING o<l Dscpinary Care Ideas SOk Ernseuing Concepis '3EP Sciencn & Enginering Practices

SR

£
COLLECT EVIDENCE INVESTIGATE .
|EU5ENSMEanﬁm DGO OMLIMNE tofind these activities and more resaurces. E
rexord the evidence you collect as awwm Moles, Mass, and Molecules .
you complete the readings and Use mathematics and computationad thinking to determine Me quantity of males in each
acihvities in is besson, e

substance.
E’ Labaratory: Estimating the Size of a Moke
Use mathematics and computalional thinking to estimate the guartily al 3 mole.
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In some chemical calculations, vou might reed to convert between maoles of a com-
pound and moles of individual atoms in the compound. The following ratios, or conver-
sion factors, can be wrilten for use in these calculations for the molecule EEI:FI-

To Find out how many moles of Auorine atoms are in 5.50 moles of freon, you moltiply
the misles by the conversion factor relating meoles of fluorine atoms o mokes.
mdes F aloms
moles CCLF, = Tmal COF, = moles F aloms

2 mol F atoms
5.50 mal =EEF, h—-ﬂI-'E'E;Fz' 11.0 mol F atoms.

Conversion factors such as the one just used for fluorine can be written for any element
in a compound. The number of moles of the element that goes in the numerator of the
comwversion factor is the subscript for that element in the chemical formula.

EXAMPLE Problem &

MOLE RELATIONSHIPS FROM A CHEMICAL FORMULA Muminum oxide (A0, often callied
alumina. is the principal rew mateda for the production of aluminum (A Alumina occuss inthe
minerals conundum and bawdte. Determine the moles of aluminem kons (4™ in 125 mol of ALD.

1 ANALYZE THE PROBLEM
You are given the number of males of A0, and must determine the number of moles of A
lons. Use a conversion factor based on the chemical formula that relates males of AP lons to
meles of AlLO, . Every mole of ALO. contains 2 mol of AP jons. Thus, the answer should be tao
times the number of moles of ALO,

Known Unknown
number of moles = 1.25 mal A0, number of moles = ? mal AP jons

2 SOLVE FOR THE UNKNOWN
Lise the relationship that 1 mol of Al O, contains 2 mol of AP lons to write 8 conversion factor.

2 mol A" lons Creale a comversion facion relating moles of
1 A1 jons o moses of A1D,

To comvert the known numiber of moles of LD, to moles of AP jons, multiply by the
Ions-to-moles conversion factor

moles AL, x 2TA 00T _ les A7 lons Apsty the conmversion factoe
1.25 ok, x%:lﬁﬂ mol AP jons  Substute moles AL, = 1.25 mal ALD, and solve.

3 EVALUATE THE ANSWER
Because the conversion factor i a ratio of whole numbess, the number of signiflcant digits is
based on the moles of AlLD,. Thesetore, the answer i expressed comectly with three significant
figures. As predicted, the answer s twice the number of moles of ALO. .
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PRACTICE Problems W ADDITIOMAL PRACTICE

29, Zinc chioride (ZnCL) is used in soldering flux, an alloy used to join two metals together.
Determine the moles of O fons in 2.50 mol ZnCL

30. Plants and animals cepend on glucose (C H, O ) as an energy source. Calcudate the number of
modes of each element in .25 mol CH_ O,

3. lronilll) sulfate [Fe (50,) ] i sometimes. used in the water purification process. Determine the
numiber of moles of sulfate ions present in 3.00 mol of Fe{S0,1..

32. How many modes of axygen stoms ane present in 5.00 mol of diphosphorus
pentoxide (PO, )2

33. CHALLENGE Calculate the number of moles of hydrogen atoms In 115 = 10" mol of water.
Express the answer in scientific notation.

The Molar Mass of Compounds

The mass of your backpack is the sum of the mass of the pack and the masses of the
books, notebooks, pencils, lunch, and miscellaneous items vou put into it. Similarly, the
mass of a male of a compound equals the sum of the masses of all the particles that
make up the compound.

Suppose you want ko determine the molar mass of the compound potassium chromate
(K, Cr ). Start by hooking up the molar mass of each element present in K Cr0),_ Then,
mudtiphy each molar mass by the number of mioles of that element in the chemical formuia.
Adding the masses of each element vields the molar mass of K,Cr0
VW gK
2 metE X T = TR g

FriogC
| Mt T X oy = 5200

molar mass KECHJ; = 19420 ¢

The miolar mass of a compound demonstrates the Law of
conservation of mass; the total mass of the reactants that reacted
equals the mass of the compound formed. The fact that atoms are

conserved in a reaction, together with knowledge of the chemical Potassium chiomate K, Crl)
properties of the elements, are used to describe and predict chemical Figure 90 The moksr mass of sach
reactions. Figure 10 shows the mass of one mole of polassium coenpoimnd & the siem of the masses of
chromate. slements conaned in the compoand.
CROSSCUTTING COMCEPTS STEM CAREER Connection

Energy and Matter Show that the malar mass of iwonlly | Materials Sclentist

sisfate, and the individual ions that form this compound, | A= you imenscted in what things ase made of? Materials
demonsirate that the total amount of matter in a closed | Sthentists stedy substances at the atomic and molecdar bevel.
System is consended. (R youl evidence by usig the They investigate how sulbisiances imteract wilh ane another. If you
following reactants and products as an example: g0 0 college and graduate with a bachelor's degree, you can
2Fe? 4 380, — Fe 50}, pariicipate in develaping new and improved products and
technalogies that will improve he way we ke

Copyright OMeCrse M Ebpadion Ma Meakes
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PRACTICE Problems W ADDITIOMAL PRACTICE
34. Determine the molar mass of each lonic compound.

a. NaOH b. CaCl, . Ko H O
36. Calculate the molar mass of each molecular compound.
a CH OH b HCM < CCI,
36. CHALLENGE identity each substance as a molecular compound of an iomc compound, and
then calculate its molar mass.
& SNO.), b.(NH)PO, eCH O

Converting Moles of a Compound to Mass

Suppose you need o measure a certain number of moles of a compound for an experi-
ment. First, vou must calculate the mass in grams that corresponds to the necessary
number of moles. Then, you can measure thatl mass on a balance. In Example Problem
2, you learned how to convert the number of moles of elements to mass wsing molar

mass as the conversion factor. The procedure is the same for compounds, exceplt that

vou must first calculate the molar mass of the compound.

EXAMPLE Problem 7

MOLE-TO-MASS CONVERSION FOR COMPOUNDS The characteristic odor of garlic is due to
aByl sulfide [{C,H,), 5] What is the mass of 2.50 mol of [C,H,),57
1 ANALYZE THE PROBLEM

You are ghven 250 mot of (CH, LS and must cormert the modes to mass wsing the molar mass as &
conversion factor Thie molar mass ks the sum of Bwe molar masses of all the elements in {CH,].5

Eriow Unknown
numiber of moles = 2. 60 mal [CH 15 melar mass = 7 gimal (CH LS
mass = 7 g (C,H,LS

2 S0LVE FOR THE UNKNOWHN
Calculate the molar mass of (CH LS.

20TgS
1mat s = jﬁ?-:jlﬂ?gﬂ Muiltiphy the moles of S in the compound by the
molor mess of 5.
ﬁmfr%%::unﬁgc Muittiply the moles of C in the compound by fhe
mailar mess of
1008 g H ;
0 poedH x anu&gH Multipity Bhe moies of H in the eompound by the
molar mess of H,
medar mass = (32.07 g + T2.06 g + 10.08 gf
= 1.1 gimad (CH),5 Total the mass vahses:
Use a comversion factor—the modas mass—that relates grams to modes.
o (CHLS
moles (CH)S X —— 0 Tt IG5 = mass (CH L5 Boply the coméerion fackoe

250 poles fEHTS = %ﬁ!—l"]’ =286 g(CHJ)S Subssinte moles (CH )5 = 25 mol
mokar mass [CHAS = 1431 g/mol,
mnd sohe
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PRACTICE Problems W ADDITIOMAL PRACTICE

37. The United States chemical industry produces more sulfuric acid (H,50,1 In terms of mass, than
any other chemical. What is the mass of 3.25 mol of H,50.?

38. What is the mass of 4.35 » 10~ mol of zinc chioride (ZnC1J?

38, CHALLFMNGE Write the chemical formuls for potassium permanganate, and then calculate the
mass in grams of 2 55 mol of the compound.

Converting Mass of a Compound to Moles

Imagine that an experiment you are doing in the laboratory produces 5.55 g of a com-
pound. How many moles is this? To find out, you calculate the molar mass of the
compound and determine it to be 185.0 g/mol. The molar mass relates grams and
maoles, but this time vou need the inverse of the molar mass as the conversion factor.

1 mnlﬂxund
S.E&m@ﬂﬂh'ﬂ'x 1650 — 00297 mol compound

EXAMPLE Problem 8

MASS-TO-MOLE-CONVERSION FOR COMPOUNDS Calcium hydroxide [Cal0H).] & used to
remove sulfur dicetide from the exhaust gases emitied by power plants and for softening water
by the elimination of Ca®* and Mg®* fons. Calculate the number of moles of calclum ydraxdde
in 325 g of the compound.

1 AMALYZE THE PROBLEM
You are given 325 g of CalOH), and must solve for the number of moles of CafOH). You must
first calculate the maolar mass of CalOH),
L Unknown
mass = 325 g CaiOH), meolar mass = 7 g/mol CalOH],
number of moles = ? mal CajoH),
2 SOLVE FOR THE UNMKNOWN
Determine the molar mass of CajOHL.

tﬁx%nMSQQ Wultipsy the moles of Ca in the compound by the
mokar moss of Ca
Ind'ﬁx-i;“g— ;:31-&3-90 Wulbply the moles of O in the compoand by the
maiar moss of Ok
1008 g H
IWHKT.H-=1MQH Muiltipdy the moles of H in the compeand by the

malar moss. of M.

malar mass = (4008 g + 32009 4+ 2.0% g)

= 7410 g/mal CaloH), Total the mass values.
Use a comvershon factor—ihe inverse of the molar mass—that relates moles to grams.
1l SafoH)

325 gSafor], nmnlﬂm Ca[OH),  Applythe conversion factor Substitute
mass Ca = 315 g, mverse molar mass

Cef0H}, =1 mol7410 g and solve.

3 EVALUATE THE ANSWER
To check the reasonableness of the answer, round the modar mass of CajOH), to 75 gimaol
and the given mass of CalOH), to 300 g. Seventy-five is contained in 300 four times. Thus, the
answer is reasonabde. The unit, moles, i comrect, and there ane three significant figures.

Copyright 0 AMe Crsy- M Ebpdien



Inspare: Chemistry 9-12 Student Edition

oyyrighl € A Crae W Erby dlion

PRACTICE Problems W ADDITIOMAL PRACTICE
40. Determine the number of mokes present in each compound.
& 226 g AghO, b. 65040 2n50, e 350 gHC

41. CHALLENGE Identify each as an konic or molecular compound and conwert the given mass to
moles. Express your answers in scientific netation.

a. 250kgFe O, b. 25.4 mg PbCl,

Eﬁeﬂt‘f

Explain how a chemical formula is used to determine the number of moles in a
given mass of compound.

Converting Mass of a Compound to Number
of Particles

Example Problem 8 illusirated how to find the number of moles of a compound con-
tained in a given mass. Now, you will learn how o caleulate the number of representa-
tive particles—molecules or formula units—contained in a given mass and, in addition,
the number of atoms or ions.

No direct conversion is possible between mass and number of particles. You must [irst
convert the given mass to moles. Then, you can corwvert moles to the number of repre-
sentative particles. To determine the numbers of atoms or ions in a compound, you will
need conversion factors that are ratios of the number of atoms or ions in the compound
0 1 mol of compound. These are based on the chemical formula. Example Problem 9
provides practice in solving this tyvpe of problem.

EXAMPLE Problem 9

CONVERSION FROM MASS TO MOLES TO PARTICLES Aluminum chiofide [ACL) is used in
refining petroleum and mamufacturing rubber and lubricants. A sample of aluminum chioride has a
mass of 356 g.

A How mady aluminum ions are present?

. How mamy chioride lons are present?

c. What Is the mass, in grams, of one formula unit of sluminum chilonde?

1 AMALYZE THE PROELEM

You are given 35.6 g of AICL and you must calculate the number of AP lons. the number of Ci- lons,
and the mass in grams of ane formula unit of AL The ratio of A jons to O lons in the chemical
Toamula i 13, Therefore, the calculated numibers of ions shoawsd be in that same ratic.

Known Unknown

mass = 35.6 g AICL number ol ions = 7 AP~ jons
number of lons = 7 Cl- jons
mass = 7 gformula unit AL



EXAMPLE Problem 9 continued)

2 SOLVE FOR THE UNEKMNOWN
Determine the molar mass of AICL

2650 g Al

iImﬂx—.‘W=lﬁﬂ-ﬂ-gﬂ Multiply the males of Al in the
compaund by the moler mass of AL
3meHCT x 300 = 10635 C) Multisly the males of Cl in the

compound by the moler mass of CL.
malar mass = [26.98 g 4 106:35 g} = 13333 g/miol AICI,  Total the malar mass values.

Use a conversion factor—the inverse of the molar mass—that redates moles to grams.

1mat AIC1,
mmxm=mm: Apply the comversion Tactor.

1 mal AJC, _
35.6 gaiCl, X T gt = 0287 maol AKCL Substitute mass ACI, = 356 g and inverse

molar mass AR, =1moli333 g and obe,
Use Avogadna’s number.

0267 metAaCT, » % Multiply and divide numbers and units.

= 161 % ¥ farmula units ARCI,
To calculate the number of AP and CI- jons, use the rathos from the chemical formula as

COMeersion factons.

mxﬁ“mxiﬁ% Multiply and divide rambers and units.
=161 ¥ 107" AP* lons

161 % 107 M| feemuter TE % —n o 1005 Multsply and divide rumbers and units.

[FraEm———
= 483 » 107 CI- ions
Catculate the mass in grams of one formula wunet of AICL. Use the imverse of Avogadi’s numbes
a5 & conversion factar.

i s 1l Sub 201, = 13333 g and sohee.
Tper " E02 = 107 formisa unis e S 2

= 2.1 ¥ 10 g AICL Mormiula unit

3 EVALUATE THE ANSWER
A mindrmurm of three significant flgures is used in each value in the calculations. Therefare, the
answers have the comect number of dgis. The number of CI ions is thiee times the mamber of A%

lons, as predicied. The mass of @ fonmula unitof AICL can be checked by caiculating It in a different
wiy. Divide the: sample mass of 01 (356 gj by the number of formiula units contained in the mass

(.51 = 10 formula wnits) to obtain the mass of one formiula unit. The hwo enswers are the same.

Copyright 0 AMe Crsy- M Ebpdien
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PRACTICE Problems W ADDITIOMAL PRACTICE
42, Ethanol {C H,OH]), a domestically produced fuel source, i often blended with gasoline.
A sample of ethanol has a mass of 456 g.
a. How many carbon atoms does the sample contain?
b How many hydrogen atoms ane present?
¢. How many cxygen aloms are present?
43. Asample of sodium sulfite (Na,50.) has a mass of 225 g.
a. How many Ma* lons are present?
b. How many S0, s are present?
€. What is the mass in grams of one formula unit of Na 50,7
44, A zample of carbon dioxide (CO.) has a mass of 52.0 g.
&, How many carbon atoms are present?
B. How many asyien aloms are present?
€. What is the mass in grams of one moleculs of CO_?
45. What mass of sodium chioride {MaCl) contains 4.59 x 107 formula wnits?
46. CHALLENGE A zample of siiver chromate has a mass of 258 g
a. Write the formula for sibver chromate.
b. How many cations are present in the sample?
e. How many ansons are present in the sampde?
d. What is the mass in grams of one formala undt of sfver chromeate?

Conversions bebween mass, moles, and the number of particles are summarized in
Figure 11, on the next page. Mote that molar mass and the inverse of molar mass are
conversion [actors between mass and number of moles. Avogadro’s number and its
inverse are the conversion faciors between moles and the number of representative
particles. To convert between moles and the number of maoles of atoms or ions
contained in the compound, use the ratio of moles of atoms or ions o 1 mobe of
compound or its inverse, which are shown on the upward and downward arrows in
Figure 11. These ratios are derived from the subscripts in the chemical formula.

EGH it?

State whether it is possible to directly convert mass to the number of particles.
Explain your reasoning.

SCIENCE USAGE V. COMMOMN USAGE

convert

Selence moge: to calculate an equivalem value, s a5 for wnits

of measurement

i can convert the aumber af mofes of 3 substance info the membar

of mofecoles.

Common usage: to modify [something] so as to sene a dilerent funcion
They are going to comvar the naroen shed into 3 workshap.
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Figure 1 Note the cepdral pasition of the
moke. Ta go fram 1edt, right, ar iog of the
diagram ta ay ather place, you mus go
through the mole. The comersion factors
on the arows provide te means for

making the convessions

maol atoms or iuru*

CompoLEn|

Males of
atoms or ions

1 mal com nd
mal atoms or ons

\ 4

= =

compound particies

\B Check Your Progress

Summary

+ Subscripts in a chemical for-
mula indicate how many moles
of each element are present in
1 mol of the compound.

+ The molar mass of a compound
is calculated from the molar
masses of all the elements in
the compouwnd.

« Conwersion factors are based
on a compound’s molar mass
and are used to convert
between moles and mass of a
compound.

« The fact that atoms are can-
sarved in a reaction s import-
ant because scentists, with
knowledge of the chemical
properties of the atoms, are
then able to predict and
describe chemical reactions.

Demonstrate Understanding

47. Describe how to determine the molar mass of a
compound and how the molar masses of the ions that
make up a compound during its formation relste to
the law of conservation of mass.

48. Use units to create the conversion factors needed to
convert between the number of moles and the mass
of a compound in multi-step problems.

45 Explain how you can determine the number of atoms
or iens in @ given mass of a compound.

50. Apply How many moles of K, C, and O are there in
1mol of K,C,0,7

51. Calculate the molar mass of MoBr.

52. Calculate Calcium carbonate is the calcium source
for mamy vitamin tablets. The recommended daily
allowance is 1000 mg of Ca® ions. How many moles
of Ca** does 1000 mg represent?

53. Design a bar graph that will show the number of
mzles of each element present in 500 g of a particu-
lar form of dioxin {C_H C1,0.). a powerful poison.

LEARRKNSMART S Goonine to follow your personalized leaming path to review, practice,
and reinforce youwr undersianding.

Copyright TM: Crar- I Edaraion
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LESSON 4
EMPIRICAL AND MOLECULAR FORMULAS

FOCUS QUESTION
Can different molecules have the same ratio of elements?

Percent Composition

Chemists, such as those shown in Figure 12, are often involved in developing new
compounds for industrial, pharmaceuotical, and home wses. After a synthetic chemist
{one who makes new compoands) has produced a new compound, an analytical
chemist analyzes the compound to provide experimental proof of its composition and
its chemical formula. Empirical evidence, information collected by observation or
experimentation, is an important part of acquiring scientifc knowledge.

It is the analytical chemist's job to identify the elements a compound contains and
determine their percents by mass, Gravimetric and volumetric analyses are
experimental procedures based on the measurernent of mass for solids and

liquids. respectively.

Figure 12 New compounds are fest made on & small scale by a synihetc chamist like e ane shown on
the kel Then, an anafytical chemist, like the one shown on the right, analyzes the compound to veriy ks
strsctiare and percent composition.

.%

COLLECT EVIDENCE INVESTIGATE
[ Use your Sclence Joumalts | 0VGO ONLINE to find these activities and mare rescurces.
recond the evidence you colled as &Lﬂlﬂ‘!lﬂ"‘. Mole Rathos
you complets the readings and Obitain infoemation and wee mathematics o calculate the proportion and quantity of cations
actwities in thss lessan. 1o anions in an jonic compound.
5:, Gubck Imestigation: Analyze Chewing Gum
Anahyre and interpret data to caloulats the quantity of sweeleners in chewing gum.




Percent composition from experimental data

Ta determine the percent compasition of an unknown compound, experimental analvses
are first used to determine the mass of each element in the sample. For example, consider
that a 100-g sample of a compound was determined to contain 55 g of Element X and 45 g
of Element . The percent by mass of any element in a compound is then found by
dividing llhemassdﬂreelementb}rllremassuﬂhemmpnmﬂami roultiplyving by 104

percent by mass (element) = ﬁ:‘—ﬁ:——t = 100

Because percent means parts per 100, the percents by mass of each elements is calou-
lated as showr.

lﬁﬁﬂmd tx[:a-flm—SEﬂ; lement X
= e n

iﬁ-_ﬁel:mmt‘l"
Lo compound

Thus, the compound is 55% X and 45% Y. The percent by mass of each element in a

compound is the percent compasition of a cormpound.

Percent composition from a chemical formula

The percent composition of a known compound can be determined from its chermical formula.

T dov thiis, assume you have exactly 1 mole of the compound and vse the chemical formula to

mh:iah&mcmmlrﬂ'smdarnﬂsiﬂumdﬂunﬁmﬂumﬂﬁnfmdﬂhmﬂﬂhamﬂhd

the compound by multiplving the element’s molar mass by its subscript in the chemical

formula. Finally, use the equation bebow to find the percent by mass of each element.

The percent by mass of an element in a compound is the mass of the element in 1 mol of the
compourd divided by the malar mass of the cormpoand, rraltipled by 100,

® 100 = 45% element Y

Percent by Mass from the Chemical Formula

mass af element in 1 mal af compound
percent by mass = g i 100

EXAMPLE Problem 10

CALCULATING PERCENT COMPOSITION Sodium hydregen carbonate (NaHCO ), also called baking
soda, & an aclive ingredient in some antacids used for the relief of indigestion. Determine the percent

compasition of MaHCO,

1 AMALYZE THE PROBLEM
You are given only the chemical formula. Assume you have 1mol of NaHCO, . Calculate the malar
mass and the mass of each element in 1 mod to determine the percent by mass of each element in
the compound. The sum of all percents should be 100, althowgh your answer might vary shghily due

fo rounding.

Known Unknawn

formula = NaHCO, percent Na =7
percentH =7
percent C =7

percent O =7

Copyright 0 AMe Crsy- M Ebpdien
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EXAMPLE Problem 10 (continued)

2 SOLVE FOR THE UNKNOWN
Determine the molar mass of MaHCO, and each element’s coniributicn.

1m:%=ﬂgﬁguﬂ Multipty the: moksr mass of Na by the number
of MNa atoms in the: compound.
1008 g H
1M.ﬂ'1ﬁ_‘—_=mgH Mudtiply the molar mass of H by the numiber
of H atoms in the compound
wagt
1 me =12 MgC Muftiphy the molar mass of C by the number
of C atoms in the compound.
MR‘—L:'%::‘E.MQG Multiphy the maksr mass of O by the nuember

of O doms o the compotnd,
mular mass = (X299 g 4+ L008 g + 12.01g + 48.00 g) Total the mass valkues.

= 8401 g/miol NaHC O,
Use the percent by Mass equation.
mass of element in 1 mole of compound 5
% mass element = : = 4 X100  Stete the eguation
2390 g
percent Ma = —re— % 100 = 37.37% Na Substituie mass of Ma in 1 mol compownd =
2295 gfmol and molar mass NaHCO, =
24.01 gimol. Calculate % Ma.
H —g—"w.l 100 =1200%H Subst of Hiin 1 mal d = 1008 gimal
percent H = o ® = Rute moss i 1 mal compound = gim
and molar moss NaHCO, = B4.01 g/mol. Calculate % H.
.on
percent C = - xW00=M30%C Substitule mass of Cin mol compound = 12,01 gémeal
and molar mass NalCO, = B4.01 g/mol. Calculate % 0
480409

percent O = —pprer ® 100 = 5TM% 0 Substitute mess of O i 1 mol compaund = 48,00 gimal
and molar mass MeMHCO, = B401 g/mol. Calculate % 0.

MaHCO, is 27.37% Ma, 1.200% H, 1.30% C, and 5714% O.

3 EVALUATE THE ANSWER
All masses and molar masses contain four significant figures. Therefore, the percents ane conectly
stated with four significant figures. When rounding eor is accounted for, the sum of the mass

percents (s 100%, as required.

PRACTICE Problems W ADDITIOMAL PRACTICE

4. What is the percent compasition of phesphoric acid (H,PO 2
65. Which has the larger percent by mass of suffur, H 50_or H S 0 2
B6. Caiclum chioride (CaCl) s sometimes used as a de-icer. Calculate the percent by mass of each
element in CaCl,_
57. CHALLENGE Sodium sulfate ks used in the manufaciure of detergents.
a. Ildentify each of the component etements of sodium sulfate, and write the compound’s
chermical formaula.
b. Identify the compound as lonic or covalent.
e, Calculate the percent by mass of each element in sodium sulfate.
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Empirical Formula

When a compound’s percent composition is known, its formula can be
calculated. First, determine the smallest whole-number ratio of the moles of
the elements in the compound. This ratio gives the subscripts in the
empirical formula. The empirical formula for a compound is the formola
with the smallest whole-number mole ratio of the elements. The empirical
formula might or might not be the same as the actual molecular formula. If
the two formulas are different, the molecular formula will always be a
simple multiple of the empirical formula. The empirical formula for
hvdrogen peraxide is HO; the molecular formola is H.O,. In both formulas,
the ratio of oxvgen o hydrogen is 1:1.

Percent composition of elements in a given mass of compound can be used
to determine its formula. If percent composition is given, use a total mass of
the compound as 100,00 g and the percent by mass of each element as the
mass of that element in grams. This is shown in Figure 13, where 100.00 g
of the compound contains 40.05 g of 5 and 59.95 g of O. Each mass is then Figure 13 You can always

converted to moles. assume that you have a
Wi samgle of the
40.05 g5 ® EJE%% = 1.249 mol 5 comnound and use the

percents ol the alements as
masses of the elements.

59.95 g8 x %’ﬁa’;—% = 3.747 mol O

Thus, the mole ratio of 5 atoms 1o O atoms in the oxide is 1.249:3.747. Since the values
are not whole numbers, vou convert the ratio to whole numbers by dividing by the
smallest value. This does not change the ratio between the two elements because both
are divided by the same number.

1M mal 5 _

3747 mal O _
T 1 maol 5

Thus, the empirical formula is 50,

E Get It?

Describe the expenmental data that is needed to caloulate percent composition of an
unknown compiound.

EXAMPLE Problem 11

EMPIRICAL FORMULA FROM PERCENT COMPOSITION Methyl acetate is a sokent commaonly used
in some paints, inks, and adhesves. Determine the empirical formula for methyl acetate, wihich has the
fotlowing chemical analysis: 48 B4% carbon, BABE hydrogen, and 43.20% maygen
1 AMALYZIE THE PROELEM
You ane given the percent composition of methyl acetate and must find the empirical formula. Use
each pencent by mass as the mass, in grams, of the element in a 100.00-g sample. Then, cormert
frorm grams to mobes and find the smallest whole-number retio of moles of the elements,

K rawn Unknown

percent by mass C = 48.64% C empirbcal formula = 7
percent by mass H = BI6% H

percent by mass O = 43 20% O

Copyright 0 M Crse- M Ebpdien
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EXAMPLE Problem 11 [continued)

2 SOLVE FOR THE UNKNOWN
Courvert each mass to moles using & conversion factar that relates moles to grams.

ﬂ.ﬂﬁfﬂ%‘ﬁ.:iﬂﬁﬂmc Zubsiitute mass C = 48,64 g, iveerse molar mass
C = 1molTZ.01 g. and calculste moles of C

EﬁMRﬁ%nﬂﬂMH Substitide mass H = B16 g, inverse molar mass
H = 1 molft 008 g and calculate moles of H

Emgﬂx%ﬂ%ﬁmma Substitite mass O = 4320 g, irverse molar mass

0 = 1 moi15.00 g, and calcidate moles of O.

Mext, caloulate the simplest ratio of moles by dhviding the mofes of each element by the smallest
calculated value.

A050malC — 1500 mel C = 15 mel C Dévide moles of C by 2700
B0 maH — 3.00 mel H = 3 mol H Divide moles of H by 2700.
2700000 _ 1000 mol O = 1 mol & Diivide moles of O by 2700,

The simplest mole ratio & (1.5 mal C) 2 (3 mal H) : {1 mol O). Multiply each nember inthe rato by the
smalliest number—in this case 2—that ylelds a ratio of whole numbers.

2x15malC=3molC Multipty males of C by 2 to obtain o whale number.
Zx3imolH=6molH Multiply moles of H by 2 fo obiain & whols number.
2 x1mol 0= 2maoal O Mubtiply moles of O by 2 1o cbtain a whole numiber

The simplest whole-number ratio of atoms is (3 gtoms C} 2 (B atams H) @ {2 atoms O). Thus, the
empirical formula of methyl acetate is C H O .

3 EVALUATE THE ANSWER
The cabculations are comrect, and significant figures have besn observed. To check that the formula
ts correct, you can calculate the percent composition represented by the formula.

PRACTICE Problems W, ADDITIOMAL PRACTICE

68. The circle graph at the right gives the percent composition for a biue
solid. What is the empirical formula for this solid?

B59. Determine the empirical formuada for & compound that contains
35.98% aluminum and 64.02% sulfur.

60. Propane Is a hydrocarbon, & compound composed only of carbon
and hydrogen. It is 8LE2% carbon and 18.18% hydrogen. What is the
empirical formula?

61. CHALLENGE Aspirin is the world's most-often used medication.
The chemical anatysis of aspiin indicates that the molecule (=
B0.00% carbon, 4 44% hydrogen, and 35 56% oxyogen. Determine the
empirical formula for aspirin.

lfdi'l.-'iding by the smallest mole value does not vield whole numbers, each mole value
must then be multiplied by the smallest factor that will make it a whole number, as is
shown in Example Froblem 11.
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Molecular Formula

Would it surprise vou to learn that substances with distinctly diffevent properties can
hawe the same percent composition and the same empirical formula? How is this
possible? Remember that the subscripts in an empirical formula indicate the simyplest
whole-number ratio of moles of the elements in the compound. However, the simplest
ratio does not always indicate the actual ratio in the compound.

To identify a new compound, a chemist determines the molecular formula, which
specifies the actual number of atoms of each element in one molecule or formula unit of
the substance. Consider the element in Figure 14. Acetylene gas has the same percent
composition and the same empirical formula (CH) as benzene, which is a liquid. Yet
chemically and structurally, acetylene and benzene are very different

To determine the molecular formula for a compound, the molar mass of the compound
must be determined through experimentation and compared with the mass represented
by the empirical formula. For example, the molar mass of acetylene is 26.04 g/mol, and
the mass of the empirical formula (CHJ is 13202 g/mol. Dividing the actual molar mass
by the mass of the empirical formula indicates that the molar mass of acetylene is two
times the mass of the empirical formuola.

experimentally determined molar mass of acetylens 26004 goenil
e = e = 2.000

Because the molar mass of acetylene is two times the mass represented by the empirical
formula, the molecular formula of acetviene must contain twice the number of carbon
and hydrogen atoms as represented by the empirical formula.

Similarly, when the experimentally determined molar mass of benzene, 78.12 g/mol, is
compared with the mass of the empirical formula, the molar mass of benzene is found
to be six times the mass of the empirical formula.

rxperimentally determined maolar mass of benrene 7512 g mol
mass of the empirical formuls CH T 1Bmg = 6.000

The molar mass of benezene is six times the mass represented by the empirical formaula,
50 the molecular formula for benzene must represent six times the number of carbon
atoms and hydrogen atoms shown in the empirical formula. You can conclode that the
molecular formula for acetviene is 2 % CH, or
C_H_, and the molecular formyula for benzene is
6 ®x CH, or E.,Hu- A molecular formula can be
represenied as the empirical formula multiplied
by an integer n.

malecular formula = (empirical formlajes

Figure 14 Acelylene 5 a gas
used for welding bedause of the
high-tempedature flame produced
wihen IS bumad wilh oxygen.
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The integer n is the factor (6 in the example of benzene above} by which the subscripts
in the empirical formuola must be muoltiplied to obtain the molecular formula. The steps
in determining empirical and malecular forrmulas from percent composition or mass
data are outlined in Figure 15. As in other calculations, the route leads from mass
through moles because formulas are based on the relative numbers of moles of elements
in each maole of compound.

Esxpiast parcant by
TGS B QEAME.

Find tha numbaer of
okt of ach elcon.

Examing s Mmoo rago.

‘Wiriba tha empirical fommia

Dwtarming the integer Shal
ralaies the emgrcal and

MbuiEpdy the subscripts by n.

‘Hirita the molecular formuda

Figure 16 Use this flowechart e guide you thoawgh the steps in detarminmg the
emgpirical and molecular formulas for compouris.

EXAMPLE Problem 12

DETERMINIMNG A MOLECULAR FORMULA Succinic acid 15 a substance produced by lichens.
Chemical analysis Indicates It s composed of 40.68% carbon, 5.08% hydrogen, and S4.24%
oxygen and has a molar mass of TES gfmol. Determine the empircal and molecular formulas fog

succinic acid.
1 AMALYZE THE PROBELEM
Wou are given the percent composition. Assume that each percent by mass represents the
mass of the element in a 100.00-g sample. You can compade the given modar mass with the
mass represenied by the empirical formula to find m.
Knawn Unkeniown
percent by mass C = 40.68% C emplrical formula = ¥
percent by mass H=508%H molecular formula = 7
percent by mass O = 54.24% O

malar mass = M81 g/mod succinic acid



EXAMPLE Problem 12 jcontinued)

2 SOLVE FOR THE UMEMOWM
Use the percents by Mass as masses in grams, and convert grams to mabes by using a
coméersion factor—the inverse of molar mass—that relates modes to mass.

lﬂ.ﬁﬂﬂ-ﬂ!%:lmmc Substiiuis mass C = 4068 g, mverie molar mass
C = 1 moliZ0 g. and solve for moles of C,

508 g = tm;iruﬁ.n-lman Substifiie mass H = 5.08 g, imverse molar mass
H = 1 maod1ODE g, and sohe for moles of M.

M@xﬁ&:iﬂmn Substituie mass 0 = 54 24 g, inverse mokar mass

0= 1 mol18.00 g, and solve for moles of O

The mole ratio in succine achd is (33387 mol C} : {5.04 maol H] - (3,390 mol 4).

Mesxt, calculate the simplest ratio of moes of elements by dividing the modes of each
element by the smiallest value in the calculated maode ratio.

Tiﬂmﬂlﬂ D‘i‘lﬂdEITI:I|ﬂd|:hf3.m.
%:HBMHA:‘LEMH Diivicke males of M by 3387

330moi0 _ 1601 mol O = 1mol O Divide majes of O by 3387,

The simplest mode ratio is L1151 Multiphy all mole values by 2 to obiain whole numibers.
2x1moiC=2maiC Whultiply males of C by 2.

2x15molH =3 mal H Multipdy moles of H by 2

2x1moi0 =2mal 0 Mustinty mreales of O by 2,

The simpiest whole-number mole ratio is 2:3:2. The empirical formula is CH O
Calbrulate the empirical formula mass using the molar mass of each element.

2Mgc
Inﬂ'ﬂ'x—.'mg—nzlﬂﬂgt Multipy the molar mess of C by the moles of
C atoms in the compound.
1o008gH
3”‘“’31&-:1&2#?” Multinly the molar mass of H by the males of
H stoms in the compound.
g0
2 et ¥ — gﬂ =3200g90 Musitipnty the: mokar mass of O by the moles of
0 atoms in the compound.
molar mass CHO. = (24029 + 3024 g
+ 32,00 g) = 59,04 g'rmiol Total the mass values.
Divide the expersmentally determined molar mass of succink acid by the mass of the empirkcal
formiula to determine .
"nrmiarmaﬂanl'macﬂn e gl = 2000
modar mass of CHO, 55,06 gyl
Multiply the subscripts in the empincal formula by 2 o detemine the actual subscripts in the
molecular formata
2 % [CH,0) = CHO,

The molecular formula for succinic acid is CH.O .
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EXAMPLE Problem 12 {continwed)

3 EVALUATE THE ANSWER

The calculation of the molar mass from the molecular formula gives the same result as the
given, experimentalhy-determined molar mass.

EXAMPLE Problem 13

CALCULATING AN EMPIRICAL FORMULA FROM MASS DATA The mineral imenite is wsually
mined and processed for titanium, a strong, lBght, and flexible metal. & sample of limenite contains
5.41g of iron, 4.64 g of titanium, and 4.65 g of cxygen. Determine the empincal formula for
Emeinite.

1 ANALYZE THE PROBLEM

You are given the masses of the elements found In & known mass of Imenite and must
determine the empirical formula of the mineral. Convert the known masses of each element 1o
mdes, then find the smallest whole-number ratio of the moles of the elements.

Knawn Unik o
mass of iron = 5.41g Fe empirical formuls = 7
mass of thanium = 464 g Ti

mass of mygen = 46590
2 SOLVE FOR THE UNKNOWN

Comvert each known mass to moles by using a conversion factor—the inmverse of molar
mass—that relates moles 1o grams.

1 mal Fo

EMWKWJMMFE uitiply mass Fe = 541 g by fhe imerse molar mass
Fe = 1mol55.85 g, and calculsie moles of Fe

I.Mﬁx%:MEQMTl Multiphy mess Ti = 464 g by the inverse molar maszs
Ti = 1 mold7 87 g. and calculate moles of Ti.

.65 g X ImalD _ 0991 mal O Multiply meass O = 485 g by the lnverse moksr mazs

0 = 1 mol1E.00 g, and calcudate moles of O

The mineral ilmenite has a mode ratio of (0.096% mal Fe) @ POU096S maod T4 @ (0U291 mol O
Calculate the simplest ratie by dividing each mole valse by the smallest value in the ratio.
00965 mol Fo

S oaea = 1mol Fe Diviche moles of Fe by 0.0963
SRSl mal T Divide moles of Ti by 0 0965
ABRmA0 — EmalO Divide moles of O by 0.0969:

Because all the mole values are whods numbers, the simplest whole-number mole rakio s
{imed Fe) : (1 mad Ti) : (3 mol O). The empirical formuls for ilmenite i FeTiO .

3 EVALUATE THE ANSWER

The mass of iron is slighily greater than the mass of titanium, but the molar mass of iron is also
slightly greater than that of titanlum. Thus, it is reasonable that the numbers of moles of iron
and titanium are equal. The mass of titanium |s approximately the same as the mass of oxygen,
buit the malar mass of cxygen is abowt one-third that of taniem. Thus, a 3:1 rato of oofgen o
titanium s reasonable.
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PRACTICE Problems W ADDITIOMAL PRACTICE

62. A compound was found to confain 49.98 g of carbon and 1047 g of
hydrogen. The molar mass of the compound 5 5812 gimel Determine
the molecular formuia

63. A colordess hguid composed of 46.68% nittogen and 53.32% oxygen
has a molar mass of 60004 g/mol What is the malecular farmula?

64, When an oxide of potassium s decomposed, 19.55 g of K and 4.00 g
af O are obtained. What & the empirical formula for the compound?

656. CHALLENGE Analysis of & chemical used in phaotographic developing
fluid yielded the percent composition data shown in the cirche graph o

the right. if the chemical's molar mass is 0.0 g'mal, what s
its malecular formula? | Bement | Massig) |

S45%

66. CHALLENGE Analysis of the pain reliever morphine yielded | carbon 17.900
the data shown in the table Determine the empirkcal formla hydrogen 1620
of morphine. s I e
CoygEn 4235
nrogen 1338
'& Check Your Progress

Summary Demonstrate Understanding

+ The percent by mass of an &7. Assess A classmate tells you that based on empirical
element in a compound gives evidence a compound’s mobecular formula is 2.5
the percentage of the com- times its empirical formula. Explain whether he is
pound's total mass due to that correct or not. Describe what experimental data was
element. needed to calculate the formula,

+ The subscrpts in an empincal &8 Calculate fnalysis of 8 compound composed of iron
formula give the smallest and oxygen yields 174.86 g of Fe, 754 g of O. What
whole-number ratio of moles of is the empirical formula for this compound?
elements in the compound. £9. Calculate An oxide of aluminum contains 0.545 g of

+ A mobecular formula gives the Al and 0845 g of O. Find the empirical formula for
actual number of atoms of each the oxide.
element i1_-a molecule or 70. Explain how percent compasition data for a
formula unit of a substance. compound are related to the masses of the elements

+ A mobecular formula is a whole in the compouwnd.
number multiple of the empiri- 71. Explain how you can find the mole ratio in a chemical
cal formula. Eumpm.-'i

72. Apply The molar mass of a compound is twice that
of its empirical formula. How are the compound’s
molecular and empincal formulas related?

73. Analyze Hematite (Fe O ) and magnetite {(Fe, O ) are
two ores used as souwrces of iron. Which ore provides
the greater percent iron per kilogram?

LEARRNSMAIRT Goonline to follow your personalized leaming path to review, practice,
and reinforce youwr understanding.
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LESSON 5

FORMULAS OF HYDRATES

FOCUS QUESTION
How can you determine the amount of water in a hydrate?

Naming Hydrates

Have you ever watched crystals slowly form from a water solution? Sometimes, water
molecules adhere o the jons as the solid forms. The waler that becomes part of the
crysial is called water of hvdration. Solids in which water molecules are irapped are
called hvdrates. A hydrate is a compound that has a specific number of water molecules
bound to its atoms. Figure 16 shows the gemstone known as opal, which is hydrated
silicon dioxide 15{0,} The coloring is the result of water in the mineral.

In the forroula of a hvdrate, the number of water molecules associated with each forrmnla
unit of the comnpound is written Enhvhgaﬁnlinmemﬂmdaliarnuﬂa—ﬁa:m:-lﬂl-lzﬂ.
This compound is called sodium carbonate decahydrate. In the word decaiiydrate, the prefiv
deci- means levr and the root word inydrate refers to waler. A decahwdrate has ten water
molecules associated with one formula unit of compound.

The mass of waler associated with a formula unit monst be included i all modar mass caloula-
tions. The number of water moleoules associated with different hwdrates varies widely. Some
cornmion hwdrates are listed in Table 1, on the next page.

Figure 16 The presence ol waler aod
warious mineral impurites accounts for
the varety of diferent-oolored apats.
Furthes color changes ocoor when apals
are alowed to dry out.

1::_| 3D THINKING DCl Disoplinary Coro 1deas CoE Crosscutiing Concegty

COLLECT EVIDENCE INVESTIGATE
|2 vse your Science Joumalts | 0VGO ONLINE to find these activities and more rescurces.

rectd the evidence you collert as ChemLAB: Determine the Formula of & Hydrate

you comalete e readings snd Analyze and interpret data bo caiculale the proporion of mokes of water in a hydrated

actwibies in thes lesson comgound.
=) Inquiry into Chemistry: Saive It: Mystery of the Missing Mass
Use mathematics and compatational thinking to calewate the quantity of percent water of
Epscen salt and washing soda.
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Tabie 1 Formulas of Hydrates

Molecules

Mono- 1 NHLC. O, « HO ammonium oxalkate monohydrate
. Dk . r CaCl__I + EH]CI- . EaII'Jun!; chlonde dihydrate .
. Trl- 3 - MNaC H.O, < 3H O . sodium acetate trihydrate
- Tetra- 4 - FePO, —-dHJG . ironflll] phosphate tetrahydrate

!F';Eﬂ[.a- 5 lt.‘iu.ﬁ::l4 , 5H.O mppelrlll] sulfate pentahydrate

Hexa- -] CoCl, - 6HO cobalt(l] chioride hexahydrate

Hepta- 7 MgSO, - TH O magresium sulfate heptamydrate

Ocia- 8 Ba(OH), - EH.O barium hydroxide octahydrate

Deca- W0 MNa O, - 10H,0 sodiurm carbonate decahydraie

Figure T1 ‘Waier of hydralisn can be removed Dy heabing & hydraie, producing an anhydrows compownd That
can look very differeant from Bs hyraded fom

P! =] LWl - i r =¥
Analyzing a Hydrate

When a hvdrate is heated, water molecules are driven off, leaving an anhydrows
compound, or ene “without water.” See Figure 17. The series of photos show that
when pink cobalt{ll} chloride hexahvdrate is heated, blue anhydrous cobalt(ll) chloride

is produced.

It is possible to determine the formaula of a hvdrate by performing experiments and
collecting empirical evidence, or data through observations, that can be used to caleu-
late the formmula. You muest find the nomber of moles of water associated with 1 maol of
the hydrate. Suppose you have a 5.00-g sample of a hydrate of barium chloride. You
know that the formula is BaCl, - xHLO. You must determine x, the coefficient of H O in
the hydrate formula that indicates the number of moles of water associated with 1 mol
of BaCl . To find x, you would heat the sample of the hvdrate to drive off the water of
]T_\'Iil".il.il.-'l.l'l.. After heating, the dried substance, which is anhydrous BaCl, has a mass of
4.26 g. The mass of the water of hvdration is the difference between the mass of the
hydrate (5.00 g) and the mass of the anhydrous compound (4.26 gl.

Copright B Crm-H I Edhration Ml R bkes

5.00 g BaCl, hydrate - 4. 26 g anhwdrous Ba(Cl, = 0.74 g H.O
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You now know the masses of Ba(l, and H_{} in the sample. You can convert these
masses to moles using the molar masses. Tl'u. maolar mass of E.lll'l is 20823 g/mol, and
the molar mass of I[ O iz 18.02 g/maol.

1 mol B2l
4.26 g Bal, x ﬂ,3T3£Mq, 0.0205 mol BaCl,

1l mal H,O

0.74 g8 X jrgr g = 0041 mol HO

MNow that the moles of BaCl, and H,O have been determined, vou can calculate the ratio
of moles of H O to maoles of BaCl, which is x, the coefficient that precedes H O in the
forrmada for the hvdrate.
mades H,O 0041 maol HLO 20 mel H.O 7
T= moles BaCl, — 00205 mol BaCl, — 100 mal BaCl, — 1

The ratio of moles of H:['J o moles of |3.‘|1:]__ iz 2:1, 50 2 mol of waler is associated wilth
1 mol of barium chloride. The value of the coefficient ¥ is 2 and the formola of the
hydrate is BaCl, - 2H.O. What is the name of the hvdrate?

E Get It?

Explain what empirical evidence is needed to determine the formula of a hydrate,
and describe how the data is obtained.

Have you ever Laken a bath in Epsom salt to sooth vour sore muscles? Epsom salt is
magnesium sulfate heptahydrate, with 7 water molecules (Mg50, « 7H,0). Magnesium
from this salt is absorbed ﬂ'na'uuhh skin, which can reduce inflammation. This hvdrated
salt appears much like table salt, as shown in Figare 18, but is tvpically coarser grained
when used in bathwater or aquariums. Epsom salt is also used in gardening and agricul-
twre as a supplement for magnesium deficient soils. The mineral name is epsomite,
which precipitales from mineral solutions and is lound encrusted on limestone cavern
and mine wall surfaces. It was first described in 1806 in deposits near the market town
Epsom, in Surrey, England.
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EXAMPLE Problem 14

DETERMIMING THE FORMULA OF A HYDRATE A mass of 250 g of blue, hydrated copper
sulfate (Cus0, - xH O} Is placed in a crucible and heated. After heating, 1.59 g of white anhydrous
copper sulfate (Cus0,) remains. What is the formula for the ndrate? Mame the ydrate.

1 AMALYZE THE PROELEM
You are given a mass of mpdrated copper sutfate. The mass after heating is the mass of the
anhydoous compound. You know the formula for the compound, except for x, the number of
makes of water of hydoation.

Enown LTS
mass of hydrated compound = 2.50 g CuSO, -xH O formuta of hydrate = ?
mass of anhydrous compound = 1.59 g Cus0, name of hydrate =7

malar mass H,O = 18.02 g/mal H.O
malar mass CuSO, = 1596 g/mal CuS0,

2 SOLVE FOR THE UNKMNOWN
Determine the mass of water lost.

mass of hydrated copper suliste 2504g Subtract the mass of anhydrous CuS0O,
mass of anhydrous copper sulfate —158g from the mass of CuS0, - aH 0,
mess of water kst 0%g

Comvert the known masses of H.O and aniydrous CuS0, 1o moles using a conversion factor—
the imeerse of molar mass—that refates moles and mass.

1 mol CusS0,
mmxmnmmm' SubsBhide mass CuSO, = 159q, imerse

malar mass CuS0, = 1moli59.6g, and soive.
1 mol H,O

O g e = 0050 mol H.O Substiite mass M0 = 091 g, inverse
mokar mass HJEI-: 1molf8.02 g, and solve.
s moles HO Stade the ratic of moles of H.O to
moles CLS0, mrales of CuS0,

Sub=tdige moles of H*l'_'l = 050 maol,
mobes of CuS0, = 0.00996 mol. Divide
nasmbers, and cance! units fo detesmine
the simplest whale-nwember ratso.

The ratio of H,0 to CuS0, is 51, so the formula for the hydrate is CuS0, - SH,O.
The name aof the hydrate is coppernll} sullate pentahydrate.

3 EVALUATE THE ANSWER
Copper (Il sulfate pentahydrate = a common hydrate Ested in Table 1.

PRACTICE Problems W ADDITIONAL PRACTICE

4. The compasition of a hydrate & glven in the circle graph shown
at the right. What is the formula and name of this nydrate?

75. CHALLENGE An 11.75-g sample of & commaon ydrate of cobalt {if)
chioride is heated. After heating., 00712 mol of anfydrous cobalt chloride
remains. What is the formula and the name of this hydrale?

0.050 mol HO E.0 mol HO
DDU9E mol 50, = 1mdl CE0, = =

X =

Copyright 0 AMe Crse- M Lbpdien
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Hydrates and Technologies

Calcium chloride forms three hydrates—a monohydrate, a
dihwdrate, and a hexahvdrate. Anhvdrous calcium chloride
is placed in the bottom of tightly sealed containers called
desiccators. The calcium chloride absorbs moisture from
the air inside the desiccator, creating a dry atmosphere

for other substances.

Electronic and optical equipment is often packaged with
packets of desiccant. Desiccants prevent maisture from
interfering with the sensitive electronic circuitry. While
somie ypes of desiccant simply absorb moisture, other types
bond with moisture from the air and form hydrates.

Some hydrates such as !'«!.a:SI.'JI4 . ml-f.:ﬂ, for exarmple, are
used to store solar energy. When the Sun’s energy heats the
hvdrate o a temperature greater than 32°C, the single
formula unit of Ma 50, in the hyvdrate dissolves in the

10 el of water of hyvdration. In the process, energy is
absorbed by the hydrate. This energy is released when the
temperature decreases and the hydrate crystallizes again

|E Check Your Progress
Summary Demonstrate Understanding
+ The formula of a hydrate 76. Summarize the composition of a hydrate.
E:m?sishufﬂ‘reiumuhufﬂ'e 77 Name the compound that has the formula
ionic compound and the SrCl, « 6H,0, and state the meaning of the symbol
number of water molecules = 6H,0 in the compound.
el Wl ce 78. Describe the empirical evidence and procedures
R needed for obtaining data for calculating the propar-
= The name of a hydrate consists tion of water in a hydrated compound. Explain the
of the compound name fol- reason for each step.
i ""_n:fe i dﬂT“E Wil 79, Apply A hydrate contains 0.050 mol of H,0 for every
o st xcli ey (e fmaitice 0.00998 mol of ionic compound. Write a generalized
of water molecules associated formula of the hydrate.
with one formula unit. ;
i 7 B0. Calculate the mass of water if a hydrate loses 0.025
= Anhydrous compounds are R
formed when hydrates are ot i i
hastad B1. Armrange these hydrates in order of increasing percent

water content: MgSO, - 7H_0, Ba{DH), - 8H O, and
CoCl_ - 6H.0.

22 Apply What empirical evidence can be used to explain
how the hydrate in Figure 17 migit be used as a
means of roughly determining the probability of rain?

LEARKNSMMAMRT Goonline to follow your persenalized leaming path to review, practice,
and reinfarce your understanding.
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Making Cents

The copper color of pennies in a handful of
change makes them stand out from other
coins. That color comes from copper metal, but
the amount of copper in pennies has changed
dramatically since the LS. Mint first started
producing the cent ower 200 years ago.

The Penny: Changes in Copper Composition
The LS. Mint began to produce pure copper
pennies in 1793. From 1837 to 1857, the

Mint decided to use a copper metal alloy,
bronze. An alloy is @ combination of metals
and often has many advaniages over pure
mietals, including harder, more durable, and
cormosian resistant properties. Bronze pennies
contained 95 percent copper and 5 percent
tin and zinc by mass.

[For a few years the Mint switched to using brass,
an alloy of copper and nickel, and then once
again returned to making bronze penmies until
1982. One exception occurred in 1943, during
‘World War I, when copper was in high demand.
In response, the Mint produced a cent made

of zinc-coated steel. These 1943 silver pennies
are the only pennies atiracted to a magnet,
because of the iron in the steel. Accidentally,
about 40 bronze pennies were also made in
thiis year. Their scarcity makes the 1543 bronze
pennies highly prized by coin collectors. In 1556,
a collector bought cne for $82 500

EMGAGE IN ARGUMENT

FROM EVIDEMNCE
Faorm teams to debate whether the penny
should be eliminated. Res=arch points for and
against eliminating the penny to prepare for
the debate.

Dhver the past 200 years, the U5, Mint has produced
pennies made of several different compositions of
copper and ather metals. Since 1982, the Mint has only
produced the copper-codled TN cent

A significant change occurred in 1982, when
the rising cost of copper prompted the Mint to
ook for ways to reduce copper content. Their
solution was to produce copper-plated zinc
pennies. Overall, these pennies are made of
975 percent zinc and just 2.5 percent copper
by mass, but the pennies retain their familizr
copper color.

Copper-plated zinc pennies are produced to
this day, but the cost of producing 3 panmy

is higher than its value: it cost 1.50 cents

to produce a penny in 2016. Due to the
continually decreasing value of a cent, some
are calling for the abolition of the penny.

The debate continues, but fiar now, you'll
keep seeing that copper-colored coin in your
handful of change.

Copyright OMeCrme- M Ecbpation Rk S dissts
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STUDY GUIDE

) GO OMLINE to study with your Science Moteboak:

Lesson 1 MEASURING MATTER

= One mobe of a substance contains Avogadro's number of repre-
sentative particles.

* One mole of carbon-12 atoms has a mass of exactly 12 g

= Conversion factors written from Avogadre’s relationship can be
used to convert between moles and number of representative
particles.

Inspare: Chemistry 9-12 Student Edition

e
Fyogadro's numiber

Lesson 2 MASS AND THE MOLE

* The mass in grams of 1 mol oF any pure substance i called its
moliar mass.

* The molar mass of any substance is the mass in grams of Avoga-
dro’s aumber of representative particles of the substance.

+ Adlolar mass and it neerse are used o comvert between moles
and maks.

molar mass

Lesson 3 MOLES OF COMPOUNDS

* Subscripts in a chemical formuola indicate how many mobes of
each element are present in 1 maol of the compound.

* The molar mass of a compound is caleulated from the molar
masses of all of the elements in the compound.

* Comersion factars based on a compound’s molar mass are nsed
to convert between moles and mass of 2 compound.

Lesson 4 EMPIRICAL AND MOLECULAR FORMULAS

* The percent by ass of an element in a compound gives the
percentage of the compound s tetal mass doe to that ebement.

* The subscripts in an empirical formula give the smallbest
whale-number ratio of moles of elements in the compound.

* The mobecular formula gives the actual number of atoms of each
element in a molecule or krmoks unit of 3 substance.

percerd composstion
ernpirical formuia
méecular formula

Lesson 5 FORMULAS OF HYDRATES
* The formula of a hvdrage consists of the formula of the ionse

compournd and the number of water molecubes associsted with
o formula wnit.

* Hydrate naming consists of the compound name and the word
hydrate with a prefix indicating the number of water malecules
in one formula unit.,

hrpdrate
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==  THREE-DIMENSIONAL THINKING

‘\;fi Module Wrap-Up

REVISIT THE PHENOMENON

How is counting pennies
like counting atoms?

& Claim, Evidence, Reasoning

Explain Your Reasoning Revisit the claim you made when you encountered the
phenomenon. Summarize the evidence you gathered from youwr imvestigations and
research and finalize your Summary Table. Does your evidence support your claim? i not,

revise your claim. Explain why your evidence supports your claim.

STEM UNIT PROJECT

Mow that you've completed the module, revisit your STEM unit project. Youw will

summarize your evidence and apply it to the project

GO FURTHER
[EE3) Data Analysis Lab

How are molar mass, Avogadro’s number, and the atomic
nucleuws related?

A nuclear model of mass can provide a simple picture of the
connections among the mole, molar mass, and the number of
representative particles in a mole.

Data and Obsenvations The hydrogen-1 nucleus contains one
proton with @ mass of 1.007 amu. The mass of a proton, in grams,
has been determined experimentally to be 1672 x 107 g. The
hefium-4 nucleus contains two protons and two neutrons and has
a mass of approximately 4 amu.

Analyze and Interpret Crata

1. Claim What is the mass in grams of one helium atom? (The mass
of a neutron is approximately the same as the mass of a protond)

2. Claim Carbon-12 contains six protons and six neutrons. Draw the
carbon-12 nucleus and calculate the mass of one atom in amu
and g

3. Claim How mamny atoms of
fhydrogen-1 are in a 1.007-g
sample? Recall that 1.0:07 amu
is the mass of one atom of
hydrogen-1. Rowund your
answer to bwo significant
digits.

4. Claim i you had samples of
helium and carbon that
contained the same number
of atoms as you calculated in
Question 3, what would be
the mass in grams of each
sample?

5. Evidence, Reasoning What
can you conclude about the
relationship between the
number of atoms and the
mass of each sample?

Cogpr ght 0 A Conse il Exboiion Rl ae il Echar dion
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STOICHIOMETRY

ENCOUNTER THE PHENOMENON
How much carbon dioxide did
this field of corn need to grow?

&3 Ask Questions

Do you have other guestions about the phenomenon? If so, add them to the driving
guestion bodard.

Claim, Evidence, Reasoning

Make Your Claim LUse your Collect Evidence Use the | Explain Your Reasoning You
CER chart to make a daim lessons in this module to will rewisit your claim and
about how you could figure collect evidence to support explain your reasoning at the
out how miuch carbon dioxide your claim. Record your end of the module.

this field of com needed to evidence a5 you move ‘

o through the module.

G GO OMLINE to access your CER chart and explore resources that can
help you colect evidence.

Py - i |

==y =
LESSOM 1: Explore & Explain: LESSOM 2: Explore & Explain:
Stoichiometry and the Mass-to-Mass Coméersions

Conservation of Mass
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LESSON 1
DEFINING STOICHIOMETRY

FOCUS QUESTION
What can you learn from balanced chemical equations?

Particle and Mole Relationships

When a colorless sodivm hydrogen sulfite (NaHISO ) solulion is
added toa purple potassium permanganate (EMnO ) solution,
the purple color eventually disappears. Why do vou think this
happens? If vou concluded that the potassium permanganate had
bevn used up and the reaction had stopped, you are right. Chemi-
cal reactions stop when one of the reactants & used up. When
planning the reaction of potassium permanganate and sodiam
hvdrogen sulfite, a chemist might ask, “Tow many grams of
potassium permanganate are needed W react completely with a
known mass of sodium hydrogen sulfite?” Or, when analvzing a
photosynthesis resction, vou might ask, “How much eocvggen and
carbon dicoade are needed o form a known mass of sugar?”

Stoichiometry

The study of quantitative relationships between the amounts of
reactants wsed and amounts of products formed by a chemical
reaction s called stoichiometry. Stoschiometry is based on the law
of comservation of mass. Recall that the law states that matter is
neither crealed nor destroved ina chemical reaction, but can
chamge form. In any chermical reaction, the amotint of matter Figune 1 The balanoed chmacal
present al the end of the reaction is the same as the amont of equatsan for this reaction belween
matter present at the begimning, given that atoms are conservid Potnesim B Chiofin: rovices e
during a chemical reaction. Therefore, the mass of the reactants
euals the mass of the products. Note the reaction of potassium
with chlorme shown in Figure 1. Although potassium reacts with
chioring 1o form a new compound, potassium chioride, the total
mass is unchanged, ke

COLLECT EVIDENCE INVESTIGATE

IELHM yous Stience Joumal b Y GO ONLIME to find these cteifies and more resaurces
recond e evidence you colied1 45 | (=373 identify Crosscutting Concepts
youl COMRAEIE e TeRcigs and Creabe a lable of the crosscutting concepts and 1ill in edampsas you find as you read.
actiitios in this lesson

Review the News
Cbtain informatian Trom a curent news Slony about chemical ieactions ang 1he canservalion
ol matier. Evaluaite your scante and commimicate your findings b0 your ciass,

resslonshps bétween I amounts ol

reactants and progucts,

1 iy gl
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Table 1 Relationships Derived from a Balanced Chemical Equation

AFeis) + 30,ig) - 2Fe 0 Is)
lran + axygern — iron {1} oxtiche
4 atoms of Fe + 3 molecules O, - 2 tormula units of Fe 0,
4 mol Fo + Imol O, — 2 mol Fe,0,
2234 gFe + 86,0040, 2 94 g Fe,0,
g4 ;_:-nm —a E'Hr"-l a llm

The balanced chemical equation for the chemical reaction shown in Figure 1 is as
Fallows.

4Fe(s) + 30, (g) — 2Fe.0 ()
You can interpret this equation in terms of representative particles by saving thal four
atoms of iron react wath three malecules of oxvgen to produce twi formula units of
iron{ll) oxide. Remember that cocficients in an equation represent not only numbers
of individual particles but also numbers of moles of particles. Therefore, vou can also
say that four moles of iron react with three moles of oxrgen to produce bwvo males of
iron(TI) oxide.

The chemical equation does not directly tell you anyvthing about the masses of the
reactants and products. However, by comverting the known mole quantities to mass,
the mass relationships become obvious. Recall that moles are converted to mass by
mulliplying by the malar mass. The masses of the reactants are as follows.
55,85 g Fe
| e
RMgo,
3 T w0 Tamber - 96,00 g 01,

e % =2N4gFe

The total mass of the reactants is: (223.4 g + 96.00 g) = 319.4 g. Similarly, the mass of
the product is caleulsted as follows:
2 matFe O ® 11“?— IK;T ;;17 319.4 g Fe,O,
Note that the mass of the reactants equals the mass of the product.
mass of reactants = mass of products

N94pg=M%4g

WORD ORIGHN (2 CROSSCUTTING CONCERTS

stolchlometry ’
Energy and Matter Using Tabile 105 0 guide, oreate a ssmilar
cames from the Greek words stolkheion, sabie for the foil .

which meaans elemenf, and mairon,
wdieh means 1o memiue 2AgND f2g) + K Cr0 [ag) — Ag,CrO js) + 2XNO, faq)

Cite evidence thal the total amourt of malier & conserved
I 1S meAEsan,




By the law of conservation of mass, the lofal mass of the reaclants equals the mass of
the product. The relatiorships that can be determined from a balanced chemical

eqquation are summarized in Table 1,

[!Gm! 144

List ihe types of relationships that can be derived fram the coefficients ina

balanced chemical equation.

EXAMPLE Probiem 1

INTERPRETING CHEMICAL EQUATIONS The combustion of propane [CH ) providies enargy
for heating homes, cooking food, and soldening mefal paris. Interpret the eguation for the
combdstion of propans in terms of representative particles, moles, and mass. Show that the e of

conservation of mass is observed.
1 AMALYZE THE PROBLEM

The cosfficients in the balanced chemical eguation shown below represent Bolh moles and
representative particles, in this case molecules, Therefore, the equatian can be interpreted in
terms of moleculés and moles. The law of conservation of mass will be veribed i the masses of

the reactants and products are equal.

Knawm

CMyig) + 50, ja} — 3CO,ig) + 4H,Olg)
Linknown

Equation interpreted In terms of mobeciles = 7

Equation Interpreted in Isrms of moles =7
Equation interpreted in terms of mass = 7

2 SOLVE FOR THE UNKNOWN
The coefficients in the chemical equation indicate the number of molecules,
1 molecule © H, + 5 molecules O, — 3 molecules £O, + 4 motecules H,O
The coefficients in the chemical equation also indicate the number of moles,
Tmol CH, +Smal O, = 3mel CO, + 4motH,0

Ta verify that mass ks conserved. first convert moles of reactant and product to mass by
ailtiphying by & comeiesion thelor—the Malsr mass—that relstes grams 1o meles

@rarts reacksit o (eoghalt
moles of reactant or produact « !Mﬂm:mﬁu = grams of reactant or produci

44 0%

1 mokEH _iﬁgﬁ%%"‘mﬂ C.H, Tl Goiiiwlim i i, ol thoe dmminin 2,04,
200 g0,
5 me0 x -Tﬁ%:iz'ﬁm}gﬂg Calrvilis 1 missa of pha ies e O,
: 4401gCO .

3 0080 X e = B20 G GO,  abeaibte e s of 1N @ORALT €O

WOy
4 (AalMHET X e =T208gH0O Cabcuilha Phi iR of Th et WO
44.08 g CH, = 180.0 g O, = 204.1 g reactants At S masmes of e Ak
1320 g GO, + 72.08 g HO = 204,1 g products Apig e rsEes o) ik pedunts

2041 g reaciants = J04.1 g products Ths b pl cunzervaton of mase s nimerve)

Fongmpraga = by, sy Pl |8 g
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EXAMPLE Problem 1 (continuad)

3 EVALUATE THE ANSWER
Thie sums of the reactants and the produscts ane comectly stated to the first decimal place
BEcauss each moss iE stouratie 10 the first decimal place, The mass of reactants equats the
mass of products, a5 predicied by the law of consensation of mass,

PRACTICE Prabtems W, ADDTIONAL PRACTICE

1. Ivterpred the following balanced chemical equations in terms. of parcies, moies, snd mass. Show
that the low of conservation of mass 5 observed.
a. H‘lg’f-l-wﬂﬂlhﬂw
b. HCHan) + KOH{ag) — KCifag) + H, O}

e. ZMgis) + Oya) = IMgOis]

2. CHALLENGE Fuor esch af the fallowing, balance the chemical ecuuation; interprel the equation in
teimis of particles, moles, and mass, and show that the law of conservation of mass |5 observed.
B Mafs)+ __ HOfj — ___MNaOHiag) + __ Hjg)

b Znis) + _ _HNOag) —__ Zn{NO Liag)+ __ NOfgl+__ H.Oy)

Male ratios

Yoru have read that the coefficients in a chemical equation

indicate the relationships between moles of reactants and

products. You can use the relationzhips bebwesn coefficients to

dermve comversion factors called mole rathos. A mole ratio is a

ratio between the numbers of moles of any two of the substances

in a balanced chemical equation. Consider the reaction between
potassium (K] and bromine (Br ) to form potassium brommide 3
(KBr), The product of the reaction, the lonic salt potassium

bromide, is prescribed by veterinarians, like the one in Figure 2, -
as an antiepileptic medication for dogs.

2Ki(s) + Hrz{l} — PKBr(s)

Whal mole ratios can be wrilten for this reaction? Starling with
the reactant polassium, yvou can write 8 mole ratio that relates
the moles of potiassium to cach .
of the sther two substances in Figure 2 Patisaiim motal and Hguld Bramine rmact vigorousy 1o foem th ienic
the equation. compound potassiem bromide. Bromine i ore of (be twe elemany tat ars
figikds AL PO 1EMPErMUE (Mercury |5 e ather), Potassaim |5 & heghly reaclive
mi{al. Polassium begamide (5 an (nic £all that i used 1o iresl spilepsy i dogs

ACADEMIC VOCABLILARY
derlve

Ao oblnin fram a spedified sooce

ffa researcher was able to derive fhe
meaning of the iflusfratian from angient
roxis,



Thus, one mole ratio relates the moles of potassium used to the moles of bromine used,

The other maole ratho relates the males of potassium used to the moles of potassium
bromide formed,

2 mop| K 2 mol

1'ﬂ'ur?', and 3 el i:“';'r'

Two ather mole ratios show how the moles of bromine relate to the moles of the other
twor substances in the equation=potas=ium and potassiom bromide.

1 mal Br, 1 mol Br,
Tmolk 29 gl K
Stmnilarly, two ratios relate the moles of potassium bromide to the males of polassium

and bromine.

2mol KBr . 2 mal Kiir
T ol K and i mal fir,

Thiese six ratios define all the mole relationships in this equation. Each of the thres
substances in the equation forms a ratio with the two other substances,

B et

Identify the source from which a chemical reaction’s mole rallos are derived.
The decomposition of potassium chlorate (KCIWOL) is sometimes used o oblain small
amounts of oxygen in the laboratory,

2KCIO, {s) — 2KCHs) + 30,(g)
The maobe ratios that can be wrtien for this reachon are as follows,

2mol KOO, 2 mal KCIO,
Twal iy A0 T,

ZmolRL1 g 2 mal KOO
2 mal KOO, 3 ol 0,
3 mol O, 3 mol O,

2 mol KGIO, *™ Tmol KOT

Note that the number of mole ralios you can wrile for a chemical reaction involving a
total of o substances is (nj{r=1) In the reaction of potassium chicrate, decomposing to
potassium chloride and oxygen gas, there are three substances, So, (){n—1) becomes
{32} = 6, and vou can 2ee that all six maobe ratios have been writben above.
If, & reaction ivolves four, frve, oF even six substances, vou can write 12, 20, and 3
miole ratios, respectively.

Four substances: (403) = 12 mole ratios

Five substances: (5H4) = 20 mole ratios

Six substances: (6H5) = M mole ratios

Eﬁu i

‘Calculate From a 5-hectare com farm, how many tons of carbon dioxide could be
ramaved from the air? A farm this size would aiso produce enough oxygen 1o
meet the needs of how many people? Use the information from the module
apener to answer these questions,

Fogmrags @ iy, sy Tl |8 s
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PRACTICE Problems W ADDITICNAL PRACTICE

3. Determine all posgibie mole ratios fior the lolicwing balanced chemical equations,
a. 4Al1s) + 30,lg) — 24,0 i)
b, 3Fe(s] + 4H,0l) — Fe. 0 (5] + 4H g
€. 2HgOfs} — 2Ho) + O.ig)
4, CHALLENGE Balance the following equations, and determine the possible mole ratios.
0. Zn0is) + HCHag) — T jad) + H,00
b. butane jCH_) + oupgen — carbon dicxide + water

It should be noted that the coelfickents of the balanced equation are used in the raolbe
ratics, but are not used bo detemine how many mole ratios can be wroitlen. You count
the number of reactant and product compounds that exist in the reaction 1o find the
number of male ratios that can be written. This means that the nomber of moke ratios
that can be written can be determined before the equation for a chesmmical reaction is
weven balanced,

|B Check Your Progress

Summary Demonstrate Understanding

+ Balanced chemical equations 5. Compare he mass of the reactants and the mass of
can be interpreted in terms of the products in 3 chemical reaction, and explain how
males, mass, and represenia- these masses are rekated,
tive particles (atoms, 6. State how many mole ratios can be written for a
molecules, formula units). chemical reaction invalving three substances.

+ The law of canservation of 7. Categorize the ways in which a balanced chemical
mass applies to all chemical equation can be interpreted,
IRk 8 Apply The general form of a chemical reaction is

« Mole ratios are derived from KA + yB — ZAB. In the equation, A and B are
the coefficients of a D-FHME": elements and x, y and z are coefficients, State the
chemical equation. Each mole mole ratios for this reaction.

ratio relates the number of 9. Apply Hydrogen peroxide, H,0.. decomposes to

mn&asnfﬂl';a'ﬂm“; produce water and oxygen Write a balanced
product to the number of males chemical equation for this reaction, and determine
of another reactant or peoduct the passible male ratios,

in the chemical reaction.

10. Moded Write the mole ratios for the reaction of hydro-
gen gas and oxygen gas, 2H,(gl + O.fg) — 2H,0.
Make & sketch of six hydrogen malecules reacting
with the comect number of cxygen molecules. Show
the water molecules produced.

LEARNSMAIRT Goonlne to follow your personalized leaming path to review, practice,
and reinforce your undedstanding.
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STOICHIOMETRIC CALCULATIONS

FOCUS QUESTION

How do you determine the amounts of products and reactants
involved in chemical reactions?

Using Stoichiometry

All stoichiometric calculations use mole ratios based on a balanced chemical equation.
Mass-to-male conversions are also needed.

Stoichiometric mole-to-maole canversion
The reaction between potassium and water is shown in Figure 3. The equation is:
2K(s) + 2H Of) — 2KOH{ag) + H_{g)

Here, vou know that two moles of potassium yvield one mole of
bydregen. Bui how much hydrogen would be produced if only
00400 mol of potassium were used? To answer this question,
identify the given substance and the substance that vou need to
determine. The given substance is 00400 maol of polassium. The
unknown is the number of moles of hydrogen.

Tir sobve the problem, you need o know how the unknown moles
of bvdrogen are related ko the known moles of potassium, Maole
ratios are used as conversion factors ko convert the known number o Ptk il

of moles af one substance to the unknown number of mobes of igOACaILly Wil WALH. rekaSing S0 Misch
another substance in the same reaction. Several molbe ratios can be  heat that the hydrogen gas formed in the
writien from the equation, but how do vou choose the cornect one?  reaction catches fie

As shown below, the correct mole ratio, 1 mol H, to 2 mol K, has moles of unknown in
the numerator and moles of known in thi denominator, Using this mole ratio converts
the moles of potassium o the unknown nomber of moles of hydrogen.

males of unknown

micsles of known x
e . micles of known

= males of urikriown i
]

1 mal H,

1, D0 e R m = 00200 mol H,

4

COLLECT EVIDENCE INVESTIGATE *;
L!‘UH yous SHence Jodmal b GO ONLIME to find thisi schivilies and moce fsources. j
recoed the evidence you colect as ChemLAB: Determine the Mole Ratio Y
you compiede: e readings and Analyre and (nterprel data 1o determing the guantity of the lim|Eng reactamt and percent
RCEhTiveS in this lesyon ysed iy asing your kncwledge of 1he conservatian o maiker

Quick Investigation: Apply Stoichiometry

Cowry oud an investigalson 1o delerming ihe quaniity of sodiim carbondie that is produced

when baking soda decamgoses.




= o bl L e

Eoarnghi

Inspare: Chemistry 9-12 Student Edition -

The following Example Problems show mole-to-maole, mole-to-mass, and mass-lo-mass
stoichiometry problems, The process used to solve these problems & outlined in the
Probiem-Sobving Stratemy below,

PROBLEM-SOLVING STRATEGY

Mastering Stoichiometry
The fiowehant below catiinegs the sleps used 1o solve mole-to-mole, mole-to-mass. and
mass-to-mass Soicheometric problems.

1. Complete Step 1 by writing the balanoed 3. The end palnt of the calculation depands on
chemical equalion {or the reachon, fhe desired und of the unknown substance.
2. To determing wihare bo starl your caltuiations, + [ the answer must Be In moles, stop
nata the unit of the given substance. after completing Step 3,
» W mass jin grams) af the ghwen substance |s « I th answer must be In grams, stop
the starting unil. begin your calculnions with after completing Step 4.
2

= i armouwnt i moles) of the gleen substance is
the starting Unit. skip Step 2 and bagin your
caleulations with Step 3.

Apply the Strategy
Apply the Problem-Solving Strotegy to Example Problems 2, 3, and 4.

Step 1

Shar with a balanced

enualinn. Ntorpred the

emumion n ierms of moles.

no diract camversion
Mass of ghen substance — Mass of unknavwn sulistance
Step 2 Step 4
Comert from grams b Comenrt from molos
maoles of the given af unknown to
substancs, Use the H_JT":.‘_:'.J_. mﬁm AFamS of Gk
Irvierse of the: mokar e Ui e molar Mass
s as the as the tofrwersion
cofmnsion tackod factor
g mipdes of Lnknown -2
‘Q" TCE:S Of given "'E""’"
Slop 3
Comvart from moles of the gven
Moies of given sulbsiance 10 moles of the unknown WAakiss of LiFk P
swibslance subatnnce. Lise the appopiale mole wubmLrLe
ol from the balonced chemical



EXAMPLE Problem 2

MOLE-TO-MOLE STOICHIOMETRY One disadvantage of burning prapane (C,H,) is that carban
dinaice (C0,) 15 one of the products, The reledsed carbon dinsite increases e contentration of
€O, in the atmosphare. How many meles of CO, are produced whan 100 mol of CH, are buthed
in excess awygen in a gas grill?

1 ANALYZIE THE PROBLEM
¥ou are ghven moles of the reactant, ©,H, and must find the moles of the praduct, CO,. First
it the balanced chemical equation, then comver] from moles of CH_ to moles of CO,. T
correct mole ratio has modes of unknown substance in the numerator and moles of knowrn
Subytance in he denominator,

Known Unknawn
males CH, = 1000 mal CH, meles CO, = T mol CO,
2 SOLVE FOR THE UNKNOWN

Wit the batanced chemical equation for the combustion of C H_, Use the codrect mole ratio 1o
convert makes of known (C H ) to moles of unknawn (C0),

10,0 mol Tl
CyHyfe) + S0,ig) — 300, gl -+ 4H 04y

TWole rillu‘.}’-,ﬁl%

3mal €O
100 mGHEH, ¥ T = 30.0 mol €O,
L)

Burning 10,0 maies of C M, produces 30,0 moles CO,

B EWALUATE THE ANSWER
Because the given number of moles has three significant figures, the answer also has three
fegures. The balanced chemical equation indicates that 1 mol of € H, produces 3 mol of CO_
Truss, .0 mol of C H, produces thees limes as many moles of CO,, o 30.0 mol,

PRACTICE Problems ™ ADDITIOMAL PRACTICE

. Methang and Sulfur react 10 produce carbon disufide [C5), & lquid ofien used In e production
of cellophang.
— CHipy+___Sxp—~__CSM+___ HSig)
a. Balance the equation,
b. Caiculate the moles of CS, produced when 150 mol 5, is used.
€. How mary moles of H_S are producod?
1. Mm:mmqmghmmmmm;mmh
cxygen and waler
&, Write the balanced chomical mguation 1or the reactian,
b. How many moles of H,SO, are produced from 12.5 moles of S0.7
€. How many moles of O, are needed?

B R e
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Stoichiometric mole-to-mass conversion

Wow, suppose vou know the number of moles of a reactant or product in 8 reaction and
you want to calculate the mass of another product or resctant. This i an example of o
mcsle-bo-Imiss COnversion,

EXAMPLE Problem 3

MOLE-TO-MASS STOICHIOMETRY Determmane ihe mass of sodium chioride (NaClj, commanly
callad tatile salt, produced whien 135 mal of chiodne gas (C1) reacts Wigorously with excess
sl

1 ANALYZIE THE PROBLEM
Yol are given the moles of the reactant, Cl,, and must determing the mass of the product,
NaCL You must convert from males of C1, to moles af MaCl using the mole ratio from the
equathon. Than, you need ta convert moles of Nafl to grams of NaCl using the modar mass as
the convedsion factor,

Lo R Linibirvowin
makes of chiotine = 1.25 mal O, mass of sodium chilaride = 7.g NaCl
2 SOLVE FOR THE UNKNOWN
1L75mal Ty
2Nads) + Cllg) — ZMaClis) Wi TFes padameeg clhsmmial puagion, sod

idwihity the knpwn and He grknown vilies

Mote ratio: *7ToEE

125 med T, X %=I-5ﬂmﬂm Muzly modes of C1, by ine mole it 1o
- et makes af Mol

SBA4 § Nl
o

2 50 maltat] = = 146 g NaCi ALy erenies o A By TRE TENe i 10

gt grame of Metl

3 EVALUATE THE ANSWER
Becausa the given numbe: of moles has three significant figures, the mass of MaCl atso has
three. To quickly assess whether e calculated mass value for NaCl is comect, parform the
caloulations in reverse: divide the mass of MaCl by the molar mass of NaCl, and then divide the
result by 2. You will obitsin the given number of males of C1,

PRACTICE Probléms

13. Sodium chioride ks decomposed into the elements sodium and
chiarine by means of electrical energy. How much ehiorine gas,
in grnme, is obtained from the process disgrammed at ight?

14, CHALLENGE Titanksm Is a transition metal used in many alloys
Dcause it S extremaly strong and lightwght. Titanium wetrachionde (TG}
is extracted from thanium oxide [TH0.) using chiorine snd coke (carban]

TIO,fs) + Clsh + 2C1{g) — Tic,fs} + CO.fal
. What mass of CI, gas Is needed to react with 1.25 mol of TIO,7
b What mass of C is needed to react with 1.25 mol of TiD,?
£ What is the mass of all of the products formed by reaction with 1.25 mol of Ti0.?




Stoichiometric mass-to-mass calculations

1f you were preparing o carry outl a chemical reaction in the laboratory, you would need
1o know how muoch of each resctant to use in arder bo produce the mass of product you
required. You can use the balanced chemical reaction to determine this amount. You
contld also use the balanced chemical reaction and mole ratios to determine how much
of a product vou would obtain when starting with a known mass of a reactant.

Example Problem 4 demonstrates how yoo can use o measured mass of the known
substance, the balanced chemical equation, and mole ratios from the equation o fnd
the mass of the unknown substance, Notice, as alwavs, a balanced chemical equation is
essential in the calculations associated with any chemical reaction. Without the ratios
between reactants and products, it would not be possible to comvert between males of a
reactant and the males of a product.

EXAMPLE Problem 4

MASS-TO-MASS STOICHIOMETRY Ammonium nitrate (NH MO ), an important fertéizes, produces
dinifrogen mongude (N0 gas and H.O when [t decomposes. Determine the mass of H.O
produced from the decomposition of 26.0 g of solid NH NC._

4 AMALYZE THE PROBLEM
Write the balanced equation and comnwert the known mass of the réactant 1o moles of the
reactanl Mexl, use @ mole ratio o relate moles of ihe reactant to moles of the product. Then,
LIS e mole riess 10 Comvert irom moles of the product 1o the miass of the product,

R Unknawn
muass of ammanium nitrete = 250 g NH NG, mass of water =7 g H,0
2 SOLVE FOR THE UNKNOWN
5049 To
FiH MO, 5] — N, gy + 2H. Do) Write e BAlANCEE THmIES Siiaian
ard iponlily the kooser dng aknown
el

MO,
25,0 GNHNG, X gitre i = 0312 mol NH,NO, Mhairiphy i of NELNC, by i

nerae ol malar mirses o gel meles

ot NH, N,
ZmalH
“ﬂ*ﬂ“ﬁm’%—,
2 mal
0.312 mOHMHND, X 2 Gspieiges = 0.624 mol H,0 Mulliply imotes o NN, by e
r male Fatic 1o get e of H 0
102 gH
&Eﬂinﬂlﬁﬂﬂ—ﬁ@ﬂuiﬂp Whijitily miales-of H O ey Bg majmt

LY (0 gl (A

B R T R
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EMAMPLE Problem 4 [condinued)

3 EVALUATE THE ANSWER
Thie number of algnificant figures In the answer, three_ |s determined by the ghven grams of
HH,NO,. To verify that the mass of H,0 18 correct, perfarm the calculations in reverse,

PRACTICE Prabbuims ® ADDITHONAL PRACTICE

15. One af the reactions used 1o inflate automobile air bags invohses sodium azide

{Mahl k ZNal, (s) — 2Mafs) + 3N, (g]. Determine the mass of N, produced from the
decompositon of MaM | shawn below

.

100.0 g Nalg — 7 g MNalai

6. CHALLENGE In the formation of acid rain, sullur dissdde [S0,) reacts with aaygen
mnvdl wanler in the air to form sulfurlc acid (H,50.), Write the balanced chemical
equation for ihe reaction. i 2,50 g of 50, reacts with excess oxygen and waler,
Mow much H.50,, n groms, is produced?

M s

|& Check Your Progress

Summary Demonstrate Understanding

+ Chemists use stolchiometric 17. Explain why » balanced chemical equation is neaded
calcidations 1o predict the to solve a stoichiometric probem.
amounts of reactants used and 18. Explain how units can be used to guide calculations
products formed in specific in the fowr steps used in solving stoichiometric
reactions. probiems.

+ Thefirst step in solving stoi- 19, Describe how a mole ratio is correctly expressed
chiometric problems is writing when it is used to solve a stoichiometric problem.
the balanced chemical

20. Apply How can you determine the mass of liquid

hoor s bromine (Bt ) needed to react completely with a
. :r":lijnﬁdﬂﬂ:;?mm“ gheen mass of MAagnasim?

% '
ammdfndm mﬂz" - q ml-l'ﬂm reacts with excess nitrogen
calculations. Mg} + 3H,lg) — 2NH,fg)

+ Stoichiometric problems make
e Bl st Bt 1f 27.0 g of H, reacts, what mass of NH, is formed?
bet rigs arid BRO K. 22. Design & concept map for the foliowing reaction.

CaCoO,s) + 2HCliaq) — CaCl,{ag) + H,Of) + CO,{g)
The concept map should explain how to determine the
mass of CaCl, produced from & given mass of HCL

LEARNSMART Goonlinetofollow your personalized leaning path 1o review, praciice,
and reinforce your underslanding,
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LESSON 3

LIMITING REACTANTS

FOCUS QUESTION
How do you know if you have enough of a reactant?

Why do reactions stop?

Rarely in nature are the reactants present in the exact ratios SPl'.‘fj.ﬁ.i.'d by the balanced
chemical equation, Generally, one or more reacinis are in excess and the reachion
proceeds until all of ane reactant ks used up,

When a teaction is carrved oul in the laboratory, the same principle applies. Usually,
one or more of the reactants ane in ewess, while one is limited, The amount of product
depends on the reactant that is limited,

Limiting and excess reactants

Recall the reaction of sodiam hydrogen sulfite with potassiom permanganate from
Lesson 1. After a colorbess solution forms, adding more sodium hydrogen sulfite has no
effecy because there is no potassium permanganate keft o react. Potassium permanganate
is a Hmiting reactant, As the name implies, the Bmiling reactant limits the extent of the
reaction and thereby determines the amount of product formed. A portion of all the other
reactants remains after the reaction stops. Reactants leftover when a reaction stops are
excess reactants,

it e [T AAAAAN NN

the analogy in Figure 4. From

Ihem‘allaﬂelrd&..iull.l.r St ol eska (‘"’\ hlq‘\ hqr\ hi!'\
complele sets consisting of a | i
pair of pliers, a hamimer, and Sal i Sei 3 Sel 3 Setd
two serevdrivers can be

assemblisd. The number of sets h"

i Dimited by the number of !

available hammirs, Miers and Extra toals

serewdrivers remain in exooess. Figure 4 Each tood sel must have one hammer, soonly ks sets can be assemblad

3
COLLECT EVIDENCE INVESTIGATE B
L'Wmiﬁﬂﬁmnﬂlﬂ GO ONLIMNE to fingd thisi scivlies and more rsources. }
FECOTT INe Bddence you coleclas | O Applying Practices: Conservation of Mass ;
you comgiede: e readings and H5-P51-7. Lise mathematical tepresentations to suppart the chaim 1hal aloms, s eielges
DTS In s lesson s, e comserved dusing o ehemical reaction
© Virtual investigation: Limiting Reactants
Use mathematics and computationad thinking to determing the quantity of the kmiting
repactant.
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Before Reaction Afles Reaction

»
3q+:._..¢,+.5"

Thiee milrogen Tihree Fydrogen Tweo ammonia T mitrogen
molstules mohecules mnlecules maleciles
{ske nifirogen |z Frydrogen [twed nifrofen Bims, [Pour nétrogen
stcens) atoms) sia Pydrogen atoens) atorms)

Figure: S Il you check all of the stoms present befare and after the reactsan, yau will find that seme of the
nitragen motecyles are unchanged, These nitrogen molecules an the sscess reaciant.

Determining the limiting reactant

The calculations vou did in the previpus section were based on having the reactants
present in the ratio described by the balanced chemical equation, When this is not the
case, the first thing vou muost do is determine which reactant is limiting.

Consider the reaction shown in Figure 5, in which three molecules of nitrogen (W) and
three mobeculis of hydrogen (L) react to form ammonia (NHL). First, all the nitrogen and
bydrogen molecules are separated into individual atoms. These atoms are available for
reassembling into ammonia molecubes, just as the tools in Figure 4 can be assembled into
tood Kits, How many malecules of ammonia can be produced from the available atoms?
Two ammonia molecules can be assembled from the hydrogen atoms and nitrogen atoms
because anly six hydrogen stoms are available—three for éach ammonia maolecule, Whan
the hydrogen is gome, bwo unreacted maolecules of nitrogen remain
Thus, hydrogen is the limiting reactant and nitrogen is the excess
reactanl. 1L is important to know which reactant is limiting because
the amount of product formed depends on this reactant,

llﬁﬂtl!‘?

Extend How many more hydrogen molecules would be
needed fo completely react with excess nitrogen molecules
shawn in Fgure 57

Calculating the Amount of Product
When a Reactant Is Limiting ..
How can you calculate the amount of product formed when one of  Figure & Ralunsl rabibos, whsch i

Fisgpinghi & My ome bl Lilor raw gy W3 donsiplionad i iy bragp s

thie reackants is limiting? Consider the formation of disulfur
dichloride {5.CL), which is used to vulcanice rubber. As shown in
Figure &, the properties of vulcanized rubber make it wseful for
mary products, [n the production of disuliur dichloride, molten
sulfur reacts with chlorine gas according to the following equation.

8, (1) + 4C1,{g) — 45,CL11)

If 20010 g of sulfur reacts with 100.0 g of chlorine, what mass of
disulfur dichloride is produced?

safl amd sheky. b5 handenad in @
chiemical process calied valcanizs-
tear. Dunng vulcaniation, moleculis
became linkad togedher. forming a
durabde miaterial that is aeder,
wmoathed, and less sticky, making it
ideal for manmy prodiects, such as this
Citsler,



Caleulating the limiting reactant

The masses of both reactants are given. First, determine which is the limiting reactant,
since the reaction stops lorming product when the limiting reactant s ased up,

Moles of reactants Identifying the limiting reactant involves. finding the number of
miodiss of each reactant, You do thiz by comeerting the masses of chlorine and sulfur bo
madiss, Multiply each mass by the inverse of molar mass.

1 mol €1
1000464, % ggr ot = 1410 mol C1,

I mal
2000857 % 505 g = 07797 mol 5,

Using mole ratios  Mext, determine whether the two resctants are an Uhe ooreect maole
ratio, derived from the balanced equation. The coefficients in the equation indicate thal
4 ml af chlorine is neaded to react with 1 mol of sulfur. This 4:1 ratio must be
compared with the calcalated ratio of the moles of available reactants above. To
determine the actual ratio of males, dividie the number of available moles of chlorine by
the number of availabbe moles of sulfur.

BAT el O, avaibalelee lﬁﬂﬁmﬂ Cly avadlable
u.mrms_n-mﬁ 1 mol 5, na.l.l.l];lc

Only 1808 mol of chlorine is available for every 1 mol of sulfur, instead of the 4 mol
required by the balanced chemical equation, Therefore, chlorine is the limiting reactant.

Analyzing the excess reactant

Now that vou have determined the limiting reactant and the amount of product formed,
whal about the excess reactant, sulfur? How much of it reacted?

Moles reacted You need o make a mole-t-mass caleulation o determine the mass of
sulfur needed to react completely with 1410 mol of chlorine. First, obtain the number of
mwiles of sulfur by multiphving the moles of chlorine by the SI-IIH.'_I: munle ratio.

1 mal 5, ™ B
I-‘i‘lﬂﬂdﬂh * m: 03525 mal 8,

Mass reacted MNext, bo obtain the mass of sulfur nevded, multiply by its molar mass,

2658
0.3525 mobS, % " = 9042 ¢ S, needed

SCIENCE WSAIGE 'H'.IIHHCIH '.M STEM CAREER Conmerctlon

prodct industrial Enginesar

WMImmw D you Mee finding ways 10 save fime and money? A0 ndustrisl engineer
chemica reaction g it abserves & produclion process and then adplores ways 1o Mok 1he

procuct aes & coloniess g pracess more efficient. Industrial engineers typically have at least a

Comman usage: samething produced The -
o b tha ke bechedar's degres in industrial Engineesing, bul many Rave degrees i

| 5 P . mechanical anginearing, slectical engineering, manufacheirg enginess-

Ing. Industrial engineering technology, oa general anginesring.

Tigwragi 5 s~ 5l | dbroraes
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Excess remaining Knowing that 200.0 g of sulfur is available and that only $0.42 g of
sulfisr is needed, vou can caleulste the amount of sulfur left unreacted as follows,

200.0 g 5, available ~ 9042 g 5, needed = 9.6 g 5, in excess

EXAMPLE Prablem S

DETERMIMING THE LIMITING REACTANT Tha reaction batwean sofid white phosphons (P,
and ogygen produces solid fetraphosphonis decoxide [P0, ), This compound |s often called
diphasphorys pemoxide becouse As emphical formla is P

&, Datarmine the mass of PO, formed it 25.0g of P, and 50.0 g of oxygen are combined,

b, Howe mach of the excess reaciant emains afisr the reaction stops?

1 ANALYZE THE PROBLEM
You ane given the masses of both reactants, so you mos! idendify the iméing reactant and find
ihe mass of ine product, Frem the limiting reactant, the males of the excess reactant used in
e e lion can be determined, This can e comebed bo mass and sublraciad from the given
mass to find the amount in axcess.

Known Unknown

mass of phosphons = 250 g P, mass of tetraphasphonus decoxide = Tg PO

mass of owygen = 5004 O, mass of excess reactant = 7 g excess reactant
2 SOLVE FOR THE UNEKMNOWM

Determine the limiting resctant.

2509 500g 7Tg Yérita (e BAIAACED CABMICE] (RURLOR, dhd

Pis + 50.ig) — P,C_[s} IchEm Ly (T i AT e ko

Datarminge the number of moles of e reactants by using the inverse of molar mass

50 g, x Tfﬂii'_' =202 mol P, Camysiate ne mrgs ol B,
. L)
50008, % e = 156 malO, Caicuialy e moles of 0,

Calculate the actual atio of available moles-of O, and avaitable moles of P,

156 mall, T72moi D,
T Tmol, Calcubaci v rolion o riiied of O, fo mnles o P,

Datermine the mole ratio of the two reactants from fhe balsnced chemical souation
5 mol D

MDIIIHH:’!—E'[F{
.

Because 772 mol of O, is avallable but only S mol is nesded fo reacl with 1med of P, O is in
excess and P, Is the imiting reactant. Lise the moles of P, to detarmine the moles of PO, thal
will be produced. Multiply the number of moles of P, by the mole ratio of P,O,_ 1o P,

fmol B0,
0,202 marP, » —.,-;';.—r =020 mol POy,  Caloutae the motss o presdoet [P0, fomes
Ton cadcuiale the mass of B0, multiply molas of F,0_ by ihe molar mass.

mI9gE0
0.202 MOLPOT ™ “Trper® = 57.39 P,0, Colcuiietne miss of e o B0,
L



EXAMPLE Problem S (continued)

Because O, is in excess, only part of the avaiable O, is consumed, Use the limiting reactant,
Fj to determine the males and mass of O, used,

5 miol
m:m,nq;—;"l-mmn, ity e mejas B Hmssng iaCIARE By 1RE MEE igho
t e feret vyt o WS At

{:nmmm:lnutﬂlmnsumnd-l,n rmisutﬂ__mnnm-d.

3200
101 mah, » 'T'Eiul'ﬂl 32300, Bty P ITcbies £ L1, by 1 et il
Calewime the amount of excess O,
B{.0 g O, avallable —33.3 g O, consumed = T7.7 g O, in excess Sistabroct s e biom
I irekER A

3 EVALUATE THE ANSWER
All values have a minimum of three significant figures, so tive mass of P,0_ s comectly staied
with three digits. The mass of eatess O, (7.7 g 15 found by subtracting two numbaess (hat ans
acourate to the first decimal place, so the mass of excess O, correctly shows one decimal
place. The sum of the O, consumed (32.3 gj and the glven mass of P, (5.0 o Is 573 g, the
calculated mass of the product PO,

PRACTICE Probilems W ADDITIOMAL FRACTICE

23, The reaction between solid sodhum and lronflll] oxide is ane In a8 seres of reaclions that inflales
an automobse aibag: GNals) + Fe,0, =) — 3Na,0fs) + 2Fefs). I 100.0 g of Ma and 100.0 g of
Fe, 0 oare wsed in this reaction, determine the following.

a Hmiting reactant
b, reactant In excess
€. mass of solid fron produced
d. mass of excess reactant that remains alter tha reaction is complete
24, CHALLEMGE Photasynthesis reactions in green plants use carbon dicoide and water
to produce glucose (CH O and ewpgen. A plant has B8.0 g of carbon deaside and
64,0 g of water available for photosynihesis. Be sure to report the comect lewvel of accuracy
based on measurements ghen in tha question.
& Write fhe balanced chemical equation for the reactian,
b, Determine the limiting reactant and the excess eactant
€. Determine the mass in excess.
d. Determine the mass of glicose produced.

B Connectlon| Your body needs vitamins, minerals, and elements in small
imun.ntﬁ 1:-.‘1 facilitate normal metabolic reactions. A lack of these =ubstances can lead to
abnarmalities in growth, development, and cell function. Phosphorus, for example, is
an essential element, v phosphate groups ocour regularly in strands of DMNA_ Potassium
is neded for proper perve funclion, muscle control, and blood pressure, A diet low in
potassium and high in sodium might be a factor in high blood pressure. Another
example is vitamin B-12. Without adequate vitamin B-12, the body is unable o synthe-
size DMNA properly, affecting the production of red blood cells.

Trgmragd ® oy ey g | S s
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Why use an excess of reactant?

Many reactions stop while some of the reactants are still
present, Hecause this s inefficient and wasteful, using an
mxcess of one reactant cauzes reactions o be driven to
continue until all of the limiting reactant is used up, This
techniqoe can also speed up a reaction.

Figure 7 shows an example of how you can increase
efficiency, The type of Bunsen burner shown in the Hgure
has & control that lets vou adjust the amount af air that
mixes with the methane gas. The burner efficiency depends
on the ratio of oevgen to methane gas in the mixture. When
the air is limited, the Mame is vellow because of glowing bits
of unburned fuel. This leaves carbon deposits on glassware,
The amount of energy released is less than the amount that
could have been produced if enough oxygen were available,
When sufficient axyvigen is present in the combustion
mixture, the burner produces a hot, intense blue flame. No
soot is deposited because the fuel is completely reacted.

Figure 7 With irsulficierst coygen, & Bunsen
DaimeEr Durms wilh 8 'fl!i!ﬂ#. soaly Flame,

|& Check Your Progress

Summary Demonstrate Understanding
+ The limiting reactant is the 25, Describe the reason why a reaction between two
reactant that is completely subrstances comes to.an end,
consumed during a chemical 26. Identify the limiting and excess reactant in each
repction. Reactants (hit remain reaction.
::F;:'E mﬁ"ﬂﬁ“m a, Wood bufns in & campfire.
b. Airbome sulfur reacts with the silver plating ona
+ To "ﬂ'““'““":”‘m teapot 1o produce tarmish (siver sulfide)
;ﬁﬁmm ma;ﬁ:::‘ c :::::: powder in batter decomposes to produce

be compared with the ratio of
the resctants cbitainad fom the 27, Analyze Tetraphosphorus trisulfide (P.S,) is used in

eoefficients in the balanced the match heads of some maiches, It is produced
chemizal equaticn. in the reaction 8P, + 35, — BP 5 . Determine which
o of the fellowing statements are incormect, and rewrite

+ Steichiometric calculations the incorrect statemenis 1o make them cosrect.

must e based on the limiting
reactant. a. 4 mol of P, reacts with 1.5 mol of 5, to form 4 mo! PS5,
b. Sulfur is the limiting reactant when 4 mal P, reacts
with 4 mal 5,
. & mol P, reacts with & mal of 5,, forming 1320 g
ol P.S,.

LEARNSEMART Goonline tofollow your personalized leaming path o review, practice,
and relinforce your umderstanding,
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LESSON 4
PERCENT YI|ELD

FOCUS QUESTION

Do you always get the calculated amount of product
out of a reaction?

How much product?

While sobving stoichiometnic problems, vou might have concluded that chemical reac-
tioms always procesd according to the balanced equation and produce the calenlated
amount of product, This, however, is not the case, Most reactions never succeed in
producing the predicted amount of product.

Reactions do not go to completion or vield as expected for many reasons, Reactants and
products might adhere to the surfaces of their containers or evaporate, In some cases,
products other than the intended ones might be formed by competing reactions, thus
reducing the vield of the desired product. Or, as shown in Figure 8, some amount of a
solid product can be left behind on filter paper or lost in the purification process,
Becanse of this, chemists need to know how to gauge the vield of a reaction,

Fgure 8 Silver chromate is farmied whan potassivm chromate is added to diver netrafie. Note thiad not ail of
the precipitabe can be removed bom the Gt papser, S mone of the précipiad i 105t betause i1 adlmnes o
the sides ol the besdsr

COLLECT EVIDENCE INVESTIGATE
(B Use your Stience Joumalta | (GO OMLIME to find these activities and more resatirces.

regord e pidence you coded as Labaratory: Stoichiometry of a Chemical Reaction

you complete the readings and Analyze and Interpred data 1o defermane the guantity and identity of an unkngwn carbonate,

aciivitias i this lesson.
= dentity Crosscutting Concepts

Create a fable of the crosscubling concepts and Tl in exampbes you find as you read
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Theoretical and actual yields

In many of the caleulations you have performed, you have calculated the amount of
product given an amount of reactant. This value is the theoretical vield of the reaction,
and represents the maximum amount of prodoct that can be produced from a given
amount of reactant,

A chemical reaction rarely produces the theoretical vield. A chemist determines the
actual vield of @ reaction through an experiment in which the mass of the product is
measured. The actual yield &s the amount prodiced when the experiment is performisd.

Parcent yiald

Percent yield of produoct is the ratio of the actwal vield to the theoretical yield expressed
s a percent. Chemists use this o measure the efficiency of the reaction.

Percent Yield
actual vield

Bemeteal g = 0

percent yield =

The actual vield divided by the theometical yield multiphied by 108 is the percent yield.

EXAMPLE Problem &

PERCENT YIELD Solid sfves chromate (Ag,Cr0 | farms when autess polassium chromale
[K,Cr0 ) is added to a solution containing 0.500 g of silves nitrate |AgND. ). Determing the
yield of Ag, CrO,. Find the percent yield if the reaction yleids 0.455 g of Ag,CrO,.

1 ANALYZIE THE PROBLEM
iou know The mass of a reactant and the actual yeld of the preducl Write the balenced
chemical equation, and calculate theoretical yietd by converting grams of AgNQ, to moles
of AghO,, moles of AgNG, to moles of Ag,Cr0 and males of &g, Cr0, 1o grams of Ag,CrQ,,
Colcuinte thie percan yiskd from the actunl vield and the theorefical yiskd,

Known Unknowrn

mass of siiver nifrate = 0.500 g AghO, thearetical yield = 7 g fg,CrO,

actual yield = 0.455 g Ag,CrO, percent yield = 7 % Ag, CrO,

2 SOLVE FOR THE UNKNOWMN
0500 g Tg

2AgND 1) + K OO faq) — Ag CrO, (s} + ZKND fag) Wi Fhie Bawac plmida
sEaan, e |dentty e
R g Fa e

0.500 g R, » e ‘I=2.91x1u"mulwf Camiont grams ol AchD,
LT

1 ol A 000, :
I.me"MﬂW—-IHH 10:% mol &g Cr0, L e bl rfics
1 whrmyer moiesod S,
1 renams f Ag,Cr00,

147 % 10 molhg-ero,
0ass - .
S e riE. * 100 = 83.2% Ag,C1O, ot s s e

% amy g "ﬂ_qtl'ﬂ:

= 0,488 g Ag CrO, G arte e freoreboat yii



EXAMPLE Problem & [continued)

3 EVALUATE THE ANSWER
The quantity with the fewest significant igures has three, so the percant is comactly stated with
tree digits, The molar mvss of A9.Cr0), is about twice the molar moss of AgNG _ and thi ratio
of moles of AgNO, 10 moles of Ag,CrO), in the equation is 21, Therefore, 0,500 g of AgNO
shouid produce aboutl the seme mass of Ag,CrQ, The actual yeeid of Ag,CrO, is close 10 0,500,
50 8 percent yiekd of 93.2% is reasonabila,

PRACTICE Probleims W ADDITIONAL PRACTICE

28. Aluminum hydroxide (A§0H) ) is often present in antacids to neutralize stomach acid (HCY. The

reaction occurs s folows: ANOH]fs) + IHCHag) =+ AIC1{ag) + IHO(), 1114.0 g of AIOH], is
present in an antacid tablot, determing the thearetical yieid of AIC1, produced whan thi tatiet
reacts with HCL

29. Zinc reacts with ioding in & synihesis reaction: Zn + |, Znl,,
8, Determine the theorstical yield if 1.912 mol of zinc is sed,
b. Detormine the percent yield it 5156 g of product i recovered
30. CHALLENGE When copper wire is placed mo a sitver nitrate solution (Aghic, ), sifver crystals
and coppenii) nitrate {CuiNO, ), | solution farm.
&, Wrile the batanced chemical equation for the reaction.

b If 3 20.0-g sample of copper ks used, dotasming the thaaratical yiala
of sliver.

c. H 60.0 g of silver is recovered from the reaction, defermine the percent yield of the reaction,

Percent Yield in the Marketplace

Percent yield is important in the cost effectiveness of many
industrial processes. For example, the sulfur shown in Figure 9
is wsied o make sulfurie acid (H,50,), an important chemical as
it is o raw material used to make products spch as fertilizers,
detergents, pigments, and textiles. Thie cost of sulfuric acid
affects the coat of mary of the consumer items, The first two

Figure § Sulfur, sisch as fhese pllesat sleps in the manufacturing process ane shown below,
Varcouwar Hartior, Can be exdractad fom

petrolpum praducts oy 8 chemical Step 1 51_“’:I + 50,g — ES"-TJW

process. Sullus is @150 mingd by forcing Step 2 M_-'E} u U:‘E‘J = IH.J'.,{;[-‘;I

ot water inta undengrowid deocsits and B . A .

g i B Aaliar o e bty In the fimal step, 5O, combines with water to produce H 50,
Step 3 50, (g + Hiﬂm — H50 (ag)

The first step, the combustion of sulfur, produces an almaost
LHES, vield. The second step also produces a high vield if a
catalyst is used at the relatively low temperature of 400°C, A
catalyst i= a substance that speeds a reaction but does not appear
in the chemical equation. Under these conditions, the reaction is
slow. Raising the temperature increases the reaction rate bul
decreases the vield. Often, a balance bistwesn twi competing
factors must be looked at in industrial applications,

T haman ET L g

LI ]
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To maximize vield and minimize time in the second step, engineers have devised a
system in which the reactants, O, and 50, are passoed over a catalvst at 400°C. Becanse
thie reaction releases a great deal of heat, the temperature gradually increases with an
acrompanying decrease in vield. Thus, when the temperature reaches approccimately
600°C, the mixture is cooled and then passed over the catalvst again, A total of four
passes over the catalyst with cooling between passes results in a viek) greater than 98%,

Often. chemical engineers must look al factors such a2 these when dealing with indus-
trial processes. Industry requires as high a yield as possible, in as short a period of tme
ard at as kow & cost as possible for the process to be as sconomical as possible. A high
vield of desired products is great, but nol at the expense af having o wail weeks for this
to happen or o need te heat a reaction o such a high temperabure that the cost to heal
the reaction exceeds the revenue when selling the prodoct. A slightly lower vield is
acceptable, if cost is kept low and time needed to generate this vield & reasonable,

Chemical engineers must be in constant contact with company management to be sure
that their suggestions to manage the percent vield of the chemical process mects with
management expectations for the company.

|& Check Your Pragress

Summary Demonstrate Understanding

+ The theoretical yield of 2 31, Identify which type of yleld ~ theoretical yield. actual
chemical reaction Is the maxi- yield, or percent yield - is a measure of the efficiency
mim amount of product that of & chemical reaction.
can be produced from a given 32. List several reasons why the actuol yleld from a chemi-
amount of reactant. Theorelical eal reaction is not usually equal to the theoretical yield.
yield Is caiculated from the

s
hala L I 333 Explain how percent yield is calculated.

. Apply Inan experiment, you combine 83.77 g of iron

) maml ey wihe Syt with an excess of sulfur and then heat the mixture 1o
:rlau must I;T:hmm;d through Btteio oa JUL pife,
experimentation. 2Ffefs) + 355} — Fe,5.05)
« Percent yield is the ratio of What is the thegretical yield, in grams, of inon (1)
actual yield to theoretical yield A g
expressed as a parcent. High 35, Calculate the percent yietd of the reaction of magne-
percent yield s important in shum with excess oxygern.
reducing the cost of every 2Mais) + O, la) — 2MgOis)
product produced throtgh
chemical processes. m
Mass of emply crucible 3567 g
Mass of crucitde and Mg 3BOEg

s pl'r:m:lblu ond MgO (after haatod) 30459

LEARNSMART  Goonline to follow your personasized leaming path to review, practice,
and relnforce your understanding,
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NATURE OF SCIENCE

The Stoichiometry That Just Might Save

Your Life

Milions of people around the world taka
aspirin every day. Maost of them probably
dan't think much about the liltke tatdet of
acetylsalicylic acid they're swallowing—they
just hope it cures their headache, Asgirin
may be inexpensive and easy to find today,
but this wasn't always the case. Humans and
aapirin §hafe & long history—ona that tells as
much about the scientific process as it does
about chemistry

The Warld's Wonder Drug
References to the use of willow bark as
medicine have bean lound In the records

of almeast every eanly civilization. For conturies,

peopie who suffered from pain or fever
consumed the bark in the form of powder,
made [t inla tea, or even chewed i whole.

In 1838, crganic chemists successiully
extracted aspinn's pnmanry active compound
from willow bark: salicylic acid. However, the
ERITACHON OCESS USeO PesUited low yieids,
in 1860, sclentist Hermann Kolbe synthesized
salicylic acid in the lab. The percent yield of
salicyhe acid rom Kolbe's chemical reaction
was much greater than iis extraction from
bark. This increased the availability of salicylic
acid and led to its widespread use.

ﬁ USE A MODEL TO DESCRIBE

Make and use a model to describe
Hoffmann's chemical reaction for aspirin
synthesis. Explain how stolchiometry can be
used to find the percent yield in the reaction

Today's aspein was mfuenced by the work of many peopla
aver ihousands af years

Salicylic acid was an effective medicine, but
it causad unpleasant side effects. Patients
reated with dosages high encugh to combsat
pain and inflammation often experienced
stomach imtalon, nausea, and vomiling

One patient was the father of Felix Hoffmann
a chemist at the Bayer chemical company.
Haottrmann reacted Salcylic acid with excess
acetic anhydride, forming acetylsalicylic acid
Acetyisalicylic acid still effectively combatied
pain, but with milder side effects. Eventually,
Bayer officially rademarked the name
aspirin for the drug. By 1915, the tablets were
avallable 1o purchase ower the counter, and
the world's first wonder drug was barm.

e sk Rin i
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STUDY GUIDE

Q GO ONLINE o study with your Science Notebook.

Lesson 1 DEFINING STOICHIOMETRY

-

Halanced chemical equathons cian be interpreted in terms of moles,
mass, and represenialive _|'-.1r|||'lq"= fadums, modoy ubes, lorovala
inits)

The Law of conservation of mass applies toall chemicil reactbons
MNiile rafws are dereed from the coefFicients of n balanced
chemical equation. Each mole ratio relates the number of moles
ol une reactant ar product o the number of moles of another
meactant or product in Lhe Chemical reaction

Inspare: Chemistry 9-12 Student Edition

= slolChedimelry
= (TS roE

Lesson 2 STOICHIOMETRIC CALCULATIONS

Chemists use stoschimetis caloulations to peedict the amouints af
reactants uaed and products formed in specilic reactions.

Tha first skep in solving stoichiomeirio problems = writing the
balarsred chemical equation.

Muole ratios derived from the balanced chemical equation ane used
in stoichiometric caleulations

Sterchiometric problems make ase of mole ratlos o comee bilween
s and malies,

Letson 3 LIMITING REACTANTS

&

The limiting reactant is the reaciant that is completely consumisd
during a chemical reactsnn

Reactants that remain afber the reaction stops are called

PECUSS neldctanits

To determeme Lhe |II'I1I|:rI'IH reactant, the achual mole ratio of the
available reactants mast be compared with the mto of the
reactanis obtained from the coefficients in the balanced
ehermical equalkion.

Stoichiometric caloulations must b based on the Hmiting readant

= WTitg reactan
= mRcess I eactan

Lesson & PERCENT YIELD

The theoretical vield of a chembcal reaction is the maximum
amoaret of proghuct that can be produced from a given amound of
reactant. Theoretdal vield 5 caleulated from (e balaneed

chemical equation

The sctual yvield is the amownt of product produced. Actual vield
st be obtaimed thomegh experimentation

Percent :.'irld i8 Ehe ratio &F actual vield b thsoredical :..'ulld
expressed as a percent. High percent vield is important in reducing
the cost of every product produced through chemical processes

artuad vield
Percent vield m ———————x 10
theonetical 1.11*I|;|

= Mhinanetical yisld
= ACiual yiean
o pirCui] yheld
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STUDY GUIDE

Q GO DNLINE 1o study with your Sclence Notebook.

Summarizing stoichiometry Alwvays remember that avery staichbometry problem begins with a balanced
chembcal equation. After that, it's simply a matter of converskon factors—molkas mass o its nverse o
navegate batween mass and males; e CosMhhems from the balanced chemical equuation 1o navigate
botwoon moles of reactants and products, Refer to the chart below as o reminder of the basic
stolchiometry problem-sohving process.

Step 1
Sl with & balancod
Ealion mierpret e
nuation in fems al maoles.

no dEect comarsion

Mass of given substanoe

Masgs of umbmown subsiance

Step I Step 4
Corvadt from grams to Comvert rom moles
mmales of B glven af unknewmn 1o

1 numier of grams
substance. Use e et ,I“':‘““ n.ﬂl L Qrams of urknown
rmrse of the mokar L Line Thg molor imagss
s 8% the of e Coferklon
COmrsrskan iAot fachos:
el modes af URKNoWD “L
b ¢ - e reabas o ghaen -
l.- .\\‘I
Slep 3
Lomeer iam maoles of he given
Miles of given sulstance b moles of e unknawn Meihes af Lirdkrgan
sutwinnce subistonce. Lise the approprinte mole wibElARCE

rabo from (e Balanced chamicall
muation as he comeersion Tactor,

T P U

Tramrsf



7. THREE-DIMENSIONAL THINKING

\&/ Module Wrap-Up

REVISIT THE PHENOMENON

How much CO._did this field
of corn need to grow?

@& Claim, Evidence, Reasoning
Explain Your Reasoning Revisit the claim you made when you encountered the
phenomencn. Summarize the evidence you gathered from your investigaticns and
research and finalize your Summary Table. Does your evidence support your claim? If nal,
revise your claim, Explain why your evidence suppons your claim.

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

GO FURTHER Data and Observations
Based on Real Data'? Moon Rock Daln'
Data Analysis Lab Oxide | “ Mass of Soil
Can rocks on the Moon provide an effective cuoygen source? SI0, | 473%
Scientists, looking for an axygen source for fulure long-duratian A0, diviin
. lunar missions, are researching ways to extract axygen from Ce0 4%
E lunar soil and rock. Analysis of samples identifies the oxides in Fel 10.5%
'-' Iunar soil as well as each oxide’s percent-by-weight of the sod Mgl 2.6%
| (=2 analyze and Interpret Data [ To, 16%
i 1. Ciaim, Evidence, Reasoning Scientists want (o release the | NaD | v
< ceoygen fram its metal cedde using & decomposithon reactkon: KO 0.6%
‘1 maetal cide — metal + coygen, To assess he viability of cro, 0.7%
3 this idea, detarmine the amount of axygen pear kilogram MO o1
f contained in each of the oxides found in lunar soll § . ’ :
* 2. Claim, Evidence, Rﬂﬂlﬂﬂlﬂg Determine the theoretical Dlerin obrimried bone Mcking, ot al 1904, 19C.1 A sesw lusar
1. sl sl Fﬂ}w-l'lg_ Congreeiion, awd Operppes

yizld of oxygan from the oxides present in a 1.00-kg i Sonce N W57 B60, Amveicary Sactsty ol Chl Ecinesrs

Sngie of unaf sol Darta obtained from: Berggren, of ol J00S. Carban
3. Claim, Evidence, Reasoning Using methods cumrently monenid SMcaty InguClin systam, Spore Resmees

available, sclentists can produce 15 kg of conygen from Boungiioble Wi

100 kg of lunar soil What is the percent yield of the

process?
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STATES OF MATTER

ENCOUNTER THE PHENOMENON <
Why does water naturally exist
as a solid, liquid, and gas on
Earth?

B3 Ask Questions

Do you hawve other guastions about the phenomenon? If so, add them to the driving
guastion board.

Claim, Evidence, Reasoning

§

_E Make Your Claim Lkss your Collect Evidence Uss= the Explain Your Reasoning You
;"1: CER chart to make a claim lessons in this module to will revisit your claim and

'E about why water naturally coflect evidence to support explain your reasoning at thea
i exists as a solid, liguid, and your claim. Record your end of the modula.

- gas on Earth. avidence s you move

i through the moduls.

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

3 help you collact evidence.

$

L

LESSOM 2: Explore & Explain: LESSOM 4: Explore & Explain:
Polar Imteractions Phase Diagrams
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FOCUS QUESTION
Do all gases behave the same way?

The Kinetic-Molecular Theory

You have bearned that composition (Lhe types of atoms present) and strocturne (Lheir
arrangement) determine the chemical properties of matter. Compasition and strocture
alsiy affect the physical properties of matter. Based solely on physical appearance, you
can distinguish between the solids and liguids, as shown in Figure 1. By conltrass,
substances that are gases at room temperature usually display similar physical proper
ties despite their different compositions. Why is there =0 little variation in behavior
among gases? Why are the physical properties of gases different from those of liguids
and salids?

Gaid Graphie Metcury

Figure 1 You can distinguith same matemsly by looking at tham. Sut this i mol true o mary gases

COLLECT EVIDENCE INVESTIGATE
B Use your Science Joumal ta | (CYGO OMLINE o find theese activifies and more resources.
recoed e vicence you colect as | gom Virtual Investigation: Kinetic Theory
Yyou compide: e readings and Uk & model [ drscover the patten found in the Maxwell-Ballzmann distribution and describe
Bethvities in this ledson properties of gases

(273 identify Crosscutting Cancepts

Craate a table ol fhe crossoutiing contepts and 1l in examples you find as you raad

e iy ety ey, ey S lim s s b s dirad ¥ O oy

e
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By the eighteenth century, scientists knew how to collect gnseous products by displacing
water, Mow, they could observe and measure properties of individual gases. About 1864,
chemists Ludwig Boltamann and James Maswell, who were working in different coun-
tries, each proposed a model to explain the properties of gases. That model is the kinetic-
moecular theory. Because all of the gases known to Bolizmann and Maxwell contained
modiscules, the name of the mode refiers b modecules. The word kiselie comes from a
Creck word meaning fo mote. Objects in mition have enengy called kinetic enengy. The
kinetic-molecular theory describes the behavior of matter in lerms of particles in motion,
The model makes several assumptions about the sire, mation, and energy of gas particles.

Particle size

Gases comsist of small particles that are separated from one another by empty space.
The volume of the particles is small compared with the volume of the emply space.
Bucause gas particles are far apart, they experience no significant attractive or repulsive
forces.

Particle motion

Gas particles are in constant, random motion, Particles move ina stragght line until they
collide with other particles or with the walls of their container, as shown in Figure 2.
Collisions between gas particles are elastic. An elastic collision is one in which no
kinetic energy is lost. Kinetic energy can be transferred between colliding particles, but
thee total kinetic energy of thee two particles does not change.,

Particle energy

Twn factors determine the kinetic energy of a particle: mass and velocity. The kinetic
energy of a particle can be represented by the following equation,

KE =3 mn?

KFE is kinetic energy, m is the mass of the particle, and o 15 its vedocity. Velocity refbects
both the speed and the dircethion of motion. o a sample of a single gas, all particles have
the same mass, but all particles do pot have the same velocity, Therefore, all particles do
not have the same kinetic energy. Temperature is a measure of the average kinetic
erergy of the particles in @ sample of matter,

Figure 2 Kinetic engrgy can be transfemad
betwaien gas partiches during an elaslic
callislon, Betwaen collisions, the particle;
meaye i siraighl fines,

Explain the influencs ihat gos particles fme
4 Fach pifies, both I devmn of colisions aod
il happens 1o parfickes Detiveen colisans.




Explaining the Behavior of Gases

The kinetic-molecular theory helps explain the behavior of gases. For example, the
constant motwon of gas particles allows a gas to expand until it fills its containes, such as
when you inflate a beach ball. As vou blow air into the ball, the air particles spread oul
and fill the inside of the container—the beach ball.

Low density

Remember that density is mass perunit volume, The density of chlonne gas is

2898 # 1 g'ml at 20°C; the density of solid gobd s 19.3 g/ml. Gold is more than
A7 times az dense as chilorine, This large difference cannot be due only o the
difference in mass between pold atoms and chiorine malecubes (absout 2:1), As the
kinetic-molecular theory states, a great deal of space exists between gas particles. Thus,
there are fewer chlorine molecules than gold atoms in the same volume,

Compression and expansion

1Fvou squeeze a pillow made of foam, voo can compress it; that is, vou can reduce its
volume. Air, which is a mixture of gases, is also compressible. The large amount of
emply space belween the particles in the air allows air W be squesred into 4 smaller
volume. When the solume of a container is made larger, the random motion of the
particles fills the available space. Figure 3 illustrates what happens to the density of a
gas in a container as it is compressed and as it is allowesd 1o expand.

Fgure 3 ina closed] comisemer. compression and espansion change five eoleme occugsed by o constan
mass of partcles

Relate the champe i volume (0 e censity o e ooy poricies b saoh cplinger,

(5539 CROSSCUTTING CONCEPTS YRR O
Systems and System Madels Reviow the assumptions made by the kinetic-molec- | 093

Lokar Sheory. Devilop your o visunl or physscal representation 1o heip olhers oo from e Litin ward ¢foos,
undiarstand 1 kinetic-milecilal theary and the bihavior of gases, What ara the | which means space
limsations of your mode(?
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Diffusion and effusion

According 1o the kinetic-molecular theory, there are no significant foroes of attraction
between gas particles. Thus, gas partiches can fow easily past each other. Often, the
space into which a gas flows 2 already occupied by another gas, The random motion of
thie gas particles causes the gases o mix until they are evenly distributed. Diffusion is
the term wsed to describe the movement of one material through another. The term
might be new, but vou are probably familiar with the process.

If food is cooking in the kitchen, you can smell it theoughout the house becaase the gas
particles diffuse, Particles diffuse from an area of high concentration (the kitchen) to
ane of low concentration (the other rooms in the house).

Effusion is @ process related to diffusion. During effusion, a gas escapes through a tiny
opening. What happens when you puncture a container, such as a balloon or a tire?

In 1846, Thomas Graham conducted experiments to measure the rates of effusion for
different gases at the same temperature, Graham designed his experiments so that the
gases effused into & vacuum=space containing no matter. He discovered an mverse
relationship between effusion rates and molar mass. Graham's law of effusion states
that the rate of effusion for a gas is inversely proportional 1o the square root of its molar
mass.

Graham's Law

Rate of effusion 1

v molar mass

The rata of diffusion or effusion of & gas &5 wersaly proporional 10 fhe sguare roof of
s molar mass.

The rate of diffusion depends mainly on the mass of the particles mvaboed. Lighter
particles diffuse more rapidly than heavier partiches. Recall that different gases at the
same temperature have the same average kinetic energy as described by the equation
KE= %rm-*. However, the mass of gas particles varies from gas to gas. For lighter
particles o have the same average kinetie energy as heavier particles, they must have,
on average, a greater velocity,

Crraham’s law also applies to rates of diffusion, which is logical because heavier particles
diffuse more showly than lighter particles at the same temperature. Using Graham's law,
you can set up a proportion to compare the diffusion rates for two gases,

Rate, [molar mass,
Wate, = | molar mass,

B ceurr

Explain why the rate of diffusion depends on the mass of the particles.



EXAMPLE Problem 1

GRAHAM'S LAW Ammonia nas a molar mass of 17.0 g/mot; hydkogen chionde has a molar mass
of 35,5 gfmal. What & the ratic of thoir diffusion rates?

1 AMALYZE THE PROBLEM

You are gived the malar masses Tor ammonta and hydrogen chiorde. To find the ratio of tha
diffusio rates for ammonia and wdrogen chlande, use the eguation for Graham's law of
effusion,

K.rawi Unknowm
malar mass = 36.5 gimal ratio of diffusion rates = 7
mmﬁ,hc'ﬂ.ngfﬂd

2 S0LVE FOR THE UNKMNOWN

Toalar mass,._
E‘-{;r:"—zf el (P PRI ELETED RET) TRTES S B
= {%ﬁ = 1.47 Gl (0Ol e, =36 Ginad ATV ke

s, = TTQ wmel

The ratio of chffusion raes ks 147

3 EVALUATE THE ANSWER
A ratio of roughly 1.5 is logical because mobecules of ammonia are sbout half as
massive as molecules of hydrogen chioride, Because the molar masses have three
significant figures, the answer also does. Mote thal ihe unds cancel, and Ihe answer |5
stated correctly withoul any umits,

PRACTICE Pryubisms k ADDITIONAL PRACTICE

1. Calculate the ratio of efusian rates for nitrogen (N and nean (Ne],

4. Calculate the ratio of diffusion rates for carbon monoxide and carbon dioxde.

3. CHALLENGE What is the rate of effusion for a gas that has a molar mass twice [hal of = gas that
affuses ot a rate of 3.6 molmin?

Gas Pressure

Hawe you watched someani try o walk across snow, mud, or hot asphalt in high hisls?
If 5o, voun might have noticed that the heels sank into the soft surface. But that same
person walking across the same surface while wearing shoes or boots does not have the
same problem. Why does a pesson sink when wearing high heels but does not sink
when wearing boots?.

Figure 4, on the next page, shows that in each case, the force pressing down on the soft
surface is refated to the person’s mass. With boots, the force is spread out over a larger
area. Pressure i defined as force per anit area. The area of the bottom of a beot is much
larger than the arca of the bottom of a high-heeled shoe. So, the pressane on the soft
surface is less with a boot than it 15 with high heels.

B R T R
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Cias partkcles also exert pressure when they collide with the walls of their container.
Because an individual gas particle has little mass, i can exert little pressure. However, a
liter-sized container could hold 1(F gas particles. With this many particles colliding, the

pressure can be high

Air pressure . WACLILIT

Earth = surrounded by an atmosphere that extends into space

N —f— -

tor hundreds of kilometers, Becavse the particles in air move in 1 L
- Pressure peoriod
eviery dinection, they exert pressure in all directions, Thas p
Enf PTEis Uy SOOI

'
pressure = calbed atmosphernic pressure, oF air pressure. Aar
Aimospleric
pressure varies al different poinis on Earih. Because gravity is ] Gl

P prefsure
greater at the surface of Earth, there are more particles than al TS

higher altitudes wheoe the force of gravity is less. Fewer particles
al higher elevations exerl less foree than the grealer concenira-
teom osf partecles ab lower altitudes, Therefore, alr pressure is less
at higher altitudies than it s at sea level, At sea level, atmo
spheric préssure 1= aboul one-Kilogram per squane centimeter.

Measuring air pressure kalian physicist Evangelista
Torricelli (1608<1647) was the first o demonstrate that air
exerted pressure. He noticed that water pumps were unable o
pump water higher than aboot 10 m. He bvpothesized that the
hetght of a column of liqusd would vary with the denzity of the
liquid. To test this idea, Torricelli designed the equipmenl FIgLre . formicsl was i
shown in Figure 5. He filled a thin glass tube that was closed al ; 1
o end with mercury, While covering the open end so that air
could not enter, he inverted the tube and placed it [open end
dvam) in & dish of mercary. The helght of the mercury column fell o aboal one-
fowrteenth of a similar water column. This validated Torriells hypothesis because

mircury is approximately iourfeen tmes more dense than water.



Figure & A mancmieter

; Mr_;_gm I..-"'r- ey, heasures e pressiine of
| 1 .. ond an englosed gas.
| B : E§
, j - - i
£ '. .;'
.- - ..
I b
'y 4
Before gas 5 releayed o e Afbr ga s released o the
U-tube, the mercury (s at The L-nihe, the heignts in the fwo
samia height in sach arm. BEME ER P nger equal.

Barometers The device that Torricelli invented is called a barometer. A barometer is

an instrument used to measure atmosphenic pressune. As Torncelll demonstrated, at
sea level the height of the mercury in a barometer is usually about 760 mm,

The exact height of the mercury is determined by two foroes, Gravity exerts o constant
drwrward force on the mercury. This force is opposed by an upward force eoerted by
air pressing down on the surface of the mercury, Changes in air temperature or hurmid-
ity cause air pressane W vary,

Manometers A manometer is an instrument used to measure gas pressare in a closed
container. In a manometer, a flask is connected to a U-tube thal contains mercury, as
shown in Figure . When the valve between the flask and the U-tobe is opened, gas
particles diffuse out of the flask into the U-tube. The released gas particles push down
on the mercury in the tube. The difference in the height of the mercury in thie bwa arms
is used to caleulate the pressure of the gas in the flask,

Units of pressure

The 51 unit of pressure is the pascal (Pa). I s named for Blaise Pascal (1623=16632), a
French mathematician and philosopher. The pascal is derived from the S unit of force,
the newton (M), One pascal is equal to a force of one newton per square meter: 1 Pa
equals T N/,

Many fields of science Ul use more traditional units of pressure, For example, engl-
neers aften report pressure as poumds per square inch {psi). You might see this unit of
pressure listed on the tires for bicweles and cars. The pressures measured by barometers
and manomelers can be reported in millimeters of mercury (mmBg). However, if vou
listen o vour local weather report, you might hear the metenrologist report the
pressure in inches, which s understood to mean inches of mercury, 1t is similar o the
unit millimeters of mencury as it describes the height of & mercury column that could be
supported by the atmospheric pressure,

Trigmproaghd B iy oo #0g | dbgmienes



Inspare: Chemistry 9-12 Student Edition

Cipaing | = s sam ol Lo mos

Table 1 Comparison of Pressure Units

| MumberEquivalent ta | Number Equivalent to
Etm 1 kPa

| Kilepascal (kPaj 1003 kba -
Atmasphere (atm = | 0009869 atm

| Millmeters of morcury (mmHg) 760 mmHg . 7501mmHg

. Tarr I TG0 tom 7501 tower
Pownds per sguare inch (DS or H:u'ln'.] . .7 psl ﬁ“Er sl

I Bar 1.01 har 0.01 bar

AL sea bevel, the average abr pressure is 1003 k'a when the temperature i (0C. Air
pressune is often reported in a unit called an atmesphere {atm], One atmosphens i
equal to 7l mmb g or 76l torr or 1005 kilopascals (k%a). Table 1 compares different
units of pressure. Because the units 1 atm, 760 mmHg, and 760 torr are defined units,
they should have as many significant igures as needed when used in calculations,

Dalton's law of partial pressures

When Dalton studied the properties of gases, he found that each gas in a mixtare cxerts
pressure independently of the ather gases present. lestrated in Figure 7, Dalton’s Law
of partial pressures states that the total pressure of a mixture of gases i equal to the
sum of the pressures of all the gases in the mixture. The portion of the total pressure
contributed by o single gas is called its partial pressure. The partial pressure of a gas
depends on the number of moles of gas, the size of the container, and the lemperature
of the mixture, [t does not depend on the identity of the gas. Al a given lemperasture
and pressure, the partial pressure of 1 mol of any gos is the same.

Look again al Figure 7. What happens when 1 mol of helium and 1 mol of nitrogen are
combined in a single closed container? Because neither the volume nor the number of
particles changes, the total pressure equals the sum of the bvo partial pressures.

9 t‘# - .ﬁ%;#
e : + & "%ﬂ"‘" ""l.q“-
1miE Hi Tmal Ny 1miol He 4+ 1mol My
Py A Pl

Flgure 7 When gases mka the lolal pressure of the mikkune s egual fo the sum of the
panial presuies af the indnidus] gases

Determine How oo e poriiod pressunes of nifigen gas and lium g compare when
o maie af niogen gas ond o made of hew pas ofe in e Some closed (omimiser?



Dalton's Law of Partial Pressures
Dalon's law ol partial pressures can be sumimanized by the fallowing equation

P, riepieseis thlnl prisaaing P, 7, and P, iepiesanl
- — — [} i
l."I-H.-I Fl * F! + F.*I +.. Fﬂ e paniet prossires of eac Gas D Do the B gas. 7

To calculate the t1al pressure of & mixture of gases, add the partial pressures of sach of
the gases In the mixtere.

EXAMPLE Problen 2

THE PARTIAL PRESSURE OF A GAS A midture of oxygen {0 ), carbon dioxide [CO.), and nitrogen
(M.} has a total pressure of 0297 atm. Whal is the panial pressuve of O, It the padial pressure of
C0, is 070 atmi and the partisl pressure of N, & 012 atm?

1 ANALYZE THE PROBLEM
You are given the total pressure of a mixdure and the partial pressure of two gases n the
mexturg. To find the partial presswre of the third gas, use the equation that relates partial
pressunes 1o iofal pressure.

Known Lk mcnam
B, =012atm F, = Tatm
le = 070 atm
B = 057 am
‘2 SOLVE FOR THE UNKNOWN
P = P-. + P+ Py Sinte Dindon's e of pafio pfosulms:

B =P _—~P_ —P S for B, |
A, =097aim —070atm — Q2 atm  Sobehae B, =(0Ulam B =070 stm, ana B =007 atn

-P‘,. = Q15 atm

3 EVALUATE THE ANSWER

Adding the calculated value for the partial pressure of cxygen 10 the known partial pressures
gives thie 1otal pressare, 0.97 atm. The answer has two significant figures 10 match the data.

FRACTICE Froblens R ADDITIONAL FRACTICE

4, What is the partial pressure of hydrogen gas In & mixture of hydrogen and hellum if the total
pressure Is 500 mmiHg and the partisl pressure of hellum is 439 mmHg?

§. Find the total presaune for @ makiure that conteing foul gases with partisl pressunas of 5,00 kPa,
4,56 ¥Pa, 3.02 kPa, and 120 kPa,

6. Find the partisl pressure of carbon diodicke in a gas mixdure with a totsl pressure of
30,4 kPa if the parial pressures of the other two gases In the mikure are 16.5 Pa and
37 WFa.

7. CHALLEMGE Alr ks a mistire of gases. By percentage, it is roughly 78 percent nitrogen,
21 percent oxygen, and 1 percent argon. (Thsre ane rdce Bmourts of many other gases
in mir} if the atmospherc pressure 5 760 mmHg. what are the partial pressures of nitrogen,
Cy Qe and argan in the atmosphere?

Trigmpregd @ iy omep 08 | oaradns
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Figura 8 In i flask, sulhuric
acif [H 50,1 reacts wih zinc to
produce ydrogen gar. The
nydrogen Iy collected at 20°C
Caloulate the poviinl gressune of
hyavogen @ 2000 I the oo
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wirer wopar miniune 5 MO0 BP0,

Using Dalton's law

Partial pressures can be used to determing the amount of gas produced by a reaclion,
The gas produced s bubbled into an inverted container of water, as shown in Figure 8,
As the gas collects, it displaces the water, The gas collected in the container will be a
mixture of hvdrogen and water vapor. Therefore, the total pressure inside the container
will be the sum of the partial pressures of hvdrogen and water vapaor.

The partial pressures of gases at the same temperature are related to their concentra-
tion. The partial pressure of water vapor has a [xed valee at a given temperature. You
can look up the value in a reference table, At 20°C, the partial pressure of water vapor is
2.3 kPa. Yoo can calculate the partial pressore of hydrogen by subtracting the partial
pressure of water vapor from the total pressure.

As vou will read later, knowing the pressure, volume, and lemperatiuee of a gas allows
you to caloulate the number of moles of the gas, Temperature and volume can be
measured during an experiment. Once the temperature is knowmn, the partial pressure
of water vapor ks used (o caleulate the pressure of the gas. The known values for
volumse, temperature, and pressune are then used W find the number of moles.

|& Check Your Progress

Summary Demaonstrate Understanding
» The kinetic-molecular theory B. Explain Use the kinetic theory to explain the
enptains the properties of behavior of gases.
gases in terms of the size, 9. Deseribe how the mass of a gas particle affects its
matian, and energy of their rate of eftusion and diffusion,
pardcles. 10. Explain how gas pressure |s measured.
. Dalton's law of partial pres-
y . griF e 1. Explaln why the container of water must be inverted

pressutes of individual gases in when a gas is collected by displacement of water,

s mbrtures. 12. Calculate Suppose two gases in a container have a
tolal pressure of 1.20 atm, What is the pressure of

F PYRNRIIE M I et T Eony Gas B f the partial pressure of Gas A is 075 atm?
pare the diffusion rates of two
gases. 13. Infer whether or nol temperature has any effect on

the diffusion rate of a gas. Explain your answer,

LEARNSMART Goonline to follow your personalized leaming path to review, practice,
and reinforce your understanding,
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LESSON 2

FORCES OF ATTRACTION

FOCUS QUESTION
What forces exist between molecules?

Intermolecular Forces

If all particles of matter at room temperature have the same average kinetic enengy, why
are some materials gases while others are lquids or solids? The answer lies with the
attractive forces within and between particles. The stracture and interactions of matber
ak the bulk scale are determined by elecirical forces within and between atoms. Thae
attractive forces that hold particles together in ionie, covalent, and metallic bonds are
called intramolecular forces, The prefix infm- means eiffue. For example, intramural
sparts are competitions among teams from within a single school or district. The term
el can refer to atoms, wons, or molecules. Table 2 summanzes what you read
previously about intramolecular forces,

Table 2 Comparison of Intramolecular Forces

e af Araction Examiple

lanic + 4 ¥ CENONS and ANONS M&C|

W positive mechei and
Deneilent . . sharad elactrons H

Mistallic F#

'
'
b
"
=

4
COLLECT EVIDENCE INVESTIGATE -
I.'WMEHNJWHHW QGO ONLIME to find thesi schivilies and more rsaurces. E
you camplede e readings and Cibkain infomiation from a curment news siory about gases. Bvaliiate your source and
WCEhTiveS in thies lesyon communicale your Bodings 1o youwr glass,
% Rewvisit the Encounter the Phenomenon Guestion
What infarmation from this lesson can help you answer the modise gueston?
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Intramiplecular forces do not account for all attractions between particles. There are
forces of attraction called intermalecular forces, The predis iuler- means betiveen or
mmwpng, For examplie, an interview i a conversaton between two people, These foroes
can hold together identical particles, such as water moleceles in a drop of water, or two
different types of particles, such as carbon atoms in graphite and the cellulose particles
in paper, The three intermolecular forces that will be discussed in this sechion are
dispersion fonees, dipole-dipale forces, and hvdrogen bonds, Althowgh some intermo-
lecular forces are stronger than others, all intermolecular forces are weaker than the
intramulecular forces invalved in bonding,

Dispersion forces

Recall that osovgen molecules are nonpolar because electrons are evenly distributed
between the equally electronegative oxygen aloms, Under the right conditions, how-
ever, oxvgen molecules can be compressed into a liquid. For ocovgen to condense, there
must be some force of attraction between its molecules,

Thie force of attraction between covgen molecules is called a dispersion force.
Dispersion forces are weak forces thal result from temporary shifts in the density of
electrons in electron clouds, Dispersion forces are sometimes called Londan forces after
the German-Amerkcan plivsicist who first described them, Frite London.

B Ger e

Identify What is another name for dispersion forces?

Remember that the electrons in an electron cloud are in constant motion. When two
molecules are in close contact, especially when they callide, the électron cloud of ane
milecule repels the electron cloud of the other malecule. The electron density around
wach nueleus is, for & moment, greater in one region of each clowd, Each molecule forms
a tempuorary dipele. When temporany dipoles are close together, a weak dispersion force
exisis between oppositely charged regions of the dipoles, as shown n Figure 9,

& et

Explain why dispersion forces farm.

Dispersaon forces exist betwoen all particles. Dispersion forces ane weak for small partiches,
and these forces have an increasing effect as the number of slectrons imvobved increases,
Thus, dispersion forces tend o become stronger a8 the size of the parlicles increase,

Tempodary dipole Temporany dipie
e e

Figure 9 'When bwo malecules are clzse iogeiter, he sleciron clouds repei each pilber, creniing emgorsny
dipabiet. The b g fepresents an area of parfial chaige an thie motecule.
Explain what the §4- and 6— signs an o lemparory dpoa represant



For example, fluoring, chlofine, bromine, and jodine exist as dialomic molecules, Recall
that the number af norvalence electrons increases from Muarine to chiorine to bramine
ton tocine. Becanse the larger hatogen molecules hine mone electrons, thene can be a
greater difference between the positive and negative regions of their temporary dipoles
and, thus, stronger dispersion foroes, This difference in the forces explains why Nuorine
and chlorine are gases, bromine is a lguid, and iodine is 2 solid at room temperature,

'i!":m w2

Infer the physical state of the element astatine at room temperature and explain

YOour reasaning.

Dipole-dipole forces

Polar malecules contain permanent
dipoles; that is, some regions of a polar
mizbecule are always partially negative
and some regions of the molecule are
always partially posilive. These attrac-
Hons between oppasitely charged
regions of polar moelecules are called
dipale-dipale forces, Meighboring polar
molecules orient themselves so that
oppositely charged regions align.

When hydroggen-chloridie gas mobecules
approach, the partially positive hydro-
gen atom in one molecule & attracted to
the partially negative chlorine atom in
another molecule, Figurne 10 stowes

@jﬁi éj‘“‘ﬁ

Figure 10 Helgiianng poksr modecyies orem ihemseves so thal
opprasiely changed regions aign
Identiify the fpoes of fonces thot ove represented i ihis Faure,

multiphe attractions among hvdrogen-chloride malecules. Because the dipoles are
permanent, vou might expect dipole-dipole forces o be stronger than dispersion forces.
This prediction holds true for small polar molecules with large dipoles, However, for
many polar malecules, including the HCl molecules in Figure 10, dispersion forces

dominate dipole-dipole forces.

B et e

Compare dipole-dipale forces and dispersion forces,

RCADEMIC VOCABULARY
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to arrang in a specific position; to align in the same direction
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Hydrogen bonds

One special type of dipole-dipole attraction is called a hydrogen bond. A

hydrogen bond is a dipole-dipole attraction that occurs between moleculex containing a
hydrogen atom bonded to a small, highly electronegative atom with at least one lone
electron pair. Hydrogen bonds typically dominate both dispersion forces and dipale-
dipole forces. For a hydrogen bond to form, hydrogen must be bonded 1o either a
fluarine, oxygen, or nitrogen alom. These atoms are electronegative enough to canse a
large partial positive change on the hydrogen atom, viet small enough that their lone
pairs of electrons can come close to hydrsgen atoms. For example, in a waler molecule,
the hydrogen atoms have a lange partial positive change and the oygen atom has a large
partial negative change, When water molecules approach, a lydrogen atom on ane
molecule is attracted to the lone pair of electrons on the oxygen atom on the other
molecule, a5 shown in Figure 11.

l!Eeﬂﬂ

Distinguish batween the forces that hold atoms together in a water molecule and
the attractive forces that act between water molecules.

Hydrogen bonds explain why water is a liquid at room lemperature, while compounds
of comparable mass are gases, Look at the data in Table 3 on the next page. The differ-
ence between methane and water is casy to explain, Because methane molecoles are
nonpalar, thie only forces holding the molecules together ane relatively weak dispersion
porces. The difference between ammonia and water is mol as ebvious. Molecules of both
compounds can form hydrogen bonds, Yel, ammonia is a gas al room temperatune,
which indicates that the attractive forces between ammonia molecules are not as strong,
Because oxvgen atoms are more electronegative than nitrogen atams, the O-H bonds in
waler are more palar than the N-H bonds in smmonia, As a result, the hvdrogen bands
betwiern water molecules are stronger than the hydrogen bonds between ammaonia
maolecules,

ACADEMIC VOCABULARY
approoch

1 came niear oF neaner 10 semeane of Symsetheng in distance
He mode surs 1o aparoach the imined dag siowly



Inspare Chemistry, Student Edition

Table 3 Properties of Three Molecular Compounds

Compound Molacular Structure | Molnr Mass (0l Boliing Poimt [*C)

Water (H,0) 18.0 o0
Mathane (CH,) B0 =-161.5
Amrmaonia (NH j o =333
|& Check Your Progress
Summary Demonstrate Understanding
+ Intramolecular forces are 14. Explain what determines a substance's state al a
stronger than intermolecula: given temperature.
forces. 15, Compare and contrast intermaolecular forces and
= Dispersion forces are intenmo- describe intramalecular forces,
lecular forces between tempo- 16. Evaluate Which of the molecules listed below can
rary dipoles. form hydrogen bonds? For which of the molecules
+ Dipole-dipale forces occur ‘would dispersion forces be the only intermolecular
between polar molecules. force? Give reasons for your answers.

aH, BHS cHO  dHF

17 Intepret Data In a methane malecule (CH ), there are

four single covalent bonds. In an octane molecule

[CH) there are 25 single covalent bonds. How does

the number of bonds affect the dispersion forces in

samples of methane and oclane? Which compaund is

agas at raom temperature? Which is a liquid?

LEARNSMART Goonkne tofoliow your personalized feaming patn to review, practice,

and relnforce your understanding.
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LESSON 3
LIQUIDS AND SOLIDS

FOCUS QUESTION
What are the properties of liquids and solids?

Liquids
Although the kinetic-molecular theory was developed to explain the behavior of gases,
thie model also applies o ligquids and solids. When applying the kinetic-molecular

theory (o the solid and liquid states of matter, you must conskder the forees of attraction
between partiches as well as their cnesgy of motion.

Previousky, vou read that a liquid can take the shape of its container but its volume is
ficed. In other wards, the particles can flow o adjust to the shape of 2 container, but
the liquid cannot expand to fill its container, as shown in Figure 12. According to the
kinetic-molecular theory, individual particles do not have froed positions in the liguid,
Forces of attraction between particles in the liquid limit their range of motion so that
the particles remamn closely packed i a fixed volume.

Flgure 12 Liguids How and take the shape of
i candaimar, bl ey do not expand to N

hair comalmer ke gases.

Imber the reasor it dhe bguwid [ af ihe same
vl in egrety of e inferconnecied iibes.

Lia amaw Man Masios:

“ COLLECT EVIDEMCE INVESTIGATE

§ B Use your Science Joumaite | ) GO ONLINE 10 find these activities and mor resources.
record the evidence you caliect as o Apelying Practices: Touching the Future
youi complets the readings and H5-P52-6 Communicate sclenlific and Lechnical inbormation about why the mileculs Wl
wctivlies in this beseon. shucture (s imporant in the hnctioning of designed materials.

.E;,Ig Quick Investigation: Model Crystal Unit Cells
Dievetop and use models t illustrate the structune of crysals.
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Density and compression

AL 25°C and 1 atm of air pressure, liquids are much denser than gases. The density of a
Bigquid B much greater than that of s vapor at the same conditions. For examiple, liguid
water is about 1250 times denser than water vapor at 25°C and 1 atm of pressure,
Because they are at the same temperature, both gas and liquid particles have the same
average kinetic energy. Thus, the higher density of lquids is due 1o the intermoslecular
forces that hold particles together. Unlike gases, bquids are considered incompressible
in many applications, The change in volume for liquids is much smaller becawse hauid
particles are already tightly packed. An enormous amount of pressure must be applied
o reduce the volume of a liquid by a very small amouni

Fluidity

Gases and liguids are classified as fluids becawse they can fow and diffuse. Figure 13
shows one liquid diffusing through another liguid. Liquids usually diffuse more slowly
than gases at the same temperature, because intermolecular attractions interfere with
the flow. This, lquids are bess fluid than gases. A comparison bebween water and
natural £as can iflusirate thiz difference. When there is a leak in a basemient water Pipe.
the water remains in the basement unbsss the amount of water released exoeeds the
virluimie of the basement

A gas will not say i the basement, For example, natural gas, or methane, i a fuel
burned in gas furnaces, hot-water heaters, and stoves, Gas that leaks from a gas pipe
diffuses throughout the house. Because natural gas is odorless, companies that supply
the foel include a compound with a distinet odor. Adding odar 1o natural gas warns Uhe
homeowner of the leak. The customer has time b shut off the gas supply, open win-
dows to allow the gas to diffuse, and call the gas company to report Lhe leak

Figure 13 Gazes and liguids have the abklity 1o fiow and ditfuse. These photos
ghow ane Bguid difhusing through anctier

i O W
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Viscosity Malecule 1 H
Yo are already familiar with viscosity if vou have ever tried to gel H D,.r H
honey out of a botte. Viseosity is o measure of the pesistance of a il R
licquid tor flow. H= ‘I: 'Ii.' II: H
The particles in a hquad are close enough for attractive forces to slow O_" H O
their movement as they flow past one another. The viscosity of a I,_|"Hr Hf
liquid is determined by the type of intermolecular forces in the liquid, ‘“—-G/HH ‘b/H
thie sizie and shape of the partiches, and the temperature, I I
You should note that not all liquids have viscosity, Scientists discove H—C—C—C—H
ered superfluids in 1937, Scientists cooled liquid helium below . Iil
~270.998°C and discovered that the properties of thi liquid changed. 7
The superfluid helium lost viscosity—the resistance 1o fow, H  Molecule 2
Attractive forces In typical liquids, the stronger the Figure 14 “'*f"ﬂ"'“"m two
intermolecular attractive forces, the higher the viscosity, 1f you :mz“*“':m'r:" horcr
have used ghycerol in the laboratory to help insert a glass tube into e ol
i rubber stopper, yvou know that glveerol is & viscous lguid. FE I

J ) Inptregen bamds o glyoero) molecuie

Figure 14 uses structural formulas to show the hydrogen bonding can form with o sacomnd malecie
that makes glyeeral so viscous, The hydrogen atoms attached to

the oopgen atoms inoeach gheerol molecale ane able o farm

hydrogen bonds with other glycerol molecules. The red dots in

Figure 14 show where the hedrogen bonds form between molecules.

Particle size and shape The size and shape of particles also affect
wiscosity. Recall thal the overall kinetic energy of a particle is
determined by its mass and velocity.

Suppose the attractive fonces between molecules in Liguid A and
Liquid B are similar. If the molecales in Liguid A anre more massive
than the malecules in Liquid B, Liquid A will have a greater viscosity,
Liquid A's molecules will, on average, move mare sowly than the
molecules in Liguid B,

Molecubes with bong chains, such as cooking oils and motor oil, bave
a higher viscosity than shorter, more-compact molecules, assuming
the molecules exert the same type of attractive forces. Within the kong
chains, there is less distance between atoms on neighbaoring,
molecules and, thus, a greater chance for altractions between atoms,

Temperature Viscosity decreases with temperature. When vou pour
a small amount of cooking oil inte a frving pan, the oil temds nol to
spread across the bottom of the pan until you heat it

With the increase in temperature, there is an increase in the average

kinetie energy of the oil molecules. The added encegy makes i easier
far the molecules to overcome the intermolecular forces that keep the
modecules from flowing,
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Another example of the effects of lemperature on viscosity is motor oil. Motor oil keeps
the moving parts of an internal combustion engine lubricated. Prople once used differ
ent motor-oil blends in winter and summer, The motor ofl used in winter was designed
i flowe &t low temperatures. The motor oil used in summer was more visoous so that it
could maintain sulficient viscosity on extremely hot davs, Today, additives in motor oil
help adjuel the viscosity =0 that the same odl bliend can be used all vear, Molecules in the
additives are compact spheres with relatively low viscosity at cool temperatures. At high
temperatures, the shape of the additive molecules changes to long strands. These
strands get tangled with the oil molecules, which increases the viscosity of the oil.

E Get It?

Infar witvy it is important for molor oll to remain Viscows.

Surface tension

Intermolecular forces do not have an equal effect on all particles ina liquid, as shevwn in
Figure 15. Particles in the middle of the lkguid can be attracted 1o particles above them,
below them, and to either side. For particles at the surface of the liquid, there are no
attractions from above 1o balance those from below, Thus, there is a net attractive force
pulling down on particles at the surface. The surface tends o have the smallest possible
arca and to act az though it is stretched tight like the head of a drom. For the surface
area to increase, particles from the interior must move o the surface. It takes energy o
avercoma the altractions holding these particles in the interkor. The energy required to
increase the surface area of a Hoguid by a given amount is called surface tension. Surface
tension is a medsure of the inward pull by partiches in the interior. In general, the
strenger the attractions between particles, the greater the surface tension. Water has a
high surface tension because its moleciles can farm mulliple hydrogen bonds. Drops of
water are shapid like sphieres because the surface area of a sphend & smaller than the
surface area of any other shape of similar volume. Waler's high surface tension allows
the spider in Figure 15 to walk on the surface of the pond.

Sicle viewy
intermolocubar forces julst beee the sudtaco The surfdci Lension of The wolor allows thid spidar
of the water oBiiE Surfaie Tensd 1 Wil o Bhid surlace of the witer

F|5H|E15 AL ine surface of waler, the partcies e drawn iowand e aberar urdil Miractive and repulsive

loaces ane bal@nced

i
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The same forces that allow the spider o stay dry on the surface of a pond also makes it
difficult to use water alone to remcove dirt from skin and clothing, Dhr particles cannot
penetrate the surface of waterdrops. Soaps and detergents decrease the surface tension
of water by disrupting the hvdrogen bonds between water maolecules. When the bonds
are boken, the water spreads oul allowing the dirt to be carried away by the water.
Compounds that lowser the surface tension of water are called surfactants,

Cohesion and adhesion

When waler is placed into a narrow container, such as the glass tobes in Figure 16, you
can see that the surface of the water 15 not siraight. The surface forms a concave meniscus;
that i, the surface dips in the center. Figure 16 models what i= happening o this water at
the molecular level, There are two tvpes of forces al work: cohesion and adhesion. Cohe-
shon describes the force of attracton between identical molecules, Adhesion describes the
force of attraction between mobiscules that are different. Because the adhesive forces
between water malecules and the silicon dindde in glass are greater than the cohesive
forces betwesn water molecules, the water rises along the inner walls of the cylindes

Thie fanoeof attraction between Ihe wialer molstiles and Winter molecules ang alliacied b0 Each
the siicon dicoede in the plass cautes the water molecuses aitir —cahosion—and k3 te silicon disude
ta Cieep g he giass. midecuies if fhe qhass—adhesan.

Figure 16 'Water malecules have cohesive and AENEsive properies
Imter vy fhe meafier dpwed is higher in the smaies digroeter fube;

SCIENCE USAGE v. COMMON USAGE [E53 CROSSCUTTING CONCEPTS
farce Pattems Plan and conduiet an investigation ta
Schence usoge: a push or a pull, having both magnitude and deection, campare the vscosaty of diferset liguids. Decide
that is eeenid on an obje o the avidence you wil coliect and the variables
The griatatian fovce eatsts balvwesn any hwo obfects with mass oad & | wau will control. Use your results i expiain how
directly proportiamng ho ther masses. el ki@l E-mo et ular Mneary Apglies 10 Bguide.
Common wsoge: 8 goup ol peopie who have The power to work ioward &

desired auivome

The LLS. lobor foire increasad #s produciivily iest yea.



Capillary action If the cylinder is extremedy narnow, a thin film of water will be
drawn upward, Narrow tlubes are called capillary tubes. This mevement of a liguid
such s water |s called capillary action, or capillarity. Capillary action helps explain
hiow paper towels can absorb large amounts of water. The water is draown into the
narrow spaces between the cellubose fibers in paper towels by capillary action. In
addition, the water molecules form hvdrogen bonds with cellulose maoliscules.

Solids

Did you gver wonder why solids have a definite shape and volume? According b the
kinetic-molecular theory, a mole of solid particles has as much kinetic énergy as a mole
of liquid or gas particles ol the same temperature. By definition, the particles in a solid
must be in constant motion, For a substance to be a solid rather than a liguid at a given
temiperature, there must be strong attractive foroes acting between particles in the solid.
These fonces limit the motion of the particles to vibrations around fived locations in the
salid, Thus, there ks more order bn a solid than in a lquid. Because of this order, solids
are not fluid. Only gases and liquids are classified as fluids,

Density of solids

In gemeral, the particles in a solid are more closely packed than
thaose i a liguid, Thus, most solids are more dense than maost
Iiquids. When the hguid and solid states of a substance coexist,
the solid almost always sinks in the liguid. Solid cubes of
benzene sink in liquid benzene because solid beneene is more
dense than liguid benzene, There s aboat a 10% difference in
density between the solid and lguid states of most substances.
Because the particles in a solid are closely packed, ordinary
amaunts of pressare will not change the valume of a salid.

You cannot predict the relative densities of iee and liquid water
based on benzene. loe cubes and scebergs floal because water is
less dense as a solid than it is as a liquid. Figure 17 shows the
reason for the exception. As waber freeges, each H, O molecule
can form hyvdrogen bonds with up to four neighboring malecules,
As a result, the water malecules in boe are less-closely packid
together than in liquid water.

HGH {4

Drescribe in your own words why ice floats in water,

Flgure 17 An iceberg can foal because
ithee regid, three-dimensipnal straciune of
OB RS WA ke Lhess B TTer apan
fhan thiey ane in lguid wales. Thie open,

symmelrical shraciure of e reslls am
trydregen bandiig
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Sempie mibhc Body-ceniered Face-comieted

wil el ubsr il cedl Cul3ic it ces
Figure 18 Thete drawings show thees of he wiys parisches aoe avanged in crysis Witices, Esch sphene
iepresents a particle. . Parlicles are aranged ondy &t the comers of the cube, be There is & particle in the

center of ihe cube. . Thed ane parthcles in the center of each of e six Cubic taces but no particle in me
center of v cube (esail

Crystalline solids

Adthough joe bs unusual in its density, ice is typical of most solids in that its molecules
are packed together in a predictable way. A erystalline salid is a solid whose atoms,
fans, or malecules are arranged in an onderly, geametnic structure. The locations of
particles in a crystalling solid can be represented as paints on a framework called a
crystal lattice. Figure 18 shows three ways that particles in a erystal lattioe can be
arranged to form a cube,

A unit cell is the smallest arrangement of atoms in a crystal lattioe that has the same
symmetry as the whole erystal. Like the formala unit that vou read about previously, a
unit cell is a small, representative part of a Targer whole. The unit cell can be thought of
a= a building block whose shape determines the shape of the crystal,

B et

Infer Imagine having a unit cell of each type of crystal lattice compased of identi-
cal atoms. How would their densities compare? Explain your reasoning.

Table 4 on the next page shows seven categories of crystals based on shape. Crvstal
shapes differ because thie surfaces, or laces, of unit cells do not abways meet at right
angles, and the edyges of the faces vary in length. In Table 4, the edges are labeled 4, F,
and ¢; the angles at which the faces meet are labeled o, 3, and 5,

STEM CAREER Connaclion

Geological Technécian

Do yeu erjoy exploning remole iocationsT Geological Rechnickens help scentisis
and enginecrs identity, explose, extract. and anabyre natisal resoiices, such as
iminerak, meeals, and precious gemstones, Marmy Lechnicians work for thae mimsng
ndustry, These technicinns work on-gite for days of weoks at a lime, oflen in
remote koations and under exframe weather conditions, Oihear lechnicams work
primarily in lnborataries.
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Table 4 Linit Cells

Halite (rock sali) WVesuwvianite
T |-
b= b
= :
Ll
y=hmg A
p=n=E. agbge
a=p=y=90" . I;affb == =00
Cublc i=b$c Drtharhombic
o= =n=80"
Tetragonal

Microcline Crocoite

==

awhe¥c
Iliiiaf‘[i'}ﬂ" Rhombohedral d#ll#!
Triciink . h=9=90"%8
=120 Monoclinic

Hexagaonal
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Table 5 Types of Crystalline Solids

Iypie Limt Particies | Chamcteristics of Salid Phnsd Exmmiples

| Biomic aloms S0t 1o wery soft wary low mefting group 18 elements

OIS, Oor Conducivity
Maolecular molecules fairiy soft; low o moderately high I, HOLNH, €O
milting paints; poaor conductivity  C_H,_ O (table suigar)
Covalent atoems connected by vy hard; very high meiing poinis: diamond {C) and
network covakent bonds often poar conductivity quartz (Si0,}
lanke ions hard; beiftie; high meling poinis: MaCl, Ker, CaCO,
oo eonductivity
Metallie atoms surrounded soft i hard: low to very high ail matalic slements
by mabile valencs maiting points; malleatde and
glecirons ductife; excellam conductiveny

Categories of crystalline solids

Crystallinie solids can be elassified into five categorios based an the twpes of particles
that they contain and how thoses particles are bonded together: atomic solids,
molecular solids, covalent network solids, wnie salids, and metallic solids.

Table 5 summiarizes the general characteristics of cach category and provides examples.

Hﬁét e

List the five categories of crystalling solids.

Atomic solids The only atomic solids are noble gases. Their properiies reflect the
weak dispersion forces between the atoms.

Molecular solids In molecular solids, the molecules are held together by dispersion
forces, dipole-dipole forces, or hydrogen bonds. Most molecular compounds are not
soligds at room temperature, Even water, which can form strong hydrogen bonds, is a
liquid at room lemperature.

Muolecular compounds such as sugar are solids at room temperature because of Hheir
large molar masses, With larger molecules, many weak attractions can combine to haolkd
the molecules ingether, Because they contain no ions, molecular solids are poor
conductors of heat and electricity.

'.Esa ft?

Describe the state and conductivity of melecular solids,
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Covalent network solids
Atoris =uch as carbon and
silicon, which can form
miultiphe covalent bomds, are
abke to form covalemt
network salids, The covalent
netwiark structure of quartz,
which contains silicon, is
shimn in Figure 19, Carbon
farms three tvpes of
covalent network solids—
diamasnd, graphite, and
buckminsterfullerene. An
element, such as carbon,

that exists in different forms  Figure 18 The most comman kind af guartz has & hecagonsl orystal strociune

at the same abe—saolid,

liquiich, or gas—is called an allotrope, For mone information about carbon allotropes see the

Elerments THandbook.

lonic solids Hemember thist each ion in an jonie solid is surmounded by ions of opposite
charge. The type of ions and the ratio of ons determine the structurne of the lattice and the

shape of the crystal, The network of attractions that extends
throughout an konic erystal gives these compounds their high
melting points and hardness. bonic crystals are strong. but britthe,
When ionic ervstals are struck, the cations and anions are shifted
from their fixed positions. Repulsions between jons of like charge
couse the crystal to shatter,

Metallic solids Recall that metallic solids consist of positive
metal ions surrounded by a sea of mobile electrons. The strength
af the matallic bonds between cations and electrons varies among
metals and acoounts for their wide range of phvsical properties
For sxample, tin melts at 232°C, but nickel melts at 1455°C. The
mobile electrons make metals malleable—easily hammered into
shagres—and ductile—easily drawn into wires, When force is
applied to o metal, the elecirons shift and therchy keep the metal
inns bonded in their new positions. Mobile electrons make metals
good conductors of heat and electricity. As shown in Figure 20,
mietal wiring is used to carry electricity to businesses and homes.

=

Describe the properies of metals that make them useful for
making jewelry,

Amarphous salids

Figure 20 Homes, bisiness. and
equipment of all rypes wse metsl
wiring ta carry eleciricy. The metal
{6 Usuatly copper, bul ather matals
ae used in apacial applications

An amorphous solid is one in which the particles are not arranged in a regular, repeating
prattern. It does not conlain crvstals, The term amorpions is derived from a Greek sord
that means withon! shepe. An amarphous salikd often forms when a molien maberial cools

oo quickly to alkow enough fime for crystals to form.
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Figure 21 shows an example of an
amorphous solid. Class, rubber,
and many plastics are amorphous
siilids. Recent studies have shown
that glass might have some siruc-
ture. When X-ray diffraction is used
to shody glass, there appears o be
no pattern to the distribution of
aloms, When neultrons are used
imstead, an orderly pattern of
silicate unils can be delected in
soimie regions, Researchers hope to
wsg thes neswt infommaton o contool
the structure of glass for optical
applications and to produce glass

thatl can conduct electricity

|& Check Your Progress

Summary

« The kinetic-molecular theory
explains the behavior of solids
and ligulds,

« |ntermolecular farces in Nouids
affect viscosity, surface tensicn,
cohasion, and adhesion

« Crystalline solids can be

classified by their shape and
compasition,
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Figure 21 Maliwe Amevicans ased e glass-dike

make anrowhieads and knives, bocawsss H can foom sharp adges when Brosan

O iifean vl formes winen kva cools o0 quickdy fo form Crysials
Demanstrate Understanding

5
20

21
22

23,

24,

243,

26,

Differentiate between solids and gukds in terms of
the arrangement and motion of particles.

Describe the factors thal affect viscosity

Explain why soap and water are used to clean
clathing nstead of water alone

Compare a unit cell and a crystal lattice,

Describe the diference between a molecular solid
ond & covalant network sodid,

Elpll-il'l wity waler 1Grms & menSous whan 18 in a
graduated cylinder,

Infier why the surface of mercuny in a thepmometer is
convex; that is, the surface |s higher at the center,
Predict which solid is more likely to be amorphous—
one formed by allowing & molten material o cool
slowdy to room temperature or one formed by guickly
copling the same material in an ice bath,

Design an experiment to compare the relative
abilities of water and isopropyl alcohol lo support
ckipping stones. Include a prediction about which
liquid will be better, along with a brel explanation of
your pregiiciion,

LEARKNSMART Goonlineto follow your personalized leaming path to review, practice,
and reinforce your ndersianding
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LESSON 4

PHASE CHANGES

FOCUS QUESTION
What causes a substance to change phases?

Phase Changes That Require Energy

Mouost substanoes can exist in three states depending on the temperature and pressure,
A few substances, such as waler, ixist in all three states under ordinary conditions.
States of a substance are referred 0 as phases when they coeist as physically distinet
parts of a mixture. loe water is a heterogeneous mixture with two phases, solid ice and
ligquidd water, When energy is added or removed from a system, one phase can change
into another, as shown in Figure 22. Because you are familiar with the phases of water—
ice, Liguid water, and water vapor—and have observed changes between those phases,
Wt can wse wiker as the primary example in the discossion of phase changes. Let's start
by thinking about ice cubes in a glass of water.

Y/

-

Ga

Mizfting

Frising

Salid Liquig
Fgure 22 The dingram shows 1he s possibie rnskions betwsan phases
Determine ahal phass chanpes oocur befvween sollos mnd fguids

3
COLLECT EVIDENCE INVESTIGATE L
Ilwmﬁmﬁ.}lhlﬂﬂlﬂ QGO ONLIME b0 find i actilies and moes resources. E
record the evidence you colect as o Applying Practicas: lnvestigets interperticia Forces X
you compiede: the readings and HE-P51-3 Plan amd conduct an investigation o gather avidence to compare the structiie of
EENTE o this lessan, subsinnces af the bulk scale fo infer the sirengil of electical forces bebwaen partices

% Revisit the Encounter the Phenomenon Question
What infarmation from this kesson can help yois answer the module guestion?
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Melting

Tee cubes placed in warm water are at a lower lemperature than the waler. Heal flows
from Lhe water to Uhe sce. Heat is the transier of enengy from an object at 4 higher
temperature to.an object at a lower lemperature. Al ice’s melting point, the energy
absorbed by the ice does not raise the ice's iemperature, Instead, it disrupts the hydrgen
bonds holding the water molecules together in the ice erystal When molecules on the
surface of the jee absorh enough energy o break the hydrogen bonds, they move apart
and enter the liquid phase. Thus, melting is an endothermic process, As molecales ane
remaoved, the ice cubse shrinks. The process continues until all of the oe melts.

The amount of energy required to melt T mol of a solid depends on the strength of the
forces keeping the particles together in the solid. Because hydrogen bonds between water
molecules are strong. a relatively large amount of energy s required. However, the energy
recuired to melt ice s much less than the energy reguined 1o maell able sall because the
ionic bonds in sodium chloride are much stronger than the hydrogen bonds in ice.

The temperature at which the liquid phase and the solid phase of a given substance can
eoexist is a characteristic physical property of many solids. The melting point of 4
crvstalline solid s the termperature at which the forees holding it crvstal latbice together
are broken and i€ becomes a liguad, 1t is difficult to specily an exact melting point for an
amorphous solid because they tend to melt over a temperature rang.

Vaporization

Vaparization is also an endothermic process. During melting, the temperature of the ice
and the water formed remains constant. Once all of the ice has melted, additional
energy added to the system increases the kinetic energy of the liguid molecules. The
bermperature of the system rises. Tn hquid water, some molecules will have more Kinetic
eniergy than others. Figure 23 shows the energy distribulion among quid molecules at
25°C. The shaded portion indicates those molecules that have the energy required to
evercome the forees of attraction holding the molecules together in the Bguid.

HGBI hz

Describe what happens to the particles in the shaded portion on the graph.

Energy Distribution of Molecules in a Liquid Figure 23 This geaah shaws
o typical dstritntion of
kinafic ppangy of molecules In
8 ligusicl ot 257C, Tha meost
probabile amaunt of kinetic
anzrgy far & malecude lies al
Iz pemale it e coree,

Desoribe how the cure

Minimum kinetic s i
BNy it
ringuired iof vaponLation nare

e P urDEr 0f MOlECUIES s—
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Partickes that escape from the lgquid enter the gas phase. For a
substance that is ordimarily & Bouid at room (emperature, the gas
phase is called a vapor, Vaporigation is the process by which a
liquid changes to a gas or vapor. If the input of energy is gradual,
the molecules tend to escape from the surface of the liquxd.
Remember that molecules ab the surface are altracted o fewer
other molecules than are maleculos in the interior. When vapor-
ization occurs only at the surface of a liquid, the process is called
evaporation. Fven at cold temperatures, some water molecules
have enough energy o evaporate. As the lemperature rises, mone
and more molecubes enter the gas phase,

EGH 7

Explain when the term vopor should be used 10 descnbe the
gas phase.

Fiﬂu'eﬂ compares evaporation in an open container with
evaporation in 4 closed container. If walers is in an open con-
taimir, all the malecules will eventually evaporate, The time it
takes for them to evaporate depends on the amount of water and
the available energy. In a partially filled, closed containes, the
situation s different, Water vapor collects above the liquad and
exerts prassure on the surface of the Hoguid. The pressarne exerbed

bv a vapor over a liquid is called vapor pressure.

& i

Real-Waorld Chemsdsiry
Evaposalion

n

PERSPIRATION: Evaparaticn, an
endathormic protess. i one way your
body confrals its lemperatue. When
il Bennm i, your bady relEates
swieat roen glands in your skin, Water
molecites in sweat absorh il
enegy Inom your sioin ang evanotato
Blood cwries ewcess baat from all
paris of your bady $o your Shin,

Flgure 24 Evaporatan acours in boih
open and dowed containers., n an open
container, waler molequles that evaporate
£an pscape from the cantaliner, Water

vapor collacts atioen the liquid in o closed
Chosad €omlmne i

Ho 0
miclecules

Cipen contaimer

RCADEMIC vOCABULARY

everntually

in fhe end; af same later, bal unspecified, ime

The company sharted wity anly ooe product, bt evemitoly If affared moe
thon 10,000 products.

g o e vl | e Theeas pslgged - Tatay Samp
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At thee bofling pelnt

Below the beiling point

Figure 25 &5 bemperature inchensss, waler
mplecules gatn kinghic enengy, Vapor pressuia
increases (i arrewe) ad is bess than
atmaspbanic prossuee (red arrows). & liguid has
reached its boiling paind whan its vapar
s e 1§ equal ta asmaspheant précsdne. AL
sia bevel, the bofing poént of wier |s D0FC

Boiling The temperature at which the vapor pressure of a liquid equals the external o
almospheric pressure is called the bolling point; Use Figure 25 to compare whal

happens to a lguid at temperatures below its boiling
paint with what happens o a liquid at its botling point.
At the boiling point, molecules throughout the liguid
have enough energy o vaporize, Bubbles of vapor collect
bebow the surface of the Hguid and rise o the surface.
Mote that if large amounts of energy are added 10 the
resulfing gas. the gas may change to plasma as electrons
are removed from some of the gasenus aloms,

Sublimation

Many substances have the ability to change directly from
the solid phase (o the gas phase when they absorb energy
Sublimation is an endothermic process. Recall that
sublimation is the process by which a solid changes
directly to s gas without first becoming a ligquid, Solid
indine and solid carbon dioxide tdry joe) sublime al room
bermperature, Dry ioe, shown in Figure 26, keeps objects
that could be damaged by melting water cold during
shipping. Molhballs, which contain the compounds

Figare 36 Steaks. seafood. and other highly
petishable foods ofien ame shipped in a contaimer
wilh dry Ice o keep the food cold

Explain wihy gy ioe & prodprrad vy raquiioy ice
fow shipying Shepies v olver faod prodiicls.

naphthalene or pdichlorobeneene, also sublime, as do solid air fresheners,

Phase Changes That Release Energy

Have you ever awakened on a chilly morning to see frost on vour windows or the grass
covered with water droplets? When vou set a glass of jce waler on a pienic table, do you
notice beads of water on the outside of the glass? These events ane examplis of phase

changes that release energy into the surroundings.
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Freezing

Suppose vou place liquid water in an jce tray into a freezer. As heal is removed from the
water, the molecules lose kinetic energy and their wlocity decreases. The molecules ane
bess likely to flow past one another. When enough energy has been remonved, Lhe
hydrogen bonds between water molecules keep the molecules fixed, or frozen, into set
pusitions, The freezing poind is the lemperature al which a liquid s converted into a
crystalline solid. Freezing is an exothermic process that is the reverse of melting.

Condensation

When a water vapor molecule loses energy, its velocity decreases. The waler vapor
molecule i more likely to form a hydrogen bond with another water molecule, The
formation of a hydrogen bond releases thermal energy and indicates a change from the
vapor phase to the liquid phase. The process by which a gas or a vapor becomes a liguid
is called condensation. Condensation is an exothermic process that is the reverse of

vaporizalion,

Different factors contribute o condenzation. However, condensation alwavs imvalves
the transfer of thermal energy, For example, water vapor molecules can come in contact
with a cold surface, such as the side of a glass of ice water. Thermal energy transfers
from the water vapor molecules to the cool glass, causing condensation on the outside
of the glass, A similar process can occur during the night when water vapor in the afr

condenses and dew forms on blades of grass,

EXAREEETES Connection| Precipitation, clouds,
and fog all result from condensation. Thiy form as air
cools when it rises or passes over cooler land or water.
Their formations require a second factor, mcrascopic
particles suspended in the air called condensatson nuchet,
These can be particles, such as soot and dust, or acrosols,
such as sultur dioxide and nitrogen axide, on which
water vapor condenses. [n some circumstances, warm air
can settle on top of cooler air, which is called a
temperature inversion. Figure 27 shows fog trapped ina
mountain valley by such an inversion.

uirﬁetﬂ?

Describe the condensalion of walar vaper in the
atmosphera,

Deposition
When water vapor comes in contact with a cold window

Fgure 2T Hommally, ali Becomes cooler as
etayation increnses. A lemperature imearsan
o0CLers when The sifustion is reversed and The @r
becomes watmmed gt Righer Bsevabions. Mrwefian
Can rap S ower cilies and fag B mountan
willeys

in winter, it forms a solid deposit on the window called frost. Deposition is the process
by which a substance changes frem a gas or vapor 1o a solid without first becoming a

Bicquicl.

Dieposition is an exothermic process that is the reverse of sublimation, Snowllakes form
when water vapor high up in the atmosphere changes directly into solid ice crvstals.

Energy is released as the crvstals form.

O b Ty T e mr gy e s 1

=y g |

Fommegs
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Phase Diagrams

Twao variables combine to control the phase of a substance: temperature and pressure,
These variables can have opposite effects on a substance. For example, a temperature
increase causes mone Hguid to vaporize, bul an increase in pressure Calises More vapor
ti comdense, A phase diggram is a graph of pressune versus temperature that shows o
which phase a substance exists under different conditions of temperature and pressure.

Figure 28 shows the phase diagram for waler. You can use this graph to predici whal
phase water will be in for any combination of temperature and pressure. Note thal there
are three regions representing the solid, boguoid, and vapor phases of water and three
curves that separate the regions from one another. At points that fall along the ourves,
two phases of water can coexist. The short, vellow curve shows the temperature and
pressure conditions under which solid water and water vapor can coexist, The long,
blue curve shows the temperature and pressure conditions under which liquid water
and water vapor can coexist. The red curve shows the temperature and pressure condi-
tions under which solid water and liquid water can coexist.

Paint A on the phage diagram of water—the point where the yellow, bloe, and red
curves meel—is the briple point for water. The lriple poiint is the point on a phase
diagram that represents the lemperature and pressure at which three phases of a
substance can eoexist. All sbx phase changes can oocur at the triple point: freesing and
melting evaporation and condensation; sublimation and deposition. Point B is called
the critical point. This point indicates the critical pressure and critical temperature
absree which water cannot exist as a liquid, Il waker vapor is at the eritical temperatare,
an incresse in pressure will not change the vapor into a liguid.

Phase diagrams can provide important information for substances. For example, the
phase diagram for carbon divside in Figure 28 shows why carbon dioxidse sublimes at
normal comditions, Find 1.0 atm on the carbon dioxide graph and follow the dashed line
i the yelliow line. The graph shows that carbon dioxide changes from a =olid to a gas

at 1 atm. If vou extend the dashed line past the vellow line, the graph shows that carbon
divxide does not liguefy as lemperatuee increases, I remains a gas.

Phase Diagram for COz

. = 3
0.00 100,00 =k ] Temperaturs ["C) !
Temperature ("C)

Figure 28 A phose dingram sheaws (be phase of & substance o ddterend termpersiues and pressures
Determing the phase of water o 200 mm and 10.00C.
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Phase Diagram for Carbon

e M Hicam s o i

o 2000 4000
Temperature ["C)
Figuve 29 The phase diagram for carbon
Sk 1 bue) Barid of 500d carbon exisL

The diagram in Figure 29 is a phase diagram for carban,
Notice that the graph contains two allotropes of carbon in
the solid region. Graphite is the standard stale of carbon at
normal emperatures and pressures, designated bya red
dot. Diamond is more stable at higher temperatures and
pressures. [Hamaonds that exist at normal room condifions
ariginally formed st high temperature and pressure,

l!aet 17

Contrast the slope of the red ling in water's phase
diagram with that of the red line in carbon dioxide’s-
phase diagram. How do water and carbon dioxide
differ in their reaction to increased pressure at the
solidMquid boundary®

The phase diagram for each substance is different because
the nosmal bodling and freezing points of substances are
different. However, each diagram will supply the same type
of data for the phases, including a triple point. O course,
the range of temperatures chosen will vary to reflect the
physical propertics of the substance,

IR Check Your Progress
Summary Demonstrate Understanding
« Siates of a substance are 27 Distinguish between how endothermic and exather-
referred to as phases when Mic processes can result in phase changes.
they coesist as physically 28. Explain the difference between the processes of
distinct parts of a mixture. melting and freezing.

= Energy changes cocur during
phase changes,

+ Phase diagrams show how
different temperatures and
pressures affect the phase of a
subsiance.

29, Differentiate the phase changes between a solid
and a gas.

20, Difterentiate solids, liquids. and gases based on the
phase changes of sublimation and evaparation.

31. Describe the infarmation that a phase diagram
supplies,

32, Explain what the tripte point and the critical point on
a phase diagram represent.

33, Determine the phase of water at 75.00°C and
3.00 atm using Figure 38,

LEARNSMART  Gooniine to foliow your personalized ieaming path ta review, practice,

and relnforce your understanding.

Papmrrogd 8 by e 08 futbors
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New Matter

Most people are familiar with the three mast
comman states of matter an Earth solid,
ligyuildd, and gas, & fourth stale—plasma—

is also relatively well-known and ocours
naturally on Eanh. But the lst of khown states
of matter continues to grow well beyond
these most famikar states.

Solid, liguid, gas, and plasma are the
states of maiter thal we can observe under
natural conditions on Earth, Advances in
technology and knowledge have allowed
scientists (0 propose and observe many
other states of matier, such as superflulds,
supersalids, supercritical fluids, droplefons,
and Bose-Einstein condensates. What

do these states have in common? They
only exist under extreme conditions, For
example, Bose-Einstein condensates

haye been observed in laboratories under
extremely cold temperatures at the point
wihen molecular motion stops. Supercritical
liguics can be observed under extremely
high pressures.

Light Molecules

Sclentists at MIT and Harvard University
recently observed a new form of matter,
called light molecules, or pholanic matiec
The matter is a pair of photons that interact o
“stick” together, Photens usually pass through
one anothar without interacting, but the

DEVELOP AND USE MODELS TO
ILLUSTRATE
Find oul more about a lescer known state of
matter. Develop a model that you can use 10
describe the new type of matter to a
classmate.

Scimntists creabi new Toems of makler using @ctome
conditions and nesws kechnology,

researchers created condithans that allowed
the photons to collide and interact,

They used a laser to fire one phaton into a
metal box, where it moved into & cloud of
rubidium atoms. The rubkdium gas had been
cooled to an extremely low temperature so that
the atoms wone motionkess. A second photon
weas then fired into the bou i, too, entered the
cloud of aloms, and the photons stuck together
and maved together like a molecule.

The discoveny will help researchers develop
guanium computers. Quantum compulens
use photons instead of electrons 1o encode
and process information. Guantum computers
have the potential to be much faster and
mare efficient than today’s computers,
However, much more research is required.

Sclentists are continuing to study photonic
matter, For now, phatonic matter can be
added to the growing list of new types of
miatLer,
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STUDY GUIDE

a GO ONLINE 1o study with your Science Notebook.

Lesson 1 GASES

= The Ll:]‘tll.'-ﬂ1l.1||.‘1'u|.'|r1|'||"|.Ir'|'l"\.l.".lll'i'h the progperties ol s
in berms of the size, motion, and enengy of thelr partiches.

+ [Dralton’s law of partial pressures is wsed o determines e
prissunes ol indnadoal gases in gas maxtures,

* raham's law = wsed o compare the diffusion mies of o gases

Iii.i.h*d molar mass,

Rate, 'JE}A;F ans,

kireticamahecular theony
plasihc comsion
lemperalun:

[Wifuision

Grishnm's linv of eHusion
RS LI

Baroamiey

pasca

[tk Vel gTets

Daleans Lavw of partsl
PIESSUNES

Lesson 2 FORCES OF ATTRACTION « g Fded Bow o
* Intramolecular hrces afe stronger than intermolecubar borces. ¥ :‘:::hﬂ:mb:'lr:dmﬁl
' =T
* Dispersion forces are intermolecalar foroes bebween temponary
dipobes.
. |'|'||1'L1|r1i|F~|:lir forces occur betvween poler molecules
Leszon 3 LIQUIDS AND SOLIDS + isC oSty
+ The kinetic-molecalar theory explains the behadgor of solids = wnface wnsion
and Hequids LA
i : + Crystaline sobd
* Intermaotecubar frces in Bguids affect viscoaity, surface bension, + nitcen
cohesion, and adhesion. v wllotrope
« Crystalling solids can be classified by therr shape and compositson, + morpho s S
Leszon 4 PHASE CHANGES + Imeiing poi
« Stabes of & substance are referred booas pliases when they coexil as i ma e
§ - ¥ + B alsin
phivxically distind parts of @ midiure
o NN [WERSLITE
* Enengy changes occur during phaseé changes + bolipg point
¢ Mhase diagrams show b diffierenl temperatisres and pressimes » Treering poind
nffect thee phase of a substance + ComdersRon
v COSTHIN
v et dasigam
+ friphe point

T per—
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7. THREE-DIMENSIONAL THINKING

\&/ Module Wrap-Up

REVISIT THE PHENOMENON

Why does water naturally
exist as a solid, liquid,
and gas on Earth?

@& Claim, Evidence, Reasoning

Explain Your Reasoning Revisil the claim you mada when you encountered tha
phenomenon. Summarizée the evidence you gathered from your inwastigations and
research and finalize your Summary Table. Does your evidence support your claim? if not,
resfise your claim, Explain why your evidence supports your claim,

STEM UNIT PROJECT
Meow that you've completed the module, revisit your STEM unit project. You will
summarize your evidence and apply it to the projeet,

GO FURTHER Data and Observations

Based on Real Data® Altitude Diving Correction

Dota Analysis Lab Factors .

How are the depth of an underwater dive and altitude Eaans m::"t'lr:: F"':::"r':l_'_':::""

related? {71mj Factar {m

Most divers dive at locations at o near s level In soms 0 | 1.000 | 0l

locations, divers dive at higher altitudes. The table shows GO0 0930 07

thie pressure gauge commection factor for high altitude [ 1200 [ 0864 | 14

dning. | woo | osm | 20

m Analyze and interpret Data | 2400 ] 0743 1 27

1. Compare Lse the data to maki a graph of atmospheric 3000 | 0588 3.2
pressure warsus altilude, *Blata axirtaloet frome: Sawatziy, O, T4, Bing a8

2. Claim What s your actual diving depth if your depth Ml P | Bver Mogasee. ene 2000

gauge reads 18 m, but you are al an aktitude of 1800 m,
and your gauge does not compensate for altitude?

3. Claim, Evidence, Reasoning Dive tables are used to
determine how long [ is safe to stay under water at a
specific depth. Why s it impartant 10 kmow the correct
depth of the dive?
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ENCOUNTER THE PHENOMENON

How do hot air balloons
fly?

&3 Ask Questions

Do you hawe other guestions about the phenomenon? if so, add them to the driving
guestion board.

Claim, Evidence, Reasoning

‘ Make Your Claim Use your Collect Evidence Use the Explain Your Reasoning ‘ou
3 CER chart to make a daim lessons in this module to will revisit youwr claim and

_= abouwt how hot air balloons fly. | collect evidence to support explain your reasoning at the
'; your claim. Record your end of the module.

: evidence as you move

5 through the module.

E G G0 ONLIME to access your CER chart and explore resources that can

3 help you collect evidence.

:

=

L =r

-

£

F

LESSOM 1: Explore & Explain: LESSOM 2: Explore & Explain:
The Combined Gas Law The Ideal Gas Law, Molar Mass,
and Density
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LESSON 1

THE GAS LAWS

FOCUS QUESTION

How are a gas's temperature, pressure,
and volume related?

Boyle's Law

ERobert Bovle (1627-16%1), an Irish chemist, described the relationship between the
pressure and the volume of a gas, such as the air in a balloon.

How are pressure and volume related?

Bovle designed experiments like the one shown in Figure 1. He showed that if the
temperature and the amount of gas are constant, doubling the pressure decreases the
volurne by one-half. On the other hand, reducing the pressure by one-half doubles the
volume. A relaticnship in which one variable increases proportionally as the other
variable decreases is known as an inversely proportional relationship.

Prezzure-\olume Changes

A LA s 0 1]
o .

h | I}2.0 mim, 5L

]
-
-:I-—u
I S
Ha.0 atm, 25 L]
PV, = [1atm) (O] Pl = (2 abm) {5 L) Pyl = abm) (25 1) 0 05 10 1% 20 25 30 35 40
= 90 adm. L = 10 atm.L =10 atm.L Pressure (atm)

= consiant = constani = constant

Fgure 1 Az the exiernal pressure on the oyfnders pision incredases, the volume insade the oylinder
decreases. The graph shows the ewerse relationship befween pressure and volums,

£
1
3

#
COLLECT EVIDENCE INVESTIGATE -
I,Em.emmhmdm VGO OMNLIMNE 1o find these activities and more resounces. E
record the evidence you COllECt 35 | g Wirtual Investigation: Gas Laws 2
you comalete e readings snd Use a moded to discover the patiesms of the variables related o the praperises of gases

actwibies in thes lesson
Laboratory: Charles's Law

Bnakyze and inferpret data to measwre the change in voleme of 8 gas when the lempealse
is changed.
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Boyle's law states that the volume of a fixed amount of gas held at a constant tempera-
ture varies inversely with the pressure. Look at the graph in Figure 1, on the previous
Page, in which volume versus pressure is plotted for a gas. The plot of an inversely
proportional relationship results in a downward curve.

Note that the product of the pressure and the volume for each point in Figure 1 is

10 atm- L. Boyle's law can be expressed mathematically as follows.

Boyle's Law
I-'l '-"r. _ 'Fl .i'rl Prepoesents pressure. V inepresents wolome.

For a ghven amount of gas held at constant temperature, the product of pressure and
wolume i constant.

P and V¥, represent the initial conditions, and P, and V, represent new conditions. If you
know any three of these values, you can solve for the fourth by rearranging the equation.

EXAMPLE Problem i

BOYLE'S LAW A diver blows a 0.75-L air bubble 10 m under water. As it rises 1o the surace,
the pressure goes from 2.25 atm to 103 atm. What will be the volume of air @n the bubble &t the
surface?

1 AMALYZE THE PROBLEM

According to Boyle's law, the decrease in pressure on the bubble willl result in an ncreass in
wolume, so the inftial wolume should be multipiied by a pressure ratio greater than 1

Knanamn Unionown
¥, =051 V,=7L
P =225 aim

P =103 atm

2 SOLVE FOR THE UMKNOWN
Use Boyle's law. Solve for V., and calculate the new volume.

PV, =PV, State Bayle's law:
V_I='-".[%J Sohee for ¥,
vjszEL[% Substitute V, = 075 L P, = 2.25 atm,

and P, = 1.03 atm.
vV, =075 L[%—ﬂ =161 Muitiply and divide numbers and units.

3 EVALUATE THE ANSWER

The pressure decreases by roughly hall so the wolume should roughly double. The answer is
expressad n liters, a unit of volume, and correctly contains two significant figures.
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PRACTICE Problems W ADDITIOMAL PRACTICE

Agsume that the temperature and the amount of gas are constant in the following problems.

1. The wvolume of a gas a1t 99.0 kPa is 300.0 mi. if the pressure is increased 1o 188 kPa, what will ba
the new volume?

2. The pressure of 8 sample of helium in a 1.00-L container is 0988 atrm. What Is the new presswre il
the sample is placed in a 2.00-L containes?

3. CHALLENGE Ak trapped in a cylinder fitted with a piston occupies 1457 mi at 1.08 atm pressure.
‘Winat is the new volume when the piston i depressed, noreasing the pressure by 25%7

Charles’s Law

After a cool evening. a rubber pool raft can appear partially inflated. During a sunny
afterncom, the same raft can appear fully inflated. Why does the appearance of the raft
change? This can be answered by applying a second gas law—Charles’s law.

How are temperature and volume related?

Jacques Charles (17461823}, a French physicist, studied the relationship between volume
and emperature. He observed that as temperature increases, so does the volume of a gas
sample when the amount of gas and the pressure remain constant. The cylinders in Figure 2
show how the volume of a fixed amount of gas changes as the gas is heated. Unlike
Figure 1, where pressure in addition to that of the atmosphere was applied to the
piston, the piston in Figure 2 is free o float. The piston is supported by the gas in the
cvlinder at a level where the pressure of the gas exactly matches that of the atmosphere.

Volume v. Celsius Temperature

00 [ETC 600wl
g
gﬁm
£ -
400
&00 mL.
gzm - ~ il
- ﬁ—12!‘1:mm|1|
ol lat” 3 O D
-300-250-200—150 —100 -50 O &0
Temperature [“C)
Volume v. Kelvin Temperature
=1 [ PO ¢
Y, 300mL Y, gobomL e {300 ¥, 600 =L
T = 150K T.= 300K g "
00
= 2 mLK = 2 LK e
= constant = constant g*‘m _
1 -~
> 200 =1
E [0 &, 300 mLY]
nla” | . .
0 50 00 ™0 200 250 300 350
Temperature [K)

Figure 2 When the cyinder i heated, the kinetic enargy of the gas particles increases, (ausing them o
push the piston cutward. The grephs show the relationship of volume 1o Calsius and Kelvin temperatnes.

Copright B Crm-HE Ebpsdion
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As vou can see in Figare 2, the volume occupied by a gas at 1 atm increases as the
temiperature in the cylinder increases. The distance the piston moves is a measure of the
increase in volume of the gas as it is heated. This behavior is explaimed by the kinetic-roo-
lecular theory: as temperature increases, gas particles move faster, striking the walls of their
container more frequently and with greater force. Because pressure depends on the fre-
quency and force with which gas particles strike the walls of their container, this would
increase the pressure. For the pressure to stay constant, vodume must increase so that the
particles have farther ko travel before striking the walls. Having to travel farther decreases the
frequency with which the particles strike the walks of the container.

Graphing the relationship of temperature and volume

Figure 2 also shows graphs of the relationship between the temperature and the volume
of a fixed amount of gas at constant pressure. The plot of volume versus temperature is
a straight line. Mote that vou can predict the temperature at which the volume will reach
0 L by extrapolating the line to temperatures below the values that were measured.

In the first graph, the temperature that corresponds to 0 L s —273.15°C. This relation-
ship is inear, but it is not a direct proportion. For example, you can see that the graph
of the line does not pass through the origin and that doubling the temperature from
25°C o 30°C does not double the volume.

The second graph in Figure 2, which plots the Kelvin (K) temperature against volume,
does show a direct proportion. A termperature of 0 K corresponds to 0 mL, and doubling
the temperature doubles the volume. Zero on the Kelvin scale is also known as absolute
zero. Absolute zero represents the lowest possible theoretical temperature. Al absolute
zero, the atoms are all in the lowest possible energy state.

Eﬁetlt?
Explain why the second graph in Figure 2 shows a direct proportion, but the first
graph does not.

Using Charles's law

Charles’s law states that the volume of a given amount of gas is directly proportional to
it Kelvin temperature at constant pressure. Charles’s law can be expressed as follows.

Charles's law

_:'_":_1 L l'r_;_ V¥ represents volume.
T: e T represents Termperature.

For & given amount of gas at constant pressure, the gquotient of the volume and Eshdan
temperature I8 & constant.

V and T represent initial conditions, while V', and T, are new conditions. As with
Boyle's law, if you know three of the values, you can calculate the fourth. The tempera-
ture must be expressed in kelvin when using the equation for Charles’s law. To convert
a temperature from Celsius degrees to kelvin, add 273 to the Celsius temperature:

T,=273+T,
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EXAMPLE Problem 2

CHARLES™S LAW A helium bafinon in a closed car occupies & woleme of 232 | at 40.0°C. H the
car is parked on a hot day and the temperature inside rises 1o 75.0°C, what is the new wolume of
the balloon, assuming the pressure remains constant?

1 AMALYZE THE PROBLEM
Charles's law states that as the temperature of 2 fixed amount of gas increases, s Goes IS
wolume, assuming constant pressure. Therefore, the volume of the balloon will increase, The
initial wodume should be multiplisd by a temperature ratio greater than L

Erown Unknawn
T, =40.0°C V,=71L
V=233
T=Ta0C
2 SOLVE FOR THE UNKNOWMN
Comvert degrees Celsius to kelvin
T.=2134+T, Apply the comecsion fachor
T =272 4 400C=3130K Sybstitute T = 4000°C.
T,=2734 750 C=34B0K Substitude T, =75.0°C

Use Charles's law. Solve for V.. and substifute the known values info the rearranged equation.

v ¥
E=?j Sante Charles’s v

L
'J,:I":?l Sobeefor ¥,

i
v, =232 [FA0K = =
= _ Substiute V. = 2320, 7, = 3E0K,
and T, = 34B0 K

VznjﬂL%—lﬂ=L‘:ﬂL Mailtinhy and divide nurm bers and urits

3 EVALUATE THE ANSWER

The Increase in temperature is relathvely small, so the volume should show a small increese.
The unit of the answer is Bters, a volurme unit, and there are three significant figures.

PRACTICE Problems W ADDITIONAL PRACTICE
Assume that the pressure and the amount of gas remain constant in the

follewing prablems.

4. What volume willl the gas in the balloon &t right ocoupy at 250 K?

6. A gas af B9°C ocoupies a volume of 067 L Al what Celsius temperatsre
walll the volume increase to 112 (2

6. The Cekius temperature of a 3.00-L sample of gas s lowered from
BOL0AC to 3000°C. What will be the resuliing wolume of this gas?

7. CHALLFNGE A gas oocuples 0067 L at 350 K. What temperature is reguired
to reduce the volume by 45%7 L

Copright B Crm-HE Ebpsdion
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Gay-Lussac’s Law

If volume is constant, is there a relationship between temperature and pressure? The
answer to that question is found in Gay-Lussac’s law.

How are temperature and pressure of a gas related?

Pressure is a direct result of collisions between gas particles and the walls of their
container. An increase in lemperature increases collision I"recpem‘_l.r and energy, so
raising the temperature should also raise the pressure ifll‘lemllml-eisnmdlangﬁi
Joseph Gay-Lussac (1778-1850) jound that a direct proportion exists between Kelvin
temperature and pressure, as illustrated in Figure 3. Gay-Lussac’s law states that (he
pressure of a fixed amount of gas varies directly with the Kelvin lemperature when the
valume remains constant. It can be expressed mathematically as follows.

Gay-Lussac's Law
fu_f__-g F represeris. pressure.
"."'I _T: T represents temperaturne.

Fod a given amount of gas held at constant volume, the guotient of the pressure and the
Eehdn temperature is a constant

As with Eqrie'ﬁandﬂmie:'s laws, if you know any three of the four variables, vou can
calculate the fourth using this equation. Rermember that temperatore must be in kelvin
mrerilisusedinagas]awemﬁm_

1oL 1.oL

Preszure v. Kelvin Temperature

|EIE-T5T-:'F|£‘

k3
Fﬁnm.tsm]r
| 1 |
o w0 200 300 400 500 60O
Temperature [Kj

Figure 3 When the cylinder is heated, the kingtic energy of the particles increases, mcreasing bath the
frequency and energy af the calliskons with the containes wall The valume of the cylnder & fixed, so the

pressuie exeied by the gas intreases
Compare and conirast fve qrophs in Figure 2, sguier in ihe fessan, and Figure 3
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GAY-LUSSAC'S LAW The pressure of the caygen gas inside a canister 5 5,00 atm at 25000
The canister i located at a camp hagh on Mownt Bverest if the iemperature there falis to =¥W0.0°C,
what is the new pressure inside the canister?

1 ANALYZE THE PROBELEM

Gay-Lussac’s law states that if the temperature of a gas decreases, o does IS pressura when
wolume is constant Therefore, the pressure in the oxygen canister wili decrease, The nitial

pressurne should e multipliesd by a temperature ratio 1ess than 1.

K it Unkiown
B = 500 stm P, = 7a&lm
T =250

T, = =100

2 SOLVE FOR THE UNKNOWN
Comvert degrees Celsius to kehvin

T.=2134T, Apply e comersion fachor
T =3134250C=2980K Substitute T = 25.0°C
T, =273 4 [-10.0°0) = 263.0K Subsiitite T, = —10.0°C

Use Gay-Lussac’s law. Solve for P, and substituie the known
values into the reamanged eguation.

A
-f. = T‘ Sate Gay-Lumac's Ims.
(T
p__:p_b.‘ Sobve for P,
= 5 0 st [%%] Substitsie P = 5000 atm,

N=2980K and T, = 3630 K

.F‘: = 5 00 atm [%%%} = 4. 41 atm Wulisply and divide mumbess
and s

3 EVALUATE THE ANSWER
Kelvin temperature decreases, sothe pressure showld

decrease. The unit s atm, & pressure unit, and there are
three significant figures.

Heal-Warld Chemasiry

-Lussac’s Law

PRESSURE COOKERS A pressume
coOKES is a pot with a lid that locks
Indo place. This seals the container,
wihich keeps s volume constant
Heating the pol increases the pressuse
im thie Copker. As pressie Inoeasss,
e lempesature continues o increase
and foods cook fastes

PRACTICE Problems W ADDITIONAL PRACTICE

Assume that the volume and the amouwnt of gas are constant in the following problems.

8. The pressure in an automobile tire is LBE atm at 25.0°C. What will be the pressure if the

temperature increases to 370°%CY

8. Helium gas in a 2.00-L cylinder is under 112 atm pressure. &1 36 5°C, that same gas sample
has & pressure of 2 56 atm. What was the initial temperature in degrees Celsius of the gas in

the cylinder?

10. CHALILENGE It a gas sample has a pressure of 305 kPa at 0.00°C, by how many degrees
Cekius does the temperature have to increase to cause the pressure to double?

O Cra-HI Ebrstion Prliss R oo e dis bk o

C opyright
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The Combined Gas Law

In a number of applications involving gases, such as

the weather balloon in Figure 4, pressure,

temperature, and volume might all change. Bovie's,
Charles’s, and Gay-Lussac’s laws can be combined
into a single law. This combined gas law states the
relationships belween pressure, temperature, and
volume of a fixed amount of gas. All three variables
!lwe the same relationship to E"“:h other as they have data, such as air bemperature, pressue, and humidty, o
in the other gas laws: pressure is inversely propor- receivers on the ground. As the balicon fises, s volume
tional to wolume and divectly proportional to FESpOnS 10 Changes in Iemperallre and pressure,
temperature, and volume is directly proportional to expanding unill the sides burst. A small parachuie refums
temperature. The combined gas law can be expressed e instrumess o Earif.

mathematically as follows.

Flg.tel- Weathes balloons camy instnuments Bhal send

The Combined Gas Law
-F|"'-: - P;v: P represents pressune. VW represents volume.
T T T repeesints temperatune:

1 3
For & given amount of gas, the product of pressure and velume, divided by the Kelbin
temperature, is & constant

Using the combined gas law

The combined gas law enables you to solve problems imvolving changes in more than

one variable, It also provides a way for vou to remember the other three laws without

memaorizing each equation. If vou can write out the combined gas law equation, equa-
tioms for the other laws can be derived from it by remembering which variable is held
constant in each case.

For example, if temperature remains constant as pressure and volume vary, then
T, = T, Alter simplifving the combined gas law under these conditions, you are left
with PV = PV, which vou should recognize as the equation for Boyle's law.

E Get It?

Derive Charles's and Gay-Lussac’s laws from the combined gas law.

STEM CAREER Connection

Occupational Health and Salety Technician

‘Wiowkd you e 1o travel and work in the feld? A mresr in oocupatonal health and
safiety might be for you. These technitians waork in a variety of seitings, swech as
offices, factories, and mines. They collec data an the health and safety conditions
of the waorkplace m an effort to protect the werkers, propety, ermviranment, and
fthe puitdic from harm.
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EXAMPLE Problem 4

THE COMBINED GAS LAW A gas at 10 kPa and 3000°C fills & flexible container with an initial
wolume of 2.00 L i the temperature is raised 1o B00°C and the pressure increases to 440 kPa,
witat is the new volume?

1 AMALYZIE THE PROBLEM
Both pressure and temperature change, so you will need to use the combined gas lew. The
pressure guadrupdes, but the temperature does not increase by such a lange factor. Therefore,
the new volume will be smalkes than the starting valume.

Krown Uk ranain
P =10 kPa P, = 440 kPa V,=7L
T =300-C T,=800°C
Vi =204L
2 SOLVE FOR THE UNKNOWMN
Comvert degrees Celsius to kebvin
T,=213%T, Apply the comversion factor,
T =2134300C=3030K Subsitule T =300
,=2134B00C=3530K Sutmditide T, = BOD'C

Lise the combined gas law. Solve for ¥, and substitute the known valuses into the
reamanged equation.

i R :

—}-I—tr—i-,—: State the combined gas law.
il Y

V.= Salwe for V.

3 1

U:t:iﬂl:lL[]%%aHg%T%] Subsituie ¥, = 200 L, P, = T0.0 kPa,

P =d40kPa. T, =353 0K, and T = 3030 K.

V,=200L h%%‘(ifﬂ.ﬂ =0588L Multiply and divide numbers and units.

3 EVALUATE THE ANSWER
Because the pressure change i much greater than the tempersture change, the volume
undergoees a net decrease. The wndt is lilers, a valume unit, and there are fwo significant figures.

PRACTICE Problems W ADDITIONAL PRACTICE

Assume that the amount of gas s constant in the following problems.

11. A 'sample of 8ir in & Syringe exerts & pressure of 102 atm at 22.0°C. The syringe ﬂ'm
Is placed in & bolling-water bath at 100.0°C. The pressure is increased 1o o |
123 atm by pushing the plunger in, which reduces the volume o 0224 mil T
Whiat was the inithal volume?

12. A balloon contains #46.0 mL of gas confined at a pressure of 130 atm and a
temperature of 5.0°C. if the pressure doubles and the temperature
decreases o 2.0°C, what will be the volume of gas in the balloon?

13. CHALLEMGE i the iemperature in the gas cylinder at right increases to 30.0°C
and the pressure increases to 120 atm, will the cylinder's piston move up or down?

j'l.-DDatm

30.0 mil

Copright B Crm-HE Ebpsdion
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Table 1 The Gas Laws

Bayles | Charles’s Gay-Lussac’s Combined
BV =PV o R_PR PV, PV,
CARR b A T T R
What is amount of gas, amount of gas, amount of gas, amount of gas
constant? temperaiune pressune volume
Pt |EP——{F pP——v . P—
Graphic
organizer
T T T T

You have now seen how pressure, temperature, and volume affect a gas sample. You can
use the gas laws, summarized in Table 1, as long as the amount of gas remains constant.
But what happens if the amount of gas changes? In the next lesson, you will add the
fourth variable, amount of gas present, to the gas laws.

|E Check Your Progress

Summary Demonstrate Understanding

+ Boyle's law states that the 14. State the relationships bebtween pressure,
wolume of a fixed amount of temperature, and volume of a fived amount of gas.
gas is inversely propartional to 15. Explain Which of the three variables that apply to
its pressure at constant equal amounts of gases are directly proportional?
temperature. Which are inversely proportional?

+ Charles’s law states that the 16. Analyze A weather balloon is released into the
SRS O S R oL o atmosphere. You know the initial volume, temperature,
gasis ljl'E‘Eu'.l" proportional to and air pressure. What information will you need to
its Kelvin temperature at predict its volume when it reaches its final altitude?
CONENN PECHARE. 17. Infer Wiy must compressed gases be shislded from

+ Gay-lussac’s law states that high temperatures? What must happen to compressed
the pressure of a fixed amount oxygen before it can be inhaled?

of gas is directly propartional 1o 4o b gote A rigid plastic container holds 100 L of

its Kebvin temperature at methane gas at 660 torr pressure when the tempera-

constant volume. fure is 22.0°C. How much pressure will the gas exert if
+ The combined gas law relates the temperature is raised to 44.6°C?

pressure, temperature, and 19, Design a concept map that shows the relationships

Vs ) A SUNIE ShEIEnGIE. between pressure, volume, and temperature in

Boyle's, Charles's, and Gay-Lussac’s laws.

LEARKNSMART Goonline o follow vour personalized leaming path to review, practice,
and reinforce your understanding.
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LESSON 2
THE IDEAL GAS LAW

FOCUS QUESTION

What happens when you change the
amount of gas present?

Avogadro’s Principle

The particles that make up different gases can vary greatly in size. However, kinetic-
mobecular theory assumes that the particles in a gas sample are far enough apart that
size has very little influence on the volume occupied by a gas. For example, 1000
relatively large kryplon gas particles eocupy the same volume as 1000 smaller helium
gas particles at the same tlemperature and pressure. [t was Avogadro wiho first proposed

this idea in 1811. Avogadre’s principle states that equal volumes of gases at the same
temperalure and pressure contain equal numbers of particles. Figure 5 shows equal

volumes of carbon dicxide, helium, and oxvgen.

Ciarbnin dioaidae

Figure 5 Gac tanks of 2qual volume that are at the same peessuse and femperature contan equal numbers
of gas partices. regard|ess of which gas they contain.

Infer Why dossntAvogooros principle appy to Bguiss oo sodids”

l Eokrsion

COLLECT EVIDENCE INWVESTIGATE E
Emmmm.nam VGO OMNLIMNE 1o find these activities and mare resonces. E
recond the evidence you colled as ChemLAB: Determine Pressure in Popeom Kemels #
you comalete e readings snd Raalyze and interpret data b defermine the quartity of pressuse needed 1o bust a kermel

actbies in this lesson. of pegcom.

Ea Oubek Imvestigation: Model & Fire Extinguisher
Anadyre and interpret data bo understand the funcisan of carbon dioxide in flee extinguishers.
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Volume and moles
Recall that one mole of a substance contains 6.02 = 107 particles. The molar volume of
a gas is the volume that 1 mol occapies at 0.00°C and 1.00 atm pressure. The conditions

of 0.00°C and 100 atm are known as standard temperature and pressore (STF). Avoga-
dro showed experimentally that 1 mol of any gas occupies a volume of 22.4 L al 5STF.

Because the volume of 1 mol of a gas at STF is 22.4 L, you can use 22.4 L/mol as a
conversion factor whenever a gas is at 5TP. For example, suppose vou want 1o find the
number of moles in a sample of gas that has a volume of 3.72 L at 5TF. Use the molar
volume to convert from volume o moles.

1mol
IT2L % AL~ 0166 mel

EXAMPLE Problem 5

MOLAR VOLUME The rmain component of natw sl gas used for home heating and cooking is
meethane {CH,). Calculate the volume that 2.00 kg of methane gas will oooupy at 5TR

1 AMALYZE THE PROBLEM

The number of moles can be calculated by dividing the mass of the sample, m, by its molar
mass, M. The gas is at STP {IL0O°C and 1.00 atm pressure), so you can use the malar volume o
comvert from the number of moles to the volume.

Known Unkmawm
m =200 kg W=2L
T=0,00°C

P = 100 atm

2 SOLVE FOR THE UNKMNOWN
Determine the molar mass for methans.

u-!cw'm-mﬂll.r +4Hml% Determine the moleculs mass.
= 1200 amu + 4.04 amu = 16.05 amu
= 16,06 g/mod Expre=s the molecuiar mass as gimol o

arrve ot the maolar mass.
Determine the number of moles of methane.

i
1ml:_|'[—1h—.5'}=1.m;cm'g Ciomert the mass from kg o g
ﬁ:%ﬁrn1ﬁmﬂ Divide mass by molar mass 1o determine
the number of males.

Lise the molar wolume to determing the volume of methane at STE

V:ﬂﬁm’x%ﬁnim}tmll_ U the molar volome, 2224 Limad, o

Ll comvert from moles 10 the volume.

3 EVALUATE THE ANSWER
The amount of methane present is much maore than 1 mol, So you should expect & fange volume,
which i in agreement with the answer. The unit is liters, a volume unit, and there are three
significant figures.
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PRACTICE Problems W, ADDITIOMAL PRACTICE

What size container do you need to hold 0.0459 maol of N, gas at 5TP?
Hews much carbon dioxide gas, in grams, is in & 1.0-L baBoon at STE?
What volume in milliliters will 0.00922 g of H, gas occupy at STF?

‘Winat voleme will 0.496 g of krypton ges oocupy 8t STE?

Calculaie the volume that 4.5 kg of ethyiene gas (T H, ) will cccupy at STR.

CHALLENGE A flexible plastic container contains 0860 g of helium gas n a volume of 182 L
i 0205 g of helium is removed &t constani pressure and temperature, what will be the new
wolurme?

mEBRERS

The Ideal Gas Law

Avogadro's principle and the laws of Boyle, Charles, and
Caay-Lussac can be combined into a single mathematical
statement that describes the relationships belween pressure,
volume, temperature, and number of moles of a gas. This
formula works best for gases that obey the assumptions of the
kinetic-molecular theory. Known as ideal gases, their particles
occupy a negligible volume and are far encugh apart that they
exert minimal attractive or repulsive forces on one another.

From the combined gas law to the ideal gas law

The combined gas law relates the variables of pressure, volume,

Figure 6 The volume and temperalure
and lemperature for a given amount of gas. of this tire stay the same as air is added
PV, VY, Hn-.&-em-_, Ehe pressure in the tiee
=T Increases & the amount of air presant
! increases

For a specific sample of gas, this relationship of pressure,
volurne, and ternperature is always the same. You could rewrite the
relationship represented in the combined gas law as follows.

v Table 2 Values of R

= consiamt
Value of R | Units of R

As Figure 6 illustrates, increasing the amount of gas present in a sample il L-atm

will raise the pressure if temperature and volume are constant. Likewise, : malk

if pressure and lemperature remain constant, the volume will increase as a3 LkPa

more particles of a gas are added. In fact, we know that both volume and : | molK

pressure are directly proportional to the number of moles, », 50 1 can be i L-mam Hiy |

incorporated into the combined gas law as follows. ’ med-K
Y = constant

Experiments using known values of F T, ¥ and n have determined the value of this
constant. It i called the ideal gas constant, and it is represented by the symbol B If
pressure is in atmospheres, the valoe of R is 0.05821 L-atmy/'mol-K. Note that the units for
R are simply the combined unils for each of the four variables. Table 2 shows the
numerical values for B in different units of pressure.

Copright B Crm-H I Edhraion Sk Palen'd ey
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Substituting R for the constant in the equation on the previous page and rearranging
the variables gives the most familiar form of the ideal gas law: The ideal gas law
describes the physical behavior of an ideal gas in termas of the pressure, volume,
ternperature, ard niumber of maoles of gas present.

The ldeal Gas Law

P ropresents pressure. V represents volume.
PV =nRT n regresents numbes of moles. R is the ideal ges constant,
T regeesents lamperaiume.
For a ghven amount of gas held at constant temperature, the product of pressure and
walume i a constant.

If vou know any three of the four variables, you can rearrange the equation to solve for
the unknown.

EXAMPLE Problem 6

THE IDEAL GAS LAW Calculate the number of modes of armmonia gas (NH,) contained in a 3.0-L
wessed at 3.00 x WP K with a pressure of 150 atm.

1 AMALYZE THE PROBLEM
You are ghiven the wolume, lemperatuse, and pressure of a gas sample. Use the ideal gas law,
and select the value of B that contains the pressure units given in the problem. Because the
pregsure and temperature are close to 5TP, but the volurme ks much smalker than 224 L, 1
would make sense If the calculated answer were much smaller than 1 mol.

Known Unkmawn
¥=30L A= 7mol
T=300 x10°K

P =150 atm

R = 00E21"

2 SOLVE FOR THE UNKNOWN
Use the ideal gas law. Solve for o, and substitute the known valwes.

PV = nRT Cimte the deal gas ke
ne= g Sobve forn
. I nbmgd it 1) Substitute V= 10L T=1300 x K K.
{n.mzi hﬂﬁ (3.00 x 10¢ K} P = 150 atm, and B = 00821 L atmimal K.
(.50 sm)E3.0.8]

=018 mad Multipty and divide numbers and units:

o [0.0821 B2 5,00 x 10°k)

3 EVALUATE THE ANSWER

The answer agrees with the prediction that the nember of moles present will be significantly
less than 1 mol The unit of the answer is the mole, and there are two significant figures.
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FRACTICE Problems W, ADDITIOMAL PRACTICE

26. Determine the Celsius temperaiure of 2.49 mol of & gas contained in a 1.00-L vessel at &
pressure of 143 kPa.

27. Calculate the volume of 8 0.323-mol sampde of & gas at 265 K and 0900 atm.

28. What is the pressure, in aimospheres, of a 0108-mol sample of helium gas at & iemperaiure of
20.0°C o s volume s 0.505 LY

29. i the pressure exerted by a gas at 25°C in a volume of 00044 L is 381 atm, how many males of
Oas are present?

30. CHALLENGE An ldeal gas has a volume of 3.0 L If the number of moles of gas and the
temperature are doubled, while the pressure remains constant, what is the new volume?

The Ideal Gas Law—Molar Mass and Density

The ideal gas faw can be used to solve for the value of any one of the four variables P 1]
T, or n if the values of the other three are known. However, vou can also rearrange the
PV = nET equation to calculate the molar mass and density of a gas sample.

Molar mass and the ideal gas law

To find the molar mass of a gas sample, the mass, lemperatore, pressure, and volume
of the gas must be known. Recall that the number of moles of a gas (1) is equal to
the mass (rr} divided by the molar mass (M). Therefore, the 1 in the equation can

be replaced by m/M.

PV = nRT substitute n = w:%ﬁl—

You can rearrange the new equation to solve for the molar mass.

_ mRT
M= pp-

Density and the ideal gas law

Eecall that the density (D of a substance is defined as mass (m) per unit volume (17).
Alfter rearranging the ideal gas equation to solve for molar mass, you can substitute D
for my' V.

_ mRT = = ORL
M= BV wluti‘nte‘,—[l M= P

You can rearrange the new equation to solve for density.

- P

L e—

RT

Copright B Crm-HE Ebpsdion
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Flgure T Toextinguich a fire, you need to
fake away fuel, axygen, of heal The fire
extinguishess in the phobo contan carbon
dicuide, which displaces oeygen bol does
nod barn. 11also has & cocling etect due i
thez rapid expansion of ine casbon dioadde
as i1 is refeased trom the nozze.

Explaln Wiy does corbon diaride
disaioce oxygen?

Why might vou need to know the density of a gas? Consider fighting a fire. One way 1o
put out a fire is lo remove ils oxvgen source by covering it with another gas that will
neither burn nor support combustion, as shown in Figure 7. This gas muost have a
greater density than oxygen so that it will displace the oxyvgen at the source of the fire.

PROBLEM-S0OLVING STRATEGY

Deriving Gas Laws.

It you master the fodlowing strategy, you will need ta =

remermber only one gas lev—ihe ides gas law. Consider the l

example of a ficed amount of gas held at constant pressure.

You need Charles's law to solve problems imolving volume -

and temperature.

1. Use the ideal gas law 10 wiite Wi equations that descrbe \ v,
the gas sample at two different volumes and lemperatures. "i':=
[CQuantities that do not change are shown in red.)

2. Isodate volume and lemperature—the two conditions that
wany—an the same side of each equation.

3. Because n, R, and P are constant under these conditions, you can set the volume and
temperatune conditions equal, defiving Chases's law.

Apply the Strategy
Derive Boyle's law, Gay-Lussac's law, and the combined gas law based on the example
abiove.

PV

nRT.

= i

nRT,
nR
P

AR
B

A=

v.l
T
¢

h-*-'l L.F

(55 CROSSCUTTING CONCEPTS WORD ORIGIN
Scale, Proportion, and Quantity Algebraic thinking is used 1o examine data and male
peedict the effect of a change in one variable on another. Wille a pafagraph Citing comes from the German word
examples of how sceentists used algebraic thinking in their study of gases. Mzi, which is shor for

Mofekiiprgewicht, meaning
meCelnT waight
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Real Versus |ldeal Gases

What does the term ideal gas mean? [deal gases follow the assumipions of the
kinetic-molecular theory. According to this theory, an ideal gas is one whose particles
take up no space. ldeal gases experience no intermolecular attractive (electrical) forces,
mor are they attracted or repelled by the walls of their containers. The particles of an
ideal gas are in consfant, random motion, moving in straight lines until they collide
with each other or with the walls of the comtainer. Additionally, these collisions are
perfectly elastic, which means that the kinetic energy of the system does not change.
An ideal gas follows the gas laws under all conditions of temperature and pressure.

In reality, no gas is truly ideal. All gas particles have some volume, however small, and
are subject to intermolecular interactions. Also, the collisions that particles make with
each other and with the container are not perfectly elastic. Despite that, most gases
behave like ideal gases at a wide range of lemperatures and pressures. Calculations
made using the ideal gas law often closely approximate experimental measurements.

Esm it?

Explain how the interactions of real gases are determined by attractive [electrical)
forces between particles.

Extreme pressure and temperature

When is the ideal gas law not likely to work for a real gas? Real gases deviale most from
ideal gas behavior at high pressures and low termperatures. The nitrogen gas shown in
Figure 8 {left) behaves as a real gas. Lowering the temperature of nitrogen gas resulls in
less kinetic energy of the gas particles, which means their intermislecular attractive
{electric) lorces are strong enough to affect their behavior. When the temperature is bow
enough, this real gas condenses to form a liquid.

The propane gas in the tanks shown in Figure 8 {right) also behaves as a real gas.
Increasing the pressure on a gas forces the gas particles closer together until the volumse
occupied by the gas particles themselves is no longer negligible. Beal gases such as
propane will liquety if enough pressure is applied.

Ih i
|
| E = i
-
k] F
3 #
HNitrogen gas tums io Bguid gt —196"C. At this Anet 270 lmes more propane can be stoned
\BmpEraLure, SCemists can preserve biological 2t 5 liquéd than as 3 gas in The same amount
spedimens, stch as body Bsswes, for future reseanch of space. Your famiy might wse small tanks of
o meedilal procedises. iqued propane &5 fuel fos your basbecws grill

or larger tanks for heating and cooking.

ngns Real gases do ol iobow the idead gas law al all pressures and temperatures

rlmErar Pubdn b

Copright B Crmy-HI Ebradion (DAprdes By 5 bl oS e o oo §
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Polarity and size of particles

The nature of the particles making up a gas also affects how
ideally the gas behaves. For example, polar gas molecules,
such as water vapor, generally have larger attractive forces
between their particles than nonpolar gases, such as helium.
The oppuositely charged ends of polar molecules are pulled
together through electrostatic forces, as shown in Figore 9.
Therefore, polar gases do not behave as ideal gases. Also, the
particles of gases composed of larger nonpolar molecales,
such as butane (C H ), occupy more actual volume than an
equal number of smaller gas particles in gases such as helium
{He}. Therefore, larger gas particles tend o exhibit a greater
departure from ideal behavior than do smaller gas particles.

I& Check Your Progress

Summary Demonstrate Understanding
31. Explain why Avogadro’s principle holds true for

ideal gases that have small particles and for ideal
gases that have large particles.

32_ State the equation for the ideal gas law.

33. Interpret the behavior of ideal gases in terms of
kinetic molecular theony.

= 34. Predict the conditions under which a real gas might

STRE OF & (s ot S R deviate from ideal behavior.

pressure, temperature, and 35, List common units for each variable in the ideal gas
wolume. lave

« Mwogadro's principle states that
equal volumes of gases at the
same pressure and tempera-
ture contain egual numbers of
particles.

« The ideal gas law relates the

whiws g lndinrdon b
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The ideal gas law can be used
to find molar mass, if the mass
of the gas is known, or the
density of the gas, if its molar
mass is known.

At very high pressures and very
lowe femperatures, real gases
behave differently than ideal
gases.

36. Calculate & 2.00-L flask is filled with propane gas
(E,H,) at a pressure of 1.00 astm and a temperature
of =15.0"C_ What is the mass of the propane in the
flask?

37. Make and Use Graphs For every 6°C drop in
temperature, the air pressure in a car's tires goes
down by abowt 1 psi (4.7 psi = 1.00 atm). Make a
graph illustrating the change in tire pressure from
20°C to —20°C [assume 30.0 psi at 20°C)L

LEARKNSMAIRT Goonline to foliow your personalized leaming path to review, practice,

and reinforce your understanding



Inspare Chemistry, Student Edition

LESSON 3

GAS STOICHIOMETRY

FOCUS QUESTION

How are the amounts of gaseous reactants and
products in a chemical reaction calculated?

Sstoichiometry of Reactions Involving Gases

The gas laws can be applied to calculate the stoichiomelry of reactions in which gases
are reactants or products. Recall that the coefficients in chemical equations represent
meolar amounts of substances taking part in the reaction. For example, hvdrogen gas can
react with oxvgen gas to produce waler vapor.

2H (g) + O,(g) — 2H.O(g)
From the balanced chemical equation, you know that 2 maol of hydrogen gas reacts with
1 mol of oxvgen gas, producing 2 mol of water vapor. This tells vou the molar ratios of
substances in this reaction. Avogadro’s principle states that equal volomes of gases at
the same lemperature and pressure contain equal numbers of particles. Thus, for gases,
the coefficients in a balanced chemical equation represent not only molar aneournts bt
alzo relative volumes. Therefore, 2 L of hydrogen gas would react with 1 L of oxvgen gas
to produce 2 L of water vapor.

stoichiometry and Volume-Volume Problems

To find the volume of a Memhanegas 4+ Owygenpas — Carbon dioside gas + 'Hateru'.apu
gaseous reactant or product LHaAoh + 20409 ST COzal +
in & reaction, Vou st
know the balanced equation -
for the reaction and the 7 it e

i ma m
volume of at least one other Y il iuemme-s. ke P

gas involved in the reaction.
Examine the reaction in
Figure 10, which shows the
combustion of methane.

1130 THINKING

COLLECT EVIDENCE
I.E Lize your Science Jowmnal o
record the evidence you colled as

you comglets the readings and
acbvities in ths lesson

Dl Disoplinary Core ldeas

Hg.m! W The coeficientsin a balanced equation show the relationships belwean
mumbers of moles of all reacianis and products, and the relationships between
voliimes of aimy gasenus reactants or prodocs. From ihese coefihlients, wolumse ratios
can be set up tor any pair of gases in the reaction.

Ehpsion

coe Crosscuting Concegi 22F Broience & Engnoering Practoes

#
INVESTIGATE -
VGO OMLIME 1o find these activities and mane nesounges. E

55 jdentify Crosscutting Concepts
Create a iabbe of the crosscutiing concepts and (8 in examples you find as you read.

Rewiew the Mews
Obtain infosmatian from a current news story aboud ges staichametry. Evaluade yow source
and communicate your findings to your Class.
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Because the coefficients represent volume ratios for gases taking parl in the reaction, vou
can determine that it takes 2 L of oxygen to react completely with 1 L of methane. The
complete combustion of 1 L of methane will produce 1 L of carbon dioxide and 2 L of
water vapor. Note that no conditions of temperature and pressure are listed. They are not
needed as part of the calculation because after mixing, both gases are al the same tem-
perature and pressure. The lemperature of the entire reaction might change during the
reaction, but a change in termperature would affect all gases in the reaction the same way.

VOLUME-VOLUME PROBLEMS What vodume of cmygen gas is needed for the complete
comibustion of 4.00 L of propane gas (O H,)? Assumne thal pressure and Temperature remain consiant.

1 AMALYZE THE FROELEM

You are given the valume of & gaseous reactant in a chemical
reaction. Remember that the coeffickents in a balanced chemical
equation provide the volume relationships of gaseous reactants

and products.

Known Uinkmawn
- =7

V., =400L V,, =7L

2 SOLVE FOR THE UNMKMNOWN
Use the balanced equation for the combustion of C H . Find the
volume ratio for O and C H,, then sobve for Vo

C Ha) + 50, gf — 300 o) + 4H,Ofg) Wile the balanced

equation
5 volumes O,
TR T Find the: voheme ratio
ivolume CH, for O, and C,H,

& sl (3 Musitiply the known
W, = {4.00 L) = T g IJ volume of C H, by the
- wolume ratio to find the
wolume of O
=200L0,

3 EVALUATE THE ANSWER
The coefficients in the combustion equation show that a much
larger volume of O, than C H, is used up in the reaction, which is
in agreement with the cakculated answes. The unit of the answer
fs liters, @ unit of volume, and there are three significant figures.

Keal-World Chemistry
Usimg Stolchsometry

KILMS Correct proporions of gases
ane nesded for many chemical
reacticns. ARhough many pottesy

kiins are fueled by methane, a precise
mixtuse of propame and air can be used
1o fued & kiln if methane & unevalabls.

PRACTICE Problems W ADDITIOMAL PRACTICE

38. How many Bess of propane gas (C,H,) will undergo complets combustion with 34.0 L of oxypgen

gas?

39, Determine the wolsme of hydeogen gas needed o react completely with 5.00 L of ;opgen gas

1o form waber.

#0. What volume of cxygen is needed to completely combust 2.36 L of methane gas (CH J?
41. CHALLENGE Nitrogen and oxygen gases react to form dinirogen monoxide gas (MO

Whiat valume of O, is needed 1o produce 34 L of M O?
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Figure 11 Ammaonia & essential in the
peoduction of fertifizers containing
nitrogen. Proper levels ol nitrogen in
ihe soil kead o increased orop yiekds.

What you have learned about stoichiometry can be applied
to the production of ammonia (WH_ ) from nitrogen gas (N_). Fertilizer manufacturers
use ammonia to make nitrogen-based fertilizers. Nitrogen is an essential element for
plant growth. MNatural sources of nitrogen in soil, such as nitrogen fixation by planis,
the decomposition of organic matter, and animal wastes, do not always supply enough
nitrogen for optimum crop yiedds. Figure 11 shows a farmer applying fertilizer rich in
mitrogen o the soil. This enables the farmer o produce a crop with a higher yvield.

Example Problem & shows how to use a volume of nitrogen gas to produce a certain
amount of ammonia. In doing this type of problem, remember that the balanced
chemical equation aliows vou to find ratios for only moles and gas volumes, not for
masses. All masses given must be converted to moles or volumes before being wsed as
part of a ratio. Also, remember that the temperature units used must be kelvin.

‘EXAMPLE Problem 8

VOLUME-MASS PROBLEMS Ammania is synthesized from hydrogen and nirogen.
M_ig] + 3H, (g} — 2MH,[g)

if 500 L of niirogen reacts completely with hydrogen &t a pressure of 3.00 atm and &
temperature of J98 K, how much ammonia, in grams, is produced?

1 AMALYZE THE PROBLEM
You are given the volume, presswre, and temperature of & gas sample. The mole and volume
ratios of gaseows reactants and products are ghven by the coefficients in the balanced chemical
equation. Volume can be converted to mokes and thus related 1o mass by using molas mass and
the ideal gas law.

Knaw Unkriown
'I.-",._1 =500L M. =79
£ = 3.00 atm

r=22a8K

Copright B Crm-H I Edbradion Bk Chaless b (i dos boss
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EXAMPLE Problem 8 {comtinued)

2 SOLVE FOR THE UNKNOWMN
De=termine how many liters of gaseous ammaonia will b2 made from 5.00 L of nitregen gas.

1wolume N,
Twohumes HH, Find the volisne rafio far Ny and NH,
iming the balanced eouation
2 ushare® WH_
E.MLH‘(T'“T) =300 L NH, Muiligly the known wolume of N, by the wlsme ratio
to find the volisme of NH,

Use the ideal gas law. Solve for n, and calculate the number of moles of NH,

PV = nRT State the mheal gas kaw
|"I='E‘TIII Sohe forn

n Substitute P=3.008tm, ¥ =100L and T= 2598 K
n

" (ooan ) nse g

o . Ro0seminor,
n {nmﬁ;aa&ﬁ = 1.23 mod NH,

Hu{m_f— W}+{j—wL I: Il.lﬁ H,-“}Fmdrhemlr:mlumusnﬂﬂr

Multiply ard doide numbers and unils:

= 17104 amu
M = 17.04 g/mol Expres= malar mass in units of gimod

Conmvert moles of ammonia 1o grams of ammaonia:
1704 g WH
123 melbjH —,IW =.0g NH, Lise the molar mess of ammonia as 8 comversion factoe,
3 SOLVE FOR THE UNKNOWN

To check your answer, calculate the volume of reactant nitrogen at STP. Then, use modar
volume and the mole ratio between N, and NH, 1o determine how many modes of NH, were
produced. The unit of the answer i grams, & unit of mass. There are three significant figures.

PRACTICE Problems W ADDITIOMAL PRACTICE

42, Ammonivm nitrate s a common ingredient in chemical feniizers. Use the reacthon shown to
calculate the mass of sofid ammaonium nirate that must be used 1o obtain 0100 L of dinfragen
monoxide gas at STR

NH,NO s} — N,Ofg] + 2H,01g)
43. When solid calcium carbonate (Cal0.) s heated, it decomposes b form solid calcium owdde
{Ca0) and carbon diossde gas (C0,). How many liters of carbon dioxide will be produced at STP
if 2 38 kg of calcivm carbonate reacts completely?

44, When iron rusts, it undergoes a reaction with cxygen to form ironjill) axde.
dFefs) + 30 [g) —= 2Fe 0[5}
Calculate the volume of ceygen gas at STF that is required to completely react with 52.0 g of non.

45, CHALLEMGE An excess of acetic acld | added to 28 g of sodium bicarbonate at 25°C and
1 atm pressure. Duwring the reaction, the gas cools to 20°C, What volume of carbon dicxide will
be produced? The balanced equation for the reaction i shown below.

NaHCO jaq) 4 CH,COOH(ag) — NaCH,COO(ag) + CO,ig) + H.Of
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Stoichiometric problems, such as the ones in this
lesson, are considered in industrial processes. For
example, ethene gas (C H |, also called ethylene, is the
raw material for making polvethylene polymers. Paoly-
ethyiene is produced when numerous ethene molecules
join together in chains of repeating —CH,~CH — units.
These polymers are used to make many everyday items,

such as the ones shown in Figore 12. The general
formula for this polymerization reaction is shown
bebow. In this formula, ® is the number of units wsed.

WC.H)(g) — —(CH.-CH) ~s) .

If you were a process engineer for a polyethylens
manufacturing plant, vou would need to know about Flgire 12 To effectively manafactsre a prodect, swch
the properties of athene gas and the polymerization as many of these plastics, it ks essental io answer the

reaction. Knowledge of the gas laws would help vou
calculate both the mass and volume of raw material

|I:lh:l'|'dll'\g guestions. How much of a reactant should
b psrchased? How much of 8 product will be
produsced?

needed under different temperalure and pressure
conditions to make different types of polyethylens,

\E Check Your Progress

Summary

= The coefficients in a balanced
chemical eguation specify
volume ratios for gaseous
reactants and products.

+ The gas lsws can be used
along with balanced chemical
equations to calculate the
amount of a gaseous reactant
or product in a reaction.

Demonstrate Understanding

46. Explain When fluorine gas combines with water
wapor, the following reaction ooours.

2F,ig) + 2H,0(g) — O,(g) + 4HFg)
If the reaction starts with 2 L of fluworine gas, how mamy
liters of water wvapor react with the fluorine, and how
many liters of oxygen and hydrogen fluoride are
produced?

47 Analyze |s the volume of a gas directhy or inversely
proportional to the number of moles of a gas at
constant temperature and pressure? Explain.

48. Calculate One mole of a gas ocoupies a volume of
224 L at 5TP. Calculate the temperature and pressure
conditions needed to fit 2 mol of 3 gas into a volume
of 224 L

45, interpret Diata Ethene gas {C_H, ] reacts with copgen
to form carbon dicedde and water. Write a balanced
equation for this reaction, then find the mole ratios of
substances on each side of the equation.

LEARNSMART

Go online 1o follow your persenalized leaming path o review, practice,
and reinfarce your understanding.
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SCIENCE & SOCIETY

What Goes Up Doesn’t
Always Come Down
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Party balloons and squeaky voices are what
most people associate with helivm gas. But
helium has more serious applications too—
some of them lifesaving. Should people try
harder to conserve this important element?

A nonrenewable resource

Helium is one of the most abundant elements
in the universe, but it is relatively scarce

on Earth. Produced over millennia by the
radioactive decay of elements such as
uranium and thorum, helium is extracted for
human use from natural underground pockets
that have existed for millions or billions

of years. Helium also can be removed by
distillation from natural gas.

Helium’s low density and chemical imertness,
miake it perfect for making buoyant and safe
party balloons. But when helium is released
into the atmosphere, its low density also
means that the gas continues 1o rise, and the
gas eventually escapes into space.

Most helium applications are based on another
property of helivm: its very low melting point
{=272°C; almost O K}. Helium can be cooled to
wvery low temperatures and still remain a liguid

OBTAIM, EVALUATE, AMND

COMMUMICATE INFORMATION
‘What is the United Siates Mational Helium
Resenne? Conduct research to discover why it
was created, how it is being used now. and how
it relates to helium supplies in the United States.
Make a digital slideshow to share your findings.

Should peopke be allowed to use helium for party balloons
[t} wihen it 15 also essential for applications swch as MR

imaging jrght]?

This property makes helium a good coolant,
which is an important application of helium.
MRl scanners use helium as a coolant
because they use superconducting magnets
that must be cooled to function properhy. MRI
images help physicians diagnose and monitor
diseases, including cancer.

Helium also is used as a coolant in nuclear
reactors and the large hadron collider, which
is used for research in particle physics.

Supplies of helium fluctuate as some

sources are depleted and new sources are
discovered. Some scientists have called for
an end to “frivolous” uses of helium and some
industries have developed ways to recapiure
and recycle the helivm they use. 5till, with
current sources continuing to produce and
new ones being discoverad. a true helium
shartage is not kkely amy time soon.
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STUDY GUIDE

) GO OMLINE to study with your Science Noteboak:

Lesson 1 THE GAS LAWS

+ Bowle's law states that the volume of a fived amount of gas is
imversely proportional to its pressure at constant temperature.

PV, =PV,

* Charles's bow states that the volume of a fixed amount of gas is
directly proportional to its Kelvin temperature at constant
pressune.

'|.. % |

T. -1,

+ Gay-Lussac's baw states that the presaure of a fixed amount of gas
s directhy proportional to its Kelvin temperature at constant
i

P E
T I,

* The combined gas law relates pressure, temperature, and volueme
in a single stabement.

Boyle's law
abiolute zero
Charless low
Gay-Lussac’s kaw
combined gas law

Lessen 2 THE IDEAL GAS Law

+ Avogradng's pranciple stabes that equal velumes of gases at the
samme pressame and ternpetatune contam equ.d narrmsbers of
particles.

The: ideal gas law relates the amount of a gas present to its
pressure, temperature, and vohums.

P = nR1
The ideal gas law can be wsed 1o And molar mass, if the mass of
the gas is known, or thee density of the gas, if its molar mass s
envivm,

M = 2RI p=¥
At very hagh pressures and very low temperatires, real gases

brshuane differently than ideal gases.

fvogadro’s principle
molar wol ime

standard temperatune and
pressure (STF)

ideal gas constant §#]
ideal gas low

Lesson 3 GAS STOMCHIDMETRY

* The coefficients in a balanced chemical equation specify volume
ratios for gaseous reactants and products.

* The gas laws can be used along with balanced chemical equations
to calculate the amount of a gaseous reactant or product ma
reaction.

Copright S Crme- HE Librsion
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==  THREE-DIMENSIONAL THINKING

\&) Module Wra p-Up

REVISIT THE PHENOMENON

How do hot air
balloons fly?

& Claim, Evidence, Reasoning

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

STEM UNIT PROJECT
Mow that you've completed the module, revisit your STEM unit project. Youw will
summarize your evidence and apply it to the project

GO FURTHER

[EE3) Data Analysis Lab
‘What does Boyle's law have to do with breathing?

You take a breath about 20 times per minute. How do pressure and
wolume change in your lungs as you breathe?

Data and Observations The spongy, elastic tissue that makes up
your lungs allows them to expand and contract in response to mowve-
ment of the diaphragm, a strong muscle beneath the lungs. As your
diaphragm mowves downward, increasing lung volume, you inhale. As
your diaphragm moves upward, decreasing lung volume, you exhale.

Malym and Interpret Data

1. Claim, Evidence, Reasoning Apply Boyle's law to explain why air
enters your lungs when you inhale and leaves when you exhale.

2. Claim, Evidence, Reasoning Explain what happens inside the
lungs when a blow to the abdomen knocks the wind out of a
person. Use Boyle's law to determine your answer.

3. Claim, Evidence, Reasoning Parts of the lungs lose elasticity and
become enlarged when a person has emphysema. From what you
kmow about Boyle's law, why does this condition affect breathing?

4. Claim, Evidence, Reasoning Explain why beginning scuba dwvers are
taught never to hold their breath while ascending from deep water.
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MIXTURES AND SOLUTIONS

ENCOUNTER THE PHENOMENON
How it is possible for
a liquid to hold this shape?

&3 Ask Questions

Do you hawe other guestions about the phenomenon? if so, add them to the driving
guestion board.

Claim, Evidence, Reasoning

Make Your Claim LUse your Collect Evidence Use the Explain Your Reasoning ‘ou
CER chart to make a daim lessons in this module to will revisit youwr claim and
abouwt how a iquid could hald collect evidence to support explain your reasoning at the
this shape. your claim. Record your end of the module.

evidence as you mowve
through the module.

a GO0 ONLIME to access your CER chart and explore resources that
can help you collect evidence.

.‘i aﬂ

LESSOM 1: Explore & Explain: LESSOM 1: Explore & Explain:
Heterogeneous Mixtures Homogeneous Mixiures
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LESSON 1
TYPES OF MIXTURES

FOCUS QUESTION
Do all mixtures have a uniform composition?

Heterogeneous Mixtures

Recall that a mixture is a combination of two or more pure substances in which each pure
substance retains its individual chemical properties. Homogeneous mixtures are called
solutions, where the particles are evenly distributed or blended. Particles in a solution are
very small, and occur on an atomic-scale. Helerogeneous mixtures, however, do not blend
smoothly throughout, and the individual substances remain distinct. Two tvpes of heteroge-
neous mixiures are suspensions and colloids,

Suspensions

A suspension is a mixture containing particles that are large enough that, if left undisturbed,
will zettle out over time due to gravity. The muddy water shown in Figure 1 is a suspension
of clay and silt particles. Pouring a liquid suspension through a filter will also separate out
the suspended particles.

Figure 1 A zuspension can be separated by allowing it 1o <it for & period of tme. A sd
suspension Ccan ako be separaled by pouring # through a fifer

Echpation Bt Rddos

=

L. -:l 3D THlm oOCt Deopliney Cone ldeas oot Crosscutting Concepty

COLLECT EVIDENCE INVESTIGATE :
|2 vse your Science Joumalts | 0VGO ONLINE to find these activities and mare rescurces. E
recond the evidence you colled as Eﬂmmmm Malke the Water Clean #
you comalete e readings snd Carry oul an irvestigailon at a emall-scale to understand the inferaciions af waler mofecules,

vities in thes lesson
= ° Revbew the Mews

Obstain infosmation from a current news story about bypes of mixtares. Evaluale your Sosre
and communicate your findings to your Class.
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Some suspensions separate into a solidlike mixture on the bottom of a container with
water on the top. When solidlike mixtures are stirred or agitated, they flow like liquids.
Substances that behave in this way are called thixotropic suspensions. For example,
toothpaste is thixotropic—it acts as a liquid when it is squeezed from the ube but as a
zolid when it sits on your brush. Some paints are thixotropic—you can stir them but
they don't Aow down the stirring stick or brush when you hold them up. Builders in
earthquake zones must be aware that some clays are thivotropic. Thixotropic clays form
liquids in response o the agitation of an earthquake, which in lurn causes structures
built on them to collapse.

Colloids

A heterogeneous mixture of intermediate-sized particles, between atomic scale solution
particles and larger suspension particles, is called a colloid. Colloid particles are
between 1 nm and 1M nm in diameter and do not settle out of the misxture. Milk @s a
colloid. The components of homogenized milk cannot be separated by settling or by
filtration.

The miost abundant substance in a colloid is the dispersion medium. Colloids are
categorized according to the phases of their dispersed particles and dispersing medi-
ums. Milk is a colloidal emulsion because liquid particles are dispersed in a Liquid
mediom. Other types of colloids are described in Table 1.

Brownian motion Why do particles in a colloid stay suspended instead of settling
out? One reason is that the dispersed particles of liquid colloids make jerky, random
movements. This erratic movement of colloid particles is called Brownian motion and is
used o describe the motion of particles when observed under microscopic conditions.
It was first observed by, and later named for, the Scottish botanist Robert Brown (1773-
1858), who noticed the random movements of pollen grains dispersed in water while
observing them under a microscope. Brownian motion results from collisions of parti-
cles of the dispersion medium with the dispersed particles. These collisions prevent the
colloid particles from seltling out of the mixture and, over time, the particles will spread
evenly throughout the medium.

Table 1 Types of Colloids

Example Dispersed Particies | Dispersing Medium
Solid =al colored gems solid | sodid
Sol ) blood, gelatin | solid Iicpusicd
| Solid emulsion butier, cheese lipuaid sodid
: Emastsicn | milks, mayonnaise ligpuidl lipusicl
Solid foam marshmaliow, soaps gas sodid
|- + Im: ﬂm - - -
| Foam whipped cream, gas licpusicl
Jemenegn e | !
Solld nevosol | EVEE. CHiS in ol ) St ! 983
Liguid aerssol spray deodorant, lcpisicd gas
{150, ot
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Electrostatic layering The dispersed particles in a colloid
oiten have polar or charged atomic groups on their surfaces.
These groups are another factor that prevenis particles from
settling out of a colloid. The charged or polar areas on the
surfaces of the particles atiract the positively or negatively
charged areas of the dispersing-medium particles. This results in
the formation of electrostatic lavers around the particles. The
lavers repel each other when the dispersed particles collide;
thus, the particles remain suspended in the colloid.

If you interfere with the electrostatic layering, colloid particles
will zettle out of the mixture. For exarmple, if vou stir an electro-
Ivte into a colloid, the dispersed particles cdlump together,
destroving the colloid. Heating also destroys a colloid becanse it
gives colliding particles enough kinetic energy to overcome the
electrostatic forces and settle out. Figure 2 shows how heating
and adding acid, an electralyte, to milk destrovs the colloid.

Figure 2 This milk has Deen healed and

Recipes for homemade cheese involve heating milk and add- acld has been added to I As a result. the
ing lemaon juice. Omece the colloid separates, the mixture is colioid |s destroyed and partices in the
passed through a cloth to remiove the liquid. called the whey. millk chumg together, famming curds.

The solids, the curds, can then be pressed to make cheese. This
i5 a good example of how the structure and interactions of matter at a bulk scale are
determined by electrical forces between atoms.

Eﬂet i?

Identify a property of the ferrofluid in the photograph at the beginning of the
madule that woubd distinguish it as a colloid.

Tyndall effect Concentrated colloids are often cloudy or opaque. Dilute colloids
sometimes appear as clear as solutions. Dilute colloids appear to be homogeneous
solutions because their dispersed particles are s0 small. However, dispersed colloid
particles scatter light, a phenomenon known as the Tyndall effect. In Figure 3, a beam
of light is shone through bwo unknown mixtures. You can observe that dispersed colloid
particles scatter the light, unlike particles in the solubion. Suspensions also exhibit the
Tymdall effect, but solutions never exhibit the Tindall effect. You have observed the
Twndall effect if vou have observed ravs of sunlight passing through smoke-filled air, or
viewed lights through fog. The Tyndall effect can be used to determine the amount of
colloid particles in suspension.

ngrei Particles in & colload scatier light, unkke
particles in a solkion. Called the Tymdall effect, the
beam aof Boht s visibée in the coboid because of lig
SCAITETING.

Determine wehich midwe /s o coloid

Copright B Crm-HI Ehradion (EPeys B Shedtem bode owe. Rt Miscdosn
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Tabie 2 Types and Examples of Solutions

| Gas air | nitrogen fgas) | oxygen [gas)

! Licuid carbonated water | wates (Bquid) | carbon dioxide [gas)

! GOEEMN wWaler water [Bguid) | owygen gas (gas)

[ antifreeze | water fguid) ethylene glycal {liguid)
| vinegar | water [lgubd) | mcetic acid Bogubd)

i DOeEN wWater | water [Equid) sodiurm chlogide (solid)
i Solid dental amaigam | siver (solid) | mercury fliguid)

E steel | ionfsolid) | carban (solid)

Homogeneous Mixtures

Cell sodutions, ocean water, and steel might appear dissimilar, but they share certain
characteristics. You learned earlier that solutions are homogeneous mixtures that
conkain bwo or more substances called the solute and the solvent. The soluate is the
substance that dissalves. The solvent is the dissolving medium. When vou look at a
solution, it is not possible to distinguish the solute from the solvent.

Types of solutions

A solution might exist as a gas, a liquid, or a sofid, depending on the state of its solvent,
as shown in Table 2. Airis a gaseous solution, and its solveni is nitrogen gas. Braces
that vou wear on your teeth might be made of nitinol, which is a solid solution of
titanium in nickel. Another application of nitinol is shown in Figure 4. Most solutions,
however, are liquids. Yoo read previously thal reactions can take place in aqueous
solutions, solutions in which the solvent is water. Water is the most common solvent
among liguid soluticns.

Just as solutions can exist in different forms, the solutes in the solutions can be gases,
liquids, or solids, also shown in Table 2. Many solutions, such as ocean water, can
contain more than one solute.

Figure & Thes strechure is 3 stent, designed ta be inserned
into an arbery o vein io provide support and allow blood fo
fiow freely. It is made of nitinod, a solid solutkon of Banium
i michoe] theat has high slasticity.




Inspare Chemistry, Student Edition

rFrorming solutions

Some combinations of substances readily form
solutions, and others do not. A substance that
dissolves in a solvent is said (o be soluble in
that solvent. For example, sugar is soluble in
water—a fact vou might have learned by
dissalving sugar in flavored water to make a
sweetened beverage, such as tea or lemonade.
Two liguids that are soluble in each other in
any proportion are said to be miscible. For
example, the antifreeze liquid that is shown in
Figure 5 iz made up primarily of ethviene
ghyool and water. These two liquids are said to
be mniscible in one another.

& substance that does not dissolve in a solvent
is said Lo be insoluble in that solvent. Sand is
inseluble in water. The liquids in a bottle of oil
and vinegar separate shortly after they are
mixed. O s inscluble in vinegar. Two liquids
that can be mixed together but separate shortly
after are said 1o be immiscible.

\& Check Your Progress

Figure 5 [F

Summary Demaonstrate Understanding
« The individual substances in a L Explain Use the properties of seawater to describe
heterogeneous mixiure remain the characteristics of mixiures.
distinct. 2. Distinguish between suspensions and colloids.
e T"f‘“ types of hEtE"ﬂ'EI_E'“E'U‘UE 3. Identify the various types of solutions. Describe the
mixtures are suspensions and characteristics of each type of solution.
EDIde_E' - . 4. Explain Use the Tyndall effect to explain why it is more
+ Brownian mation is the emratic difficult to drive through fog using high beams than
movement of colloid particles using low beams.
O & MICoSCopic leve. 5. Describe the different types of colloids.

« Colloid particles exhibit the
Tyndall affect.

« A solution can exist as a gas, a
liquid, or a selid, depending on
the sohvent.

6. Explain how the elecirical forces between atomic
groups affect the dispersion of colloid particles.

7. Summarize What causes Brownian motion?
8. Compare and Contrast Make a table that compares

the properties of suspensions, cofloids, and solutions.

« Solutes in a solution can be
gases, liquids, or solids.

LEARNSMART Goonline tofollow your personalized learning path to review, practice,
and reinforce your understanding

Coprght: SMcCrme-H I Edhration edylogs’ Bor kS Catiy inmes
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LESSON 2

SOLUTION CONCENTRATION

FOCUS QUESTION
How can you describe the concentration of a solution?

Expressing Concentration

The cancentration of a solution s a measure of how much solute is dissobved in a specific
amount of solvent or solution. Visual observations can be used to describe solutions qualita-
tively by using the words concentrated or dilmte. Notice the containers of tea in Figure 6.
One of the tea solutions is more concentrated than the other. In general, a concentrated
solution contains a large amount of solute. The darker tea has more tea particles than the
lighter tea. Conversely, a dilute solution contains a snxall amount of solute. The lighter tea in
Figure 6 is dilute and contains fewer tea particles than the darker tea.

Although qualitative descriptions of concentration can be useful, solutions are more often
described quantitatively. Some commonly wsed quantitative descriptions are percent by
mass, percent by volume, molarity, and neolality. These descriptions express concentration as
a ratio of mesgsured amounts of solote and solvent or solution.

Figure & The stremgth of the tea comesponds o its concentratan
The Eghter tea is kess concendrated than the darker fea

Ebpavion  MoCras bl Ecissiem

COLLECT EVIDENCE INVESTIGATE

!E'meyuurf.mnce Joairnal b DGO OMLINE tofind these activiies and more resources.

rescond the evidence you collect as Eﬂlnmﬁmmm“m

you complete the readings and Create a table of the crossoutting concepts and fill in exampies you find as you read.

aclivities in Mis esson.
Review the Mews

Disdain information from a csment news stoey about the importance of salution cancentration
Evaluate your source and communscate your findings to your class.




Table 3 Concentration Ratios

Concentraticn Description

Percent by mass % s * 100 ‘

Parcent by volume %xﬂﬂ

mates of solube
Maolarity ior of solubon |

modess af solurie

Modality ram of solvert

mode of solule |

Mode fraction — e Sy e

Table 3 shows ratios for common quantitative descriptions. Which quantitative descrip-
tion should be used? The description used depends on the type of solution analyzed
and the reason for describing it. For example, a chemist working with a reaction in an
aqueous solution most likely refers to the malarity of the solution becanse he or she
needs o know the number of particles imvolved in the reaction.

Percent by mass

The percent by mass is the ratio of the solute’s mass to the solution's mass expressed as
a percenl The mass of the solution is the sum of the masses of the solute and solverndt.

Percent by Mass

pﬂrenthymass=ﬁ'-{m I_:n"l-ﬂ-ﬂ

Percent by mass equals the mass of the solute divided by the mass of the whole solution,
muftiplied by ¥00.

EXAMPLE Problem 1

CALCULATE PERCENT BY MASS In ardes to maintain a sodium chioside {Mall) concentration
similar o ooSan wWater, an aguarium must contaln 3.6 g MaCl per 100.0 g of water. What is the
percent by mass of Mall in the solufion?

1 ANALYZE THE PROELEM

“fou are given the amount of sodium chioride dissoled in 10000 g of waler, The percent by
mass of a sodute is the ratio of the solute’s mass to the solution’s mass, which s the sum of the
masses of the solute and the solent

Known Lnk o
mass of soluie = 3.6 g MaCl percent by meass =7

mass of sobvent = 1000 g H O

Copright B Crm-HE Ebpsdion
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EXAMPLE Problem 1 [continued)

2 SOLVE FOR THE UNKMNOWN
Find the mass of the solution.

miass of solution = grams of sclute 4+ grams of sobent

mass of solution = 3.6 g + 1000 g=1W036g Subsitde mass of solule = 36 g, and mass
of soheent = 000 g.

Calculate the percent by mass.

mass of solute w 100

percent by mass = -

Siate ihe equation lor percent by meass:

£
percenl by mass = mga ® 100 = 36% Subsitite mass of solole = 36 g, and mass
of solution = 1006 g

3 EVALUATE THE ANSWER

Because only a small mass of sodium chioride IS dissobved per 10,0 g of water, the percent
by mass should be a small value, which it is. The mass of sodium chioride was given with twa
significant figures; therefare, the answer s also expressed with two significant figures.

PRACTICE Problems W ADDITIOMAL PRACTICE

8. What is the percent by mass of NaHCO, in a solution containing 2000 g of NaHOD, dissobsed in
600.0 ml of H_O?

0. You hawve 1500.0 g of a bleach solution. The percent by mass of the solte sodium hypochlorte
[MaliCl) is 3.62% How mary grams of MaOCl are in the solution?

M. in Question ¥, hivw many grams of sobent ane in the soluthon?

12. CHALLENGE The percent by mass of calcium chioride in a solution |s found to be 2.65%.
If 5000 g of cakcium chloride is used, what is the mass of the solution?

Percent by volume

Percent by vaolume usoally describes solutions in which both
splute and solvenit are liquids. The percent by volume is the
ratio of the volume of the solute to the volume of the solution,
expressed as a percent. The volume of the solution is the sum
of the vwolumes of the solute and the solvent. Calculations

of percent by volume are similar to those involving percent
vy Truass.

Percent by Volume

— _volume of solate
pmﬂntbyvdm—mmn[ﬂumnxlﬂﬂ

Percent by volume equals the volsme of solute divided by the
volume of the solution, mastiplied by 100.

Bindiesel, shown in Figure 7, is an alternative fuel that is I
produced from renewable resources. Biodiesel can be used in FW""‘*_-" e P
diesel engines with little or no modifications. Biodiesel s SRSy MO e TS et

: i . : Biodiese! Is a clean-buming alternative fueld
simple to use, biodegradable, nontoxic, and it does not that can be produced from renewable

contain some of the pollutants found in regular gacoline. resouces, such as vegetable oll,
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PRACTICE Problems ‘ ADMTIOMNAL PRALTICE

13. What is the percent by volume of ethanol in a solutlon that contains 35 mL of ethanol dissched
in 155 mL of water?

4. What Is the percent by volume of Eopropy! alcobhol in a solution that contains 24 mL of sopropyl
alcahal in 11 L of wates?

15. CHALLENGE If 18 mL of methanol is used to make an aqueaus solution that is 15% methanaol by
wolume, how many milliliiers of seiution s produced?

Molarity

FPercent by volume and percent by mass are only two of the commenly used ways o
quantitatively describe the concentrations of liquid solutions. One of the most commaon
units of sofution concentration is molarity. Molarity (M) is the number of moles of
solute dissolved per liter of solmtion. Molarity is also known as molar concentration,
and the unit M is read as molar. A liter of solution containing 1 mol of solute is a 16
solution, which is read as a one-molar solution. A liter of solution containing 0.1 mol of
solute is a 0.1M solution. To calculate a solution’s molarity, vou must know the volume
of the solution in liters and the amount of dissolved solute in moles.

Maolarity

I t}l' (M) = ﬁﬂuf m!qle

The malarity of a solution equals the moles of solute divided by the liters of solution.

Molarity is the measure of concentration that you will likely use most in your stedies of
chemistry. The m::ﬂanh.ral' a solution tells vou the amount of solute present in a solu-
tiom, ard this is the informaticn that is important to know when vou are planning and
amalvzing reactions in solution. Knowing the amounts of different selutes in solution
allows you to predict how they will react based on a balanced chemical equation.

When performing caloulations involving concentrations, vou can think of molarity as a
conversion factor that vou can use to convert between volume of solution and amount

of solute in moles. (Note that sometimes you will see molarity expressed using units of
mol/L instead of M.}

Eﬁiet it?

Determine What i the molar concentration of a fiter solution with 0.5 mol of solute?

Chemical Techniclan

It you like condudiing experiments and warking with instnemesnis, yoo can get an
aseociate’s degree at a comemunity college and work in & |aboratary or peoduscion
faciity where new produscts, sisch as medicngs, are mansfactured. You wold

participate in researching, producing, and testing chemical prodiscs.

Copright. B Cra-HE Libpsion
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When calculating the molarity of a solution, keep in mind that the wnit M is equivalent to
moles per liter (mol,/L). Remembering this will help vou remember to convert volumes
given in other units, such as milliliters, bo liters. Write the units mol/L as M as a final step.

EXAMPLE Problem 2

CALCULATING MOLARITY A $00.5-mL infravencws (IV) solution contains 550 g of glucose
(C H_O.). What s the molarity of this solution? The moler mass of glucose is 18016 g/mol.

1 AMALYZE THE PROBLEM
You are given the mass of glucose dissobeed in a volume of water. The modarity of the solution
fs the ratio of moles of solute per Hter of solutkon.

Knewn
mass of sclute = 530 g C H O,
molar mass of CH O, = 18016 g/mol
wolume of solution = H00.5 ml
Unknawn
salution concentration = 7 M

2 SOLVE FOR THE UNKNOWN

Calculate the numbser of maoles of C H_O,_

(550 Wﬁ(ﬁ%ﬁ%—_} Mustiply grams of M0, by the molar

mass of CH D
= 00283 mal CH O,
Cnm'eﬂﬂ'teummn!:.!ﬂmm e o o
(1005 s-solution){ 3550 o) = 01005 L solution  factor 1 L1000 i

Solve for the moladity.
M= maaios of solute State the molarity equation.
o {ﬂﬂ?ﬂ?rﬂd E.H,,D.‘} Substitute moles of CH 0, = 00283 and volume
= \ 01005 L scition of solution = Mers of solution = 01005 L
00283 mol CH_ O Divide numbess and urs

M= ) = o.282m

1L sohstion
3 EVALUATE THE ANSWER

The maolarity value will be small because only a small mass of glucose was dissolved in the
solution. The meass of glucose used in the problem has three significant figures; therefare, the
value af the moladity also has three significant figures.

PRACTICE Problems W ADDITIOMAL PRACTICE

16. What is the modasity of an aguecus solution confaining 40.0 g of glucose (CH_ O bin
15 L of solution?

17. Calculate the maolarity of 160 L of & solution containing 1.55 g of dissohed KBr
1B. What is the modanity of & bleach solution containing 95 g of NaOCl per liter of bleach?

19, CHALLFNGE Haow much calcium hydrosdde {Ca(OH)), in grams, is needed to produce 15 L of &
0. 2544 solution?
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Step T The mass of the saluls & Step 20 Tne soéute 1S placed in 3 Step 3t Destibed waler 5 agded 1o the flask
measured. volumedric flask of the comect 1o beimg e sofition kewel up 1o the
vilume Calleadion mar.

Figure B Accurately prepating & solution of coppern{ll) sulate invalves several steps.
Expiadn sy you conned adel 375 5 of cappeni] sulfare diracely to 1L o warter i make a 1 5M solulion

Preparing molar solutions Now that vou know how to calculate the molarity of a
solution, how do vou think you would prepare 1 L of a 1.50M aqueous solution of
copper(ll) sulfate pentahydrate (CuS0, « SH 0P A 1.50M aqueous solution of

Eu_‘iﬂ « 5H_O contains 1.50 mod q:lECu"'a-D 5H_0 dizssobved in 1 L of solution. The
ml:ul..ar mass :::ECuS»D + 5H_0) is aboul 249.70 B Thus, 1.50 ml of Cus0), « 5H, O has a
mass of 375 g, an a.rnuunt r.hat VOu can measure on a balance. You ca.n.m:t :.Lrnpl}f add
375 gof Cus0, « 53H, O to 1 L of water to make the 1.500 solution. Like all substances,
CuS0, « SHLO takes up space and will add volume to the salution. Therefore, vou must
use slightly less than 1 L of water to make 1 L of solution, as shown in Figure 8.

Suppose vou needed only 100 mL of a 1.50M EuS-l'.l + 5H 'D solution for an experiment.
As calrulated abowve, 1 L of this solution contains 3-.-:: g of Cuﬁi‘.‘l SH (0. This relation-
ship can be used to calculate how much solute (o use to make lI:IlZII mlL ui the solution.

L 375gCus0,-5HO

100 mL 3 {506 mL 1 L solution

=375 g CusS0, » SHO

You would need 37.5 g of CuS0, - 5H,O to make 100 mL of a 1.50M solution.

PRACTICE Problems W ADDITIONAL PRACTICE

20. How many grams of CaCl, would be dissolved in 10 L of a (08 solution of CaCl?

Z1. How many grams of CaCl, should be dissodved in 500.0 mi of water to make a 0:20M solution of
CaCl?

22. What mass of MaOH s in 250 ml of a 3.08 NaOH salution?

23. CHALLENGE Whai volume of ethanol (C_H, OH) is in 100.0 mL of 0156 solution? The density of
ethancl ts 07893 g/mb

Coprght:. B Com-HE Edrsion AR Meakey
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Cancentrated solan Db sted spluticn

Figure 8 A concentrated solution can be dilubed by adding solvent. The number of moles of solute does ot
change when a conentraled solution s dilsed.

Diluting molar solutions In the laboratory, vou might use concentrated solutions of
standard molarities, called stock solutions. For example, concentrated hydrochloric acid
{HCl) is 12M. Recall that a concentrated solution has a large amount of solube. You can
prepare a less-concentrated solution by diluting the stock solution with additional
solvent. When vou add solvent, you increase the number of solvent particles among
which the solute particles move, as shown in Figure 9, thereby decreasing the solution’s
concentration_

How do you determine the volume of stock solution youw st dilute? You can rearrange
the expression of molarity to solve for moles of solute.

maoles of solute = molarity  liters of solution

Because the total number of moles of solute does not change during dilution,
modes of solute in the stock solution = moles of solute after dilulion.

Substituting moles of solute with rmolarity times liters of solution, the relationship can
be expressed in the dilution equation on the following page.

ACADEMIC VOCABULARY

difuted
sofuliens cantaining relatvely kow amounts af solule in a given voleme of sobaet
Adaing foo much waler dilufed the lemonode comenirmion.
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Dilution Equation
M1F| = M:!V: ]:mmmm“T;m

For a given amaount of solute, the product of the molarity and volume of the siock soluthsn
equals the product of the malarity and the volume of the dilute solution

In the dilution equation, .ﬂ.-!‘ and 'I.-’: represent the molarity and volume of the stock
solution, and M, and 1, represent the molarity and volume of the dilute solution. Before
dilution, a concentrated solution contains a fairly high ratio of solute particles to solvent
particles. After adding more solvent, however, the ratio of solute particles to solvent
particles has decreased. However, because the total number of solute particles would
nol change during dilution, the total number of moles of solute would remain the same.

EXAMPLE Problem 3

DILUTING STOCK SOLUTIONS If you know the concentration and volume of the solutbon you
want 1o prepare, you can calculate the volume of stock salution you will need. What volume,
in milliliters, of 2.00M calcium chioride (CaCl) stock solution would you use to make 0.50 L of
0.300M calcium chionde solution?

1 ANALYZE THE PROBLEM

You are given the molasity of 2 stock solution of CaCl, and the volume and molarity of a dilute
solution of CaCl. Use the relationship between maolarities and volumes to find the volume, in
liters, of the: stock solution reguired. Then, coméert the wvolume o milliters.

Known Uik rowsin

M, = 2.00M Call, V, = 7 mL 2 00M CaCl,
M, = 0.3008

V,=050L

2 SOLVE FOR THE UNKNOWN
Solve the molarity-vwalume redationship for the volume of the stock solution V.

Ml.w1 = M:va Siate the diution eguation.
vﬂv(%) Sabve for W,
L] x
B A0 Substhsie M = 2000, M, = D300M,
¥, = 050 U5 50m andV, = 050L :
Hnﬁ_ﬂ”{%]:ﬁ_ﬂﬁL Muttiply and divide numbers and units.

Canven to milliliters wsing the corversion
v, = (0.075 (22 ) - 75 mL fisctor 1000 mLA L
To make the dilution, measure out 75 mL of the stock soluthon and dilute & with encuwgh water 1o
make the final vodume 050 L.

3 EVALUATE THE ANSWER
The valume V, was calculated, and then iis value was converied to millliters. This
wolume should be less than the final volume of the dilute solution, and it is. Of the given
information, ¥, had the fewest number of significant figures, with tawo. Thiss, the volume
V, should also have two significant figures, and it does.

Copright B Crm-HE Ebpsdion
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PRACTICE Problems W ADDITIOMAL PRACTICE
24. What volume of a 3.00M Kl stock solution would you use to make 0.300 L of a 1.25M Kl
solutkon?

25, How many milliliters of a S.0M H_ 50, siock solution would you need (o prepare
100.0 mL of 0.25M H,50,?

26. CHALLENGE If 0.50 L of 5.00M stock solution of HCI is diluted to make 2.0 L of solution, hiow
much HCL, in grams, ks in the soluthon?

Molality

The volume of a solution changes with temperature as it expands or contracts. This
change in volume alters the molarity of the solution. Masses, however, do not change
with emperature. It is sometimes more useful to describe solutions in terms of how
many males of solute are dissolved in a specific mass of solvent. Such a description is
called molality—the ratio of the number of maoles of solute dissolved in 1 kg of solvent.
The unit m is read as molal. A solution containing 1 mol of solute per kilogram of
solvent s a one-molal solufion.

Molality

k() = e ot

The malality of a solution equals the modes of solute divided by kiiograms of solvent.

EXAMPLE Problem 4

CAl CULATING MOLALITY In the lab, & student adds 4.5 g of sodium chiaride (NaCl) to 1000 g of
weater. Calculate the molality of the salution.

1 AMNALYZE THE PROELEM

You are given the mass of solute and solvent. Determine the number of moles of solute. Then,
wyou can calculate the malality.

Krown Lhnkervenarm
mass of water (H.0) = 100.0g m = 7 mol'kg

mass of sodium chiosde (MaCl) = 45 g
2 SOLVE FOR THE UNKNOWN

15M3%=&mmm Cabculete the number of moles of soiute.
Thg H O Comverl the mass.of H,0 from grams to kiograms

100.0,8HT X 555 g s = 01000 kg HO using the factor 1 k000 g
Substitute e known valses into the expression for modaiity, and sobe.
e moles of soknie Write the eqguation for mol iy

kiicgrams of moivent

QUOTT ol Hac| Subsiitute moles of salute = 0,077 ol MaCi,
M=m=ﬂﬂmﬂﬁm kilograms of sobvent = OR00 kg MO

3 EVALUATE THE ANSWER

Because there was less than one-tenth of & mole of solute present in one-tenth of a kilogram
of water, the modality showld be less than one, and it is. The mass of sodium chioride was ghwen
with twi significant flgures: therefore, the molality is stso expressed with two significant figuines.



FRACTICE Problems W ADDITIOMAL PRACTICE

27. What is the molality of & solufion containing 10.0 g of Na,50, in 1000.0 g of water?
28. CHALLENGE How much Ba{OH),, In grams, |s needed to make a L0O0m aqueous soluthon?

Mole fraction

If you know the number of moles of solute and sobvent, vou can also express the
concentration of a solution as 2 male fraction—the ratio of the number of maoles of
solute or solvent in salution o the todal number of moles of solute and solvent, as
shown in Figure 10. The symbal X is commonly used for mole fraction, with a subscript
to indicate the solvent or solute.

Mole Fraction X, oand X represent the mole frachons of each
", n, subsianoe.
x“"-'aT’. x'-m n, and n, represent the number of maoles of

mach substance.

A miole fraction equals the number of moles of solute or solvent in & solution divided by
the total number of moles of solute and sodvent.

For example, suppose a hydrochloric acid solution contains 36 g of HCl and 64 g of HO.
To conwert these masses b moles, vou would use the molar masses as conversion factors.

= 1 mol HCl _
Hm-ﬂﬁsﬂﬂxﬁ-j—&mmﬂ.ﬂmnll-ﬂ
B I ma HO
Moo =64 g HAT = Bigs = 3.6 mol HO

The mole fractions of HCI and water can be expressed as follows.

. - N .99 maol FECl o
X = +n = D99 mal HCl + 36mal HO — 0.22
M0 3.6 mol HO
R — = =0.78
mo T o b e, T 0.9%9mol HO + 3.6 mol HO
Hydrochlaric Acid Figure 10 The male fracton expresses the number of moles of solste
in Aqueous Solution and sodvent relative 1o the total nember of moses of salution. Each

male fractkon can be thought of a5 8 percent. For exampie, the mole
fraction of weater (X, ) is 078, which is equivalent to saying the solatian
comains T8% waler [on & moke basis).

XKyo + Xy,0 =100
022 4 078 = 100

Copright B Crm-HE Ebpsdion
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PRACTICE Problems W ADDITIOMAL PRACTICE

29, What is the male fraction of NaOH in an agueous solution that contains 22 8% MaOH by mass?

30. CHALLENGE If the mole fraction of sulfurlc acid (H,50 ) in an agueous solution is 0325, what
iz the percent by mass of H.50.?

BIOLOGY People working in the field of medicine must have a good understand-
ing of how to express, interpret, and calculate the concentration of solutions. When administering
splutions containing anesthetics or other medications, a medical professional must know the concen-
tration of that solution in order o determine the correct dose for a patient. Intravenous solutions,
which are delivered to a patient directly into their blocdstream, must be have just the right concen-
tration bo be effective. Mistakes can result in ineffective or harmiful treatments.

Interpreting concentrations of solutions listed on labels can sometimes be confusing, especially when
percent concentrations are provided. The concentration of saline selutions for intravenous use is
often given as a mass—volume percent, which tells you the number of grams of a solute per 100 mL of
solution. For example, a (.%% saline solution has 0.9 g of sodium chiloride in 100 mL of solution. This
measire is not a true percent because the units are g/ml. and do not cancel out. Because the density
of dilute aqueous solutions is very close to 1 g'mL, however, the mass—volume percent is often
effectively the same as the percent by mass. You are not likely to work with the mass—volume per-
cent very often in vour study of chemistry, but vou may see it when vou look at labels that express
concentration, such as labels on medications at a pharmacy. The potential confusion between per-
cent by mass, percent by volume, and mass—volume percent shows why it is important to express
clearly the methed of measurement you are wsing.

|& Check Your Progress

Summary Demanstrate Understanding

+ Concentrations can be measured 3. Compare and contrast five quantitative ways to
qualitatieety and quantitatieehy. describe the composition of solutions.

+ Mplarity is the number of moles 32 Explain the similarities and differences between a 1M
of solute dissolved per liter of sodution of MaOH and a 1m solution of NaOH.
sofution. 33. Calculate A can of chicken broth contains 450 mg of

+ Molality is the ratio of the sodivm chloride in 240.0 g of broth. What is the
number of moles of solute percent by mass of sodium chiloride in the broth?
dissolved in 1 kg of sohvent. 34. Solve How much ammonium chioride (NH,CIL in

+ The number of moles of solute grams, is needed to produce 2.5 L of a 0.5M aqueous
does not change during a solution?
dilution. 35. Outline the laboratory procedure for preparing a

spedific volume of a dilute solution from a concen-
trated stock solution.

LEARNSMMRT Goonline tofollow your personalized leaming path to review, practice,
and reinforce youwr understanding.
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LESSON 3

FACTORS AFFECTING SOLVATION

FOCUS QUESTION
Why do some substances dissolve in water while
others don't?

The Solvation Process

Why are some substances soluble, while others are not? To form a solotion, selole particles
mus! separate from one another and mix with solvent particles. Altractive forces between
electric charges play an important role in this process. When a solid solute is placed ina
solvent, the solvent particles completelv surround the surface of the solute. If the attractive
forces between the solvent and sofute particles are greater than the attractive forces holding the
solule particles together, the solvent particles pull the solute particles apart and surround them.
These surrounded solute particles then move away from the solid solute and out into the
sodution. The process of surrounding solute particles with solvent particles to form a solotion is
called solvation, as shown in Figure 11. As jons dissolve in a solvent they spread out and
beromme surrounded by solverit molecules. “Like dissolves like” is the general rule used 1o
determine whether solvation will cocur in a specific solvent. To determine whether a salvent
and solute are alike, vou must examine the bonding and polarity of the particles and the
mtermaolecular forces among particles.

Figure 11 S5alt begins to
separate when it i dropped
tnic wates. The solute
particles ace pulad fram
the solid and surrcunded by
solvent particies.

 Eohraion Auit Pesckes

£
COLLECT EVIDENCE INVESTIGATE -
Elﬂemmﬂmﬂm VGO OMNLIMNE 1o find these activities and mare resoances. E
recond 1he evidence you colledt as Eammug-um: Salts and Solubillty i
you comalete e readings snd Use & moded to determine the cause and effect of adding a solufe fo a solvent in 8 chemical

actbies in this lesson.

FEaciion.

ChemlLARB: Investigate Faciors Affecting Solubility
Carry cul an imeestigation fo detesmane what facbors affect the rate of wolutan feimaton




Inspare: Chemistry 9-12 Student Edition

Copyright & Me Crae I B stion

Hgl'! 12 Sodium chloride dissoies in water a5 the waler maoleciges
surround the sodium and chionide kons. Mobe how the polar waler moleoules
orient themselves diferently around the positive and negalive on.

Agueous solutions of ionic compounds

Recall that water molecules are polar molecules and are in constant motion, as
described by the kinetic-molecular theory. When a crystal of an jonic compound, such
as sodiam dllunde iMall), is placed in water, the water molecules collide with the
surface of the crystal. The charged ends of the water molecules attract the positive
sodium ions and negative chloride ions. This attraction between the dipoles and the
ions is greater than the attraction among the jons in the crystal, so the ions break away
from the surface. The water molecules surround the ions—in other words, the ions
become salvated. The solvated ions move into the solution, as shown in Figure 12,
exposing more ions on the surface of the crystal. MNotice that the positively charged ends
of the water molecules point inward when they surround the negatively charged chlo-
ride ions. The negatively charged ends of the water molecules point outward when
surrounding the positively charged sodium ions. Solvation continues in this way until
the entire crystal has dissolved. The attraction between ions and the polar molecules of
water is the reason why many ionic compounds are saluble in water.

Mot all jonic substances, however, are solvated by waber molecules. Gypsum is insoluble
in water because the attractive forces between the ions in gypsum are so strong that
they canmot be overcome by the attractive forces of the water molecules. Calcium
carbonate is another example of an ionic substance that is insoluble in water. This
substance is found in nature as limestone, in eggshells, and in the shells of animals such
as snails and clams. Although calcium carbonate does not dissolve in water, it does
disselve in acids. This is why rain with high acidity damages buildings and stalues made
of limestone,

E{ietlt?

Describe how attraction between electric charges explains what happens when a
soluble solid ionic compownd is exposed to water molecules.
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Figure 13 SISEY0SE Molerises contain Eight D—H bonds and are palar. Polar wabsr mokecubes form parogen
bamds with the O—H bonds, which pulls the sucrose info soltian

Agueous solutions of molecular compounds

Water is also a good solvent for many molecular compounds. Table sugar is the molecu-
lar compound sucrose. As shown in Figure 13, sucrose molecules are polar and have
several (-H bonds. As soon as the sugar crystals contact the water, water molecules
collide with the outer surface of the crystal. Each O-H bond becomes a site for hydro-
gen bonding with water. The attractive forces among sucrose molecules are overcomse
by the attractive forces between polar water molecules and polar sucrose molecules.
Sucrose molecules leave the crystal and become solvated by water molecules.

(il is a substance made up primarily of carbon and hydrogen. It does not form a solu-
tion with water. There is litthe antraction between the polar water molecules and the
nonpolar oil molecules, However, oil spills can be cleaned wp with a nonpolar solvent
because nonpolar solutes are more readily dissolved in nonpolar sobvents.

Heat of solution

During the process of solvation, the solute must separate into particles. Solvent parti-
cles must also move apart in order to allow sofute particles to come between them.
Energy is required o overcome Lhe attractive forces within the solute and within the
solvent, so both steps are endothermic. When solute and solvent particles collide, the
particles attract each other and energy is released. This step in the solvation process is
expthermic. The overall energy change that ooours during the solution formation
process is called the heat of solotion.

Some solutions release energy as they form, whereas others absorb energy during
formation. For example, after ammonium nitrate dissolves in water, its container feels
cool. In contrast, after calcium chloride dissolbves in water, its conlainer feels warm.

Copright B Cramy-HI Bbpadion Cherem O Wirem
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Solvation occurs only when the solute and solvent
particles collide with each other. There are three
common wavs Lo increase the collisions betwesn
solute and solvent particles and thus increase the rate
at which the solule dissolves. These three common
ways, shown in Figure 14, are agitation, increasing
the surface area of the solute, and increasing the
temnperature of the solvent.

Agitation

Stirring or shaking—agitation of the mixture—moves
dissolved solute particles away irom the contact
surfaces more quickly and thereby allows new
collisions between solute and solvent particles o
occur. Without agitation, the solvated solute particles
move away from the contact areas showly.

surface area

Breaking the solute into small pieces increases its
surface area. A greater surface area allows more
collisions o occur between the solute particles and
the solvent particles. This is why a teaspoon of
granulated sugar dissolves more quickly than an
equal amount of sugar in cube form.

Temperature

The rate of sobvation is affected by temperature. For
example, sugar dissolves more quickly in hot tea,
shown in Figore 14, than it does iniced tea. Addi-
tiomally, hotter solvents generally can dissolve more
solid solute. Hot tea can hold more dissolved sugar
than the iced tea.

Granulated sugar dessoives Laster in iced tea than
8 Sis0ar cuhe Stering speeds e prodess

Most solids act in the same way as sugar—as lempera-
ture increases, the rate of solvation also increases.

— — R
Solvation of other substances, such as gases,
decreases at higher temperatures. For example, a
carbonated soft drink will kose its fizz {carbon §
dioxide} moch fasber when it is at room temperature -

pe ~— : =

than when it is cold.

[, S
E Get it?
Explain how the rate of sohvation can be I =
increased.

Granulaied shgar dissalves wery guickly in kot 123

B ared, and emperature




Solubility 1

Solubility is a property of a solute that describes its
ability to dissolve in a solvent. Just as solvation can
be understood at the particle level, so can solubil-
itv. When a solute comes in contact with water
mebecules and solvation is initiated, at frst, the
solute particles are carried away from the solute.
As the number of dissolved particles increases,
collisions between dissolved solute particles and
the remaining solule also increases.

However, solvation is a reversible process, and
somie colliding solute particles rejoin the solid
solute. As long as the solvation rate is greater than
this crystallization rate, solvation continues.
Eventually, the rate of solvation and crystallization
may become equal, forming a state of dynamic
equilibrium, as shown in Figure 15, as long as the
temperature remains constant. During dynamic
equilibrium, selute particles return to the surface of
the solid solute at the same rate as they are leaving.

Saturated solutions

Figure 15 Duing dynamic eguilibsism, the rate ol
Saturated solutions occur when no more solute can < ari0q eguals the rate of crystalization and the amount
be dissolved. The solution contains the maximum of dissalved solute remains wnchanged.
amount of dissolved solute for a given amount of

solvent at a specific temperature and pressure.

Unsaturated solutions

Uinsaturated solutions contain less dissolved solute for a given lemperature and pres-
sure tham a saturated solution. This means that more solute can be dissobved in an
unsaturated solution.

=3 CROSSCUTTING CONCEPTS

Enengy and Matter Create a fiow chart that shows how ovesall engrgy can change
duiring the sobution fenmation process.

Cigeyright & MaCrim OB b ilom B Crae bl Erhadiin
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Temperature and supersaturated solutions

Solubility is affected by raising the temperature of the
solverit because the kinetic energy of its particles is
increased, resulling in mure—l"reqmnt collisions and
collisions with greater energy than those that occur al lower
temperatures. The fact that many substances are more
soluble at high temperatures is demonsirated in Figure 16.
For example, calcium chloride {CaCl ) has a solubility of
about 64 g CaL_J: per 100 g HZD at 10°C. Increasing the
temperature o approsimately 27°C increases the solubility
by almiost 50%, to 100 g Call, per 100 g H.O. For other
substances, such as cerium sulfate, Ce (50 ), solubility
initially decreases rapidly as iemperature increases, but then
levels off and remains constant.

The effect of temperature on solubility is also Qlustrated by
the data in Table 4. Notice in Table 4 that at 20°C, 203.9 g
of sucrose (C _H_0 ) dissolves in 100 g of water. At 100°C,
4872 g of sucrose dissolves in 100 gﬂl'w.al.ﬂ_ a mearly 140%
increase in solubility.

E Get It?

Interpret According to the graph in Figure 16, what is the
solubility of MaCl at B0°C?

Salulbility
fg of solute 100 g HzO0)

cd HUBELOABEE

Solubilities as a Function

of Temperature

I 1
Cally

KLl
|1
Hatl

L ke

o L

| =

= CeslS0,)y —

[y

T
0 10 20 30 40 50 60 70 BO 540900

Temperature {"C)

Figure 46 The solubities of several
substances as a fumttion of temperature are
showen bn this graph.

Tabie 4 Solubilities of Solutes in Water at Various Temperatures

Splubility (/00 g H O

|
Aluminum sulfate i
Barium hydroxide |
Caicium hydrexice | CaloH), 189 ans a1 | oo
Lmimetste | LSO, | 364 | 348 | 326 | —
Potassium chioride | KCI 280 34.2 4538 563
Sodium chioride | NaCl 357 359 37 ;92
Siver nitrate Ao, | @2 | 26 mo | 73
| Sucrose | ex0, a2z 2039 2873 4872
s =
| Carbondicddet | €O, 1713 0.878 0.359 -
i Oxygen” | o, 0.048 0.031 o019 =

UL H O of gas a1 standand pressoe (100 kPa)
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Figure 17
The fact that solubility changes with temperature and that some substances become
more seluble with increasing temperature is the key to the formation of supersaturated
solutions. A supersaturated solution contains more disselved solute than a saturated
solution at the same temperature. To make a supersaturated solution, a saturated
solution is formed at a high temperature and then cooled slowly. The skow cooling
allows the exoess solute to remain dissolved in solution at the lower lemperature.

Supersaturated solutions are unstable. If a iny amount of solute, called a seed crystal, is
added to a supersaturated solution, the excess solute crystalizes quickly, as illustrated in
Figure 17. Crystallization can also occur if the inside of the contaimer is scralched or the
supersaturated solution undergoes a physical shock, such as stirring or tapping the

container. Rock candy and mineral deposits at the edges of mineral springs, such as
those shown in Figure 18, are both formed from supersaturated solutions.

3

C opyright
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Solubility of gases

In Table 4 vou can see that the gases axygen and carbon dioxide are less soluble at higher
temiperatures than at lower temperatures. This is a predictable trend for all gaseous solutes
in lquid solvents. Can vou explain why? Recall that the kinetic emergy of gas particles
allows them o escape from a solution more readily at higher temperatures. Thus, as a
solution’s temperature increases, the solubility of a gaseous solute decreases.

Pressure and Henry's Law

Pressure affects the solubility of gaseous solutes in solutions. The solubility of a gas in
any solvent increases as its external pressure (Lthe pressure above the solution)
increases. Carbonated beverages depend on this fact. Carbonated beverages contain
carbon dioxide gas dissolved in an aqueous solution. In bottling or canning the bever-
age, carbon dioxide is dissolved im the solution at a pressure higher than atmospheric
pressure. Yhen the beverage container is opened, the pressure of the carbon dioxide
£as in the space above the liquid decreases. As a result, bubbles of carbon dioxide gas
form in the solution, rise to the wp, and escape. Unless the container is sealed, the
process will continue until the selution loses almost all of its carbon dioxide gas and
goes flat. The decreased solubility of the carbon dicwide contained in the beverage after
it is opened can be described by Henry's Law.

Henry's law states that at a given lernperature, the solubility (5) of a gas in a liquid is
directly proportional to the pressure (F] of the gas above the liquid. When the boltle of
soda is closed, as illusirated in Figure 19, the pressure above the solution keeps carbon
dioxide from escaping the solution.

L0 at high
pressurne

0, disolved

in soda
Dissiodyed I:I:i-2 gas
L0 Escaping
The pressize above the solaton of 8 desed sods bottle The pressure abave the solutlon decreases when the cap
keeps exress Carhon teaxite from escaping the 5o ulion |5 removed, which decreases he salubility of the carbaon
dsnxide

Figure 19 Carbon dioxide |L'|:-_| |5 dissolved in Soda. Some -:"_'I_ alsa is sound in the gas above The liguid
Explain Wiy does the canbon diackde escope from fhe sofvlion wiea the cop s removed?



You can express this relationship in the following way.

Henry's Law
g 5 represents solubelity.
5%

P nepresents pressure.

At & given temperature, the quotkent of solubility of 8 gas and [ts pressure 5 constant

Using Henry's law You will often use Henry's law to determine the solubility 5_at a
new pressure P, where P, is known. The basic rules of algebra can be used to solve
Henry's law for any one specific variable. To solve for 5., begin with the standard form
of Henry's law:

Cross multiplving vields the following expression.
5IF'I=F'152
Dividing both sides of the equation by FI vields the desired resuli—the equation sobved

for 5_
sP, PS5,

R
5

FI

EXAMPLE Problem 5

HEMRY'S LAW If 0.B5 g of & gas at 4.0 atm of presswe dissobees in 1.0 L of water at 25°C, how
much will dissohe in 1.0 L of water at 10 atm of pressure and the same temperatuns?

5=

1 AMALYZE THE PROBLEM
‘Wou are given the solubility of a gas at an initial presswre. The temperature of the gas remains
constant as the pressure changes. Because decreasing pressure reduces a gas's solubility, less
gas should dissobve at the lower pressure.

Known Unkrown
5 =0B5gl 5 =7gl
F, = 4.0 atm
P =10&8m

SCIENCE USAGE v. COMMON USAGE

pressure
Selance wsage: the force eerted over an aies

As rorhou diokide escopes he solutinn, fhe pressure in e cosed bothle
MCEgEes.

Cowrvmeur arsmge: the barden of physical or mental stress

There is o ot of pressare fo oo wel on ssoms,

Coprioht. B Cree-H I L sbion
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EXAMPLE Problem S [continied)

2 SOLVE FOR THE UMKMNOWN

IIs-l: SJ.
ﬁ: = 35: Smte Henry's low

B
[ = El(ﬁ) Sclve Henry's kiw foc 5
Substtute § — 085 gll, P —4.0 atm,
o8s 10 g i
5= {mg}{ﬁﬂ} =021glL and P, = 10 atm. Multiply and divide
numbess and units.
3 EVALUATE THE ANSWER

The solubility decreased &= expected The pressure on the solution was reduced from
4.0 atm to 1.0 atm, so the sclubllity should be reduced to one-fourth iis original valwe, which it
b5 The wndt g/l | & solubility unit, and there ane two signéficant figunes.

PRACTICE Problems W ADDITIOMAL PRACTICE

36. if 055 g of a gas dissolves in 1.0 L of water at 2000 kPa of pressure, how much will dissohe &t
N0 kPa of pressure?

37. A gas has a solubllity of 0.66 gL &t 1000 atm of pressuse. What is the pressure on a 1.0-L sample
that contains 1.5 g of gas?

38. CHALLEMNGE The solubdity of & gas at 70 atm of pressure is 0.52 g/L. How many grams of the
gas would be dissobsed per 10 L if the pressure increased 4000 percem?

|& Check Your Progress

Summary Demonstrate Understanding

+ The process of sobvation 35. Compare and contrast saturated and unsaturated
involves solute particles sur- solutions.
rounded by solvent particles. 40. Define solubility.

» Sclutions can be saturated, 41. Desaibe the role electrical charges play in solvation.
unsaturated, or supersaturated. 45 poniain why & ssturated solution containing solid

2 @"Emmmaa _ crystals is an example of a dynamic equilibrium.
ghen temperature, e solbllly. | oy Summedan: I a-sesd crystr I8 added 108 supersah
ESISAE e M1 S MR Heeth rated solution, how would you characterize the
BTSRRI 11 e phwsia ) resulting sokution?

of the above the liquid.
i " 44. Make and Use Graphs Use the information in Table 4

to graph the solubilities of aluminum sulfate, lithium
sulfate, and potassium chioride at 0°C, 20°C, 60°C,
and 1007 C. Which substance’s solubility is maost
affected by increasing temperature?

LEARMNSMART' Goonline to faliow your personalized leaming path to review, practice,
and reinforce youwr understanding.
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LESSON 4

COLLIGATIVE PROPERTIES OF SOLUTIONS

FOCUS QUESTION
Why do we salt the roads when it's cold outside?

Electrolytes and Colligative Properties

Solutes affect some of the physical properties of their selvents. For example, if vou add salt to
waler it resulis in a phenomenon called boiling point elevation, where the boiling point of water
is slightly increased. Early researchers were puzzled to discover that the effects of a solule ona
solvent in some cases, depended only on how many solule particles were in the solution, not on
the specific solule dissolved. Physical properties of solutions that are affected by the number of
particles but not by the identity of dissolved solute particles are called nﬂliglhrepq:u&t The
word colligative means depending on the collection. Colligative properties include vapor
pressure lowering, boiling point elevation, freezing point depression, and osmotic pressure.

Electrolytes in agueous solution

Recall that the structure and interaction of matter at a bulk scale are determined by electrical
forces within and between atoms. lonic compounds are called electrolytes because they
dissociate in water to form a salution that conducts electric curvend, as shown in Figoree 240,
Some molecular compounds ionize in water and are also electralvies. By studying the small
scale interactions of ions and molecules and understanding their electrical properties, we can
predict which compounds form electrolytes in water.

ﬂghﬂ"i‘.‘ 20 Sodiim chéoride conducis electricity well in solidion because f is an slecirsyle containing
charged ons. Sucrase does nol conduct efecricily n solulion because s nol an elecirolyie

B Eahrsiion Wb Wembors

COLLECT EVIDENCE IMVESTIGATE 5
|2 use your Science Joumalts | 0VGO ONLINE to find these activities and more Tescurces. E
SRR NS E LIS BTL BN na Applying Practices: Vapor Pressure Lowering 2
L ELNMERE ST b NS W H5-P51-3. Flan and conduct an investigation Lo gather evidence to compare the structure of

actwities in ths lesson. substancas al e bailk scals o mbsy the cireng of shedneal odees betwesn partkles

Rewiew the Mews
Otain infosmathon from a current news story ebout applications of colligabive properties. Evahaake
your sowce and eommunicale your findings to your class,
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Strong and weak electrolytes in agueous solution
Hectrolvtes that produce many ions in a selution are called strong electrolvtes; those
that produce only a few ions in a solution are called weak electrolytes. Sodium chioride
is a strong electrolvie. It dissociates in solution, producing Ma® and C1° ions.

MaClis) — MNa-(ag) + Cl-{aqg)
Dissolving 1 mol of NaCl in 1 kg of water would not vield a 1 solution of ions. Rather,
there would be 2 mol of solute particles in solution—1 mol each of Ma* and CI- ions.

MNonelectrolytes in agueous solution

Many molecular compounds dissolve in solvents but
do not ionize. Such solutions do not condoct an
electric current, as shown in Figure 20, and the
solutes are called nonelectrolytes. Sucrose is an
example of a nonelectrolyte. A 1m sucrose solution
contains only 1 mol of sucrose particles.

Eﬁa‘tlﬂ'

Infer Predict which has the greater effect on
mplnpﬂﬂﬁ,ﬁmmm
sucrose Explain your reasoning.

Vapor Pressure Lowering

You learned previously that vapor pressure is the
pressure exerted in a closed container by the particles
that hawve escaped the liquid’s surface and entered the
gaseous state_In a closed container at constant tem-
perature and pressure, the solvent particles of a pure
sotvent reach a state of dynamic equilibrium, escaping
and reemtering the Bquid state at the same rate.

Experiments show that adding a nonvolatile sofute
{ome that has little tendency to become a gas) toa
zolvent lowers the soivent’s vapor pressure. The parti-
cles that produce vapor pressure escape the Hquid
phase at its surface. When a solvent is pure, as shown
in Figure 21, its partides ocoupy the entire surface area.
When the solvent contains sofule, as also showmn in
Figure 21, a mix of solute and solvent particles occupies
the surface area. With fewer solvent particles at the
surface, fewer particles enter the gaseous state, and the
vapor pressure s lowered. The greater the number of

splute particles in a sodvent, the lower the resulting Sucrose

vapor pressure. Thus, vapor pressure lowering is due lo

the mumber of sofute particles in solution and s a Figure 21 The vapor pressure of 3
colligative property of solutions. pie soleent is greater an he wapor

pressure of a monvalatie solulion.



You can predict Lthe relative effect of a solute on vapor pressure based on whether the
solute is an electrolyte or a nonelectrolyte. Recall that an electrolyte is a substance that
diszociates into ions in solution and has the capacity to conduct electricity. For example,
1 mol each of dissociated nonelectrolvte molecules, glucose, sucrose, and ethancl, have
the same relative effect on the vapor pressure. However, 1 mol each of the dissociated
electrolyte molecules, sodinm chlioride (NaCl), and sodium sulfate {Na 500 ), have a
greater effect on vapor pressure because they produce more ions in solution.

Boiling Point Elevation

Because a nonvolatile solute lowers a solvent's vapor pressure, it also affects the beiling
point of the salvent. Recall that liquid in a pot on a stove boils when its vapor pressure
equals the atmospheric pressure. When the temperature of a solution containing a
nonvolatile solute is ralsed to the boiling point of the pure solvent, the resulting vapor
pressure is still less than the atmospheric pressure and the solution will not boil. Thus,
the solution must be heated to a higher temperature to supply the additional Kinetic
energy needed to raise the vapor pressure o atmaospheric pressure. The temperature
difference between a solotion's boiling point and a pure solvent's bailing point is called
the bailing point elevation.

For nonelectrolvtes, the value of the boiling point elevation, which is symbolized AT, is
directly proportional to the solution’s molality.

Boiling Point Elevation

AT, represents the difference in boiling point lewntions.
.ﬂTb = Kh_lﬂ K_represents the maolad boiling el evation oonstam.
m represents. moialiby,

The temperature difference is equal to the maolal boiling point elevation constant
multiplied by the solution’s maolality,

The molal boiling peint elevation constant, ¥, is the difference in boiling points
between a 1m nonvolatile, nonelectrolyte solution and a pore solvent. Boiling point
elevation is expressed in units of “C/m and varies for different solvents. Values of K, for
several common sobvents are found in Table 5. Note that water’s K, valoe is (0.512°C/m.
This means that a 1m aqueous solution containing a nonvolatile, nonelectrolyte solute
boils at 100.512°C—a temperature just 0.512°C higher than pure water's boiling point
af 100.0°C.

Table 5 Molal Boiling Point Elevation Canstants (K)

Sodvent | Bailing Point {"C) | K, PCim)

Wiater 100.0 0512
Benzene 801 253
| Carbon Tetrachioride 767 5.03
Ethanol 785 122

_II_:_I'Eamfurrn 617 363

Copright B Crm-HE Ebpsdion
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Like vapor pressure lowering, boiling point elevation is a colligative property. The value
of the boiling point elevation can be predicted because it is directly proportional to the
solution’s solute molality; that is, the greater the number of solute particles in the
solution, the greater the boiling point elevation. Because it is related to mole fraction,
which involves the number of solute particles, molality is used as the concentration.
Molality also uses mass of solvenl rather than volume, and therefore is not affected by
temiperature changes. Examine Figure 22 and notice that the curve for a solution lies
below the curve for the pure solvent at any temperature.

Freezing Point Depression

Al a solvent’s freezing point temperature, the partickes no longer have sufficient kinetic
energy to overcome the interparticke attractive forces; the particles form into a more orga-
nized strocture in the solid state. In a solution, the solute particles inferfere with the atirac-
tive forces among the solvent particles. The solvent is prevented from entering the solid
state a1 its normal freezing point.

The freezing point of a solution
is always lower than that of a
pure sofvent. Figure 22 shows
the differences in boiling and
melting points of pure water and
an aquecus solution. Two
common applications of freezing
point depression are shown in
Figure 23. Both of these applica-
tions use salt to bower the
freezing point of an aqueous
solution.

Figure 3 By adding salts to the ke on a road, he freezing paint of the jce is
lpwwered, which results in the ice melting. Adding salt to ice when making ke

ream howeds the freezing point of the ice. Maore eneqay 5 absorbed irom the

surroundings to mell the ke, which freeres the ice cream.
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A solution's freezing point Table 6§ Molal Freezing Peint Depression Constants (K)
depression, AT, is the

:I.:Eﬁerenne i.r;tem_peratu.re :;?:IHE

between its freezin it

and the freezing pgrﬂ.ﬂ ol LA e i

pure solvent. Molal freezing | Benzene : e i |
point depression constants Carbon terrachioride i -230 298 |
(k) for several solvents are Ethanol : =111 . 199 |
showrin Tble 5. For Chigrotom | -mas | 468 :

nonelectrolytes, the value
of the freezing point
depression is directly proporticnal to the solution’s molality.

Freezing Point Depression

AT represents ternperatare.
.ﬂ:l.rF — K.:lﬂ' K, is the freeting point depression constart.
m represents. molality.

The temperature difference ks equal o the freezing point depression constant
mufiiplied by the sodution's molality.

As with K, values, K values are specific to their solvents. With water's K, value of
1.86°C/m, a 1m aqueous solution containing a nomvolatile, nonelectrolyte solute freezes
at —1.86°C rather than at pure water's freezing point of 0.0FC. Glyceral is a nonelectro-
Ivte solute produced by many fish and insects to keep their blood from freezing during
cold winters. Antifreeze and many de-icer solutions contain the nonelectrolyte solute
ethylene ghycol. Motice thal the equations for boiling point elevation and f'ree::i.ng point
depression specify the molality of a nonelectrobyte. For electrolyvtes, you must make sure
o use the effective molality of the solution Example Problem 6 illustrates this point.

EXAMPLE Problem &

CHANGES M BOILING AND FREEZING POINTS Sodium chiorde [Mall) is often used to prevent iy
roads and o freeze ice cream. What are the boilng and freezing poings of a 0029m agueous solution of
sodium chioride?

1 AMALYZE THE PROBLEM
You are given the molality of an agueous sodium chioride solution. First, calculate AT and AT,
based an the number of particles in the solution. Then, to determine the elevated bolling polnt
and the depressed freezing point, add AT, to'the normal beding point and subtract AT from
the normal freezing podnt of water.

Krnown Unkrown
milality of solution = 0LO28m badling pabnt = ¥C
K = 0512"Cim freazing polnt = C

K =186"C/m

Copright B Crm-HE Ebpsdion
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EXAMPLE Problem & (continued)
2 SOLVE FOR THE UNMKMNOWN

Determine the molality of the particles. Real-World Chemistry
particle molality = 2 x 002%9m = 0.058m Freezing Poind Depressian
Determine AT and AT, — =

AT =Km Stade the bolling point e

1, chevation and freexing point
'ﬁrr iy H:‘,m depresson fommuies.

AT = (0S12°Cimp0.058pf) = 0030°C  Substmae K = 051X Cl,
AT = LBECIan0.058m) = 04TC K =1B5'Cim, and m = 0058,

Determine the elevaled boiling point and depressed freezing
paint of the solutlon

boiling point = 100.000°C + 0.030°C  Add AT, o the normal baiing

= 10L0E0C pairt and subtract AT from
the normal freezing point
freezing point - D-E?;i_ aarc SALTWATER FISH Maintaining the

proger saling (sall) concenbation is
Impartant to Me Heath of saltwater

3 EVALUATE THE ANSWER fish in aquariems. In the ocean, ihe

The balling point k= higher and the freezing point is lower, as presence of sall in arctic areas
expecied. Because the molality of the solution has two significant keeps the water from freezing,
figures, both AT, and AT, hawe two significant figures. Because albowing aguatic e to be sustained.

the normal boiling point and freezing point are exact values, they
da not affect the number of significant figures in the final answer.

PRACTICE Problems W ADDITIONAL PRACTICE

45, What are the boiling point and freezing point of & 0.625m agueous solution of any nonvolatile,
nanslecioyie soiute?

46, What are the boiling polnt and freezing point of & 0.40m solution of sucrese in ethanal?

47, CHALLENGE A 0.045m solufion (consisting of 8 nomalatile, noneledrotyte solute) s experimentally

found 1o have a freezing point depression of DUOB0AC. Whist is the feezing point depression constant
{Kj?'ilﬁth:hlsmstﬂelrh be the solvent water, ethanol, or chionoform?

Osmotic Pressure

Eecall that diffusion is the mixing of gases or liquids
resulting frorm their random motions. Osmaosis is the diffusion of a solvent through a
semnipermeable membrane. Semipermeable membranes are barriers that allow some,
but not all, particles o cross. Investigating how osmotic processes function in biological
systemns s possible by examining the different structures and properties found in living
cells and plants. The membranes surrounding all living cells are semipermeable mem-
branes. Osmosis plays an important role in many biological systems, such as the intake
of water and distribution of nuirients by trees and other plants. Through the process of
osmosis, water enters the rools of trees, creating pressure within the roots. This pres-
sure helps push the tree sap up to the top of the tree. The movement of the water is
driven by the difference in concentration betwesn water that the roots absorb from the
ground amd the sap in the tree. The water is significantly less concentrated than the sap.
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Semipermeabls Flgure 24 Dwe 10 osmosis, solvernts
Walsr mesm beane Sokre diffuse fram a fower solute concentration
~ @9 8 '== ° & " 5 ‘,f & 0@Mighersolute concentration through
e @ e" e @ .-.::. @ ® g '. @ Cemipermeable membianes
& & LI
o® ':‘n"*‘EEi e 9=
™ e @ .. - @ @ .'ﬁ‘ %
® ] =2 %8 u o _g,
$Bg0*0 . atia . o a P "
R R Som -G o, 2 0p
@ 9 g =2 L [
-

"
Dilute solution :: Concentrated solutan
Lo concestration of solue High concentration of solube

Examine a svstem in which a dilute solution is separated from a concentrated solution
by a semipermeable membrane, ilustrated in Figure 24. During osmosis, waber
malecules move in both directions across the membrane, but the solute molecules
cannod cross it Walter molecules diffuse across the membrane from the dilute solution
o the concentrated solution. The amount of additional pressure caused by the water
malecules that moved into the concenitrated solution is called the osmotic pressure.
Osmaotic pressure depends on the number of solute particles in a given volume of
solution and is a colligative property of solutions.

\& Check Your Progress

Summary Demonstrate Understanding
= Monwvolatile solutes lower the 48. Explain the nature of colligative properties.
vapor pressure of a solution. 49. Describe four coiligative properties of solutions.
= B_“ir"'!l point elevation is : 50. Describe a cause and effect relationship on a particle
directly related to the solution’s scale that can be used to understand and predict the
meodality. difference between boiling points for a pure solvent
+ A solution’s freezing point and a nomvolatile solution.
depression is ahways lower 51. Solwe An agueous solution of calcium chicride
than that of the pure solvent. {CaCl) boils at 101.3°C. How many kilograms of
« Dsmotic pressure depends on calcium chloride were dissolved in 1000.0 g of the
the number of solute particles sobhvent?
in a given volume. 52. Calculate the boiling paint elevation and freezing

point depression of a solution containing 50.0 g of
glucose (C H, O] dissolved in S00.0 g of water.

53. Investigation A lab technician determines the
bailing point elevation of an agueous solution of a
nomelatile, nonelectrolyte to be 112°C. What is the
solution’s molality?

Coprright. 84 Crme-H - Lobrstion

LEARNSMMMR T Goonline tofollow your personalized tearming path 1o review, practice,
and reinforoe your understanding.
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SCIENTIFIC BREAKTHROUGHS
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Blood Falls: A Salty Secret Under the Ice

Blood Falls is a unigue feature in Antarctica.
the ooldest glacier on Earth where water fliows
persistently. Soentists have recently uncovered
the chemical properties of the unusual falls.

When explorers first discowered Blood Falls
maore than 100 years ago, they thought its
codor was caused by red algae. In fact, the
liguid flowing from the falls is a very highly
concentrated salt solution called brina. The
codor of the falls is caused by the oxidation of
irom in the brine when it is exposed to cooygen
at the surface of the glacier. The iron comes
from the soraping of underlying bedrock
beneath the glacier.

Using radic-echo sounding (RES), researchers
recently found evidence that links the

brine to an ancient saltwater lake trapped
beneath the glacier. RES is sometimes called
radioglaciclogy. It is a technique that uses radar
{radic waves) to study ice sheets and glaciers.

Learning More About Brine

The brine in Biood Falls moves under high
pressure through cracks and channels to
reach the surface. Researchers mapped

'.|:IJI

Biood Fais Miow from Taylor Glacier in East Anfarcthca.
these cracks and channels to leam more
about where the brine came from and how it
reached the surface.

The brine in Blood Falls contains so much salt
in solution that it does not freeze at the normal
freezing point of water. The temperature of
the water in the falls is —17 degrees Celsius (14
degrees Fahrenheit]. The freezing point of the
brine is much lower than the freezing point of
water In addition, the release of heat as the
saltwater freezes, melts the sumounding ice.

Life in Brine

Scientists have also discovered that certain
microbes can survive in brine trapped under
ice. Learning more about brine and these
microtes may help scientists understand
more about the beginning of life on Earth and
how life might exist on other planets under
extreme environments.

COMMUNICATE SCIENTIFC AND
TECHMICAL INFORMATION
Research other features on Earth where brine
ocours naturalty. Create a poster about one of
these features describing its characteristics

and origin.
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STUDY GUIDE

) GO OMLINE to study with your Science Noteboak:

Lesson 1 TYFES OF MIXTURES * SUSPEMSIONn
» The individual substances in a heterogeneous mixture E 'd, .
rermain distinet . it
i s = Tyncdall effect
» Two tvpes of beterogeneous mixdures are suspensions and colloids. il
* Brownian motion is the erratic movemnent of colloid particles on a = miscible
micrasoopic level + mzohible
+ Colloids exhibit the Tyndall effect s
+ A solution can exist as a gas, a liguid, or a solid, depending on
the solvent
* Salwbes m a solutson can be gases, bauids, or solids.
Lesgan 2 SOLUTHON COMCENTRATHIN « Concemration
" I
+ Concentrations can be measured qualiftatively and quantitatively. =iy
’ ‘ = malality

Madarity is the number of moles of solute dissolved per kiter
of solution.
e _ males of solute
molarity (M) liters of sohation

Molality is the ratio of the number af moles of solute dissalved in
1 kg of solvent.

"

molality {m) = kilograms af salvent

* The number of moles of solute does not change during a dilution.
MV, =MV,

maole frachon

Lesson 3 FACTORS AFFECTING SOLVATION

* The process of solvation involves solute particles surrouncded by
sathvent particles.

Solutions can be ssurated, unsaturated, or supersaturated.

Henry's law stabes that at a gven temperature, the solubility (5} of
a gas in a bigquid i3 directly propartional to the pressuare (7 of the
gas above the liguid.

solvation

heat of solution
unsaturaied soluton
saturated solution
supersalurated salution
Henny's law

Lesson 4 COLLIGATIVE PROPERTIES OF SOLUTIONS

Momvolatile solutes lower the vapor pressure of a solution.

Boiling point elevation is directly related to the solution’s molality.
AT =Em
* Asolution's freessng point depressson 5 always lower than that of
the puere solvent.
AT, = Km

(smotic presure depends on the number of soluote partickes in a
F e P
given volume.

coligative property
wvapor pressure lowernng
bailing point elevstion
freezing point depression
osmoss

osmotic pressires

Copright S Crme- HE Librsion
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=t  THREE-DIMENSIOMAL THINKING

\&) Module Wrap-Up

REVISIT THE PHENOMENON

How it is possible for
a liquid to hold this shape?

E&=3 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? i not,
revise your claim. Explain why your evidence supports your claim.

STEM UNIT PROJECT

Mow that you've completed the module, revisit your STEM unit project. Youw will
summarize your evidence and apply it to the project

GO FURTHER
[EE3) Data Analysis Lab

How can you measure turbidity?

The Mational Primary Drinking 'Water Regulations set the standards for
public water systems. Turbidity—a measure of the doudiness of water
that results from the suspension of sofids im the water—is often assoc-
ated with contamination from virwses, parasites, and bacteria. Most of

these colloid particles come from erosion, industrial and human waste,
aligae blooms from fertilizers, and decaying organic matier.

Data and Obsenvations The Tyndall effect can be used to measuwre
the turbidity of water. Your goal is to plan a procedure and dewelop a
scale to interpret data.

Anal'_-,me and Interpret Data

1. Claim ldentify the variables that can be used to relate the ability
of light to pass through the liquid and the number of the colloid
particles present. What will you use as a comtrol?

2. Claim, Evidence Relate the varables used in the experiment to
the actual number of colloid particles that are present.

3. Analyze What safety precautions must be considered?

4. Evidence, Reasoning Determine the materials you need to measure
the Tyndall effect. Select technology to collect and imterpret data.
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NUCLEAR CHEMISTRY

ENCOUNTER THE PHENOMENON
Where does the Sun get all
its energy?

&3 Ask Questions

Do you hawve other questions about the phenomenon? If so, add them to the driving
guestion bodard.

Claim, Evidence, Reasoning

Make Your Claim s your Collect Evidence Use the Explain Your Reasoning You
CER chart to make a claim lessons in this module to will rewisit your claim and
about whare the sun gets all collect evidence to support explain your reasoning at the
its anergy. your daim. Record your end of the module.

evidence as you move
through the module.

G GO OMLINE to access your CER chart and explore resources that can help
you oollect evidence.

nom

LESSCM 1: Explore & Explain: LESSON 3: Explore & Explain:
Dafining Radicactivity Muclear Fusion
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LESSON 1
NUCLEAR RADIATION

FOCUS QUESTION
How was radioactivity discovered?

r L b )= i 1 i J
The Discovei W or l:':'c!E|I{.T|':l,.LI~-‘I[:,-

Yoru have studied various forms of chemical reactions. In any chemical reaction, atoims
can gain, lose, or share valence electrons, but the identity of the atoms does not change,
Muclear reactions, which wou will study in this chapter. are differeni. Noclear chemisiry
is concerned with the structure of atomic nuclel and the changes they undergo.
Whereas chemical reactions imlve only small energy changes, nuchear reactions
invelve much farger energy changes. Table 1 offers a comparison of chemical reactions
and nuclear reactooms.

Table 1 Comparison of Chemical and Nuclear Reactions

Chemical Reactions MNuclear Renctlons

* Doowe when bonds « Oiccur when nuckel
are broken and codnbang, spiit. and
farmaed ermil radiation

Invalve anly wal@nce
electrons

Con imvalie phoions,
neutrons, and electrons | |

Associated with smal|

HE500aled with large

enengy changes enefgy Changes !
= ALOME KEGD the Same = Atoms of one elemeny | 2
Idaitity although thay ahe often converted :
méght gasdén, kose, or into aloms of another k
e ehecirons, and glament -|'

farmy nivwr substences

Tr'rr'-p:'m'.urr_ i e,
and catalyss do nol
mnormally affect reaction

TS

Temperature, prassure,
concentration, and
calalysts affect
redction rales -

o e

COLLECT EVIDEMCE INVESTIGATE
.ELI:-rr youl SCiange Journa in GO ONLINE i Firvd (ke ACHEES s mong respuices.
recard the evidence you coliec as =3 Identify Crosscutting Concepts
you comphete ihe: rendings and Creale a table of ihe crosscutting concepts and Ml in examples you find as you read,
mcivities in this kesson
Reviews the News
Qbtain mfarmikion lrom & cument nees S0y aboul nacivpe procEseey, intiudging fugion and
fissor of bnslabde muciel. Evaluste your source and cammunicate your findings bo the class.

QT
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In 1895, German phoysicist Wilhelm Roentgen (1845-1923) found that invisible rays
werg ernitted when ebectrons bombarded the surface of certain materials. These invisi-
ble rays caused photographic plates to darken, and Roentgen named these high-enengy
emissions X-rays. At that time, French physicist Henri Becguerel (1852-1908) was
studying mineraks that emat light afler being exposed o sunlight, a phenomenon called
phosphorescence, Building on Roentgen's work, Beoguens wanted to determine
whether phosphorescent minerals also emitted Xerays.,

Becquerel discovered by chance that phosphorescent uranium salts produced spanta-
neous emissions that darkened photographic plates. He observed this phenomenon
even when the uranium salts were not exposed o light. Chemist Marie Curse {1867 -
1934} and her husband Pierre Curie (185%-19068) took Becquerel’s mineral sample,
called pitchblende, and isolated the components emitting the ravs. They concluded that
the darkening of the photographic plates was due to rays emitbed from the uranium
atoms present in the mineral sample, Marke Curie named the process by which materi-
als give off such rays radioactivity; the rays and particles emitted by a radioactive source
are called radiation. Figure 1 shiws the darkening of photographic film that is exposed
i radiation emitted by radium salis.

The work, of Marie and Pierre Curie was extremely important in establishing the origin
of radicactivity and developing the field of nuclear chemistry, In 1898, the Curles
identified twio new elements, polonium and radium, on the basis of their radioactivity,
Henr Becquerel and the Curies shared the 1903 Nobel Prize in Physics for their work.
Marie Curie also received the 1911 Nobel Prize in Chemistry for her work with polo-
nium and radivm. The 1911 price honored hier achiovement in discovering those
elements, as well as solating radium and contributing substantially to chemical
knowledge through her study of its properties and compounds,

HGEi iz

Explain what Marie and Pierre Curfe concluded about the darkening of the
photographic plates.

Flgiare 1 Rodlim salls are pliced on 4 specal emulsion on a
phalngreghe plate. Aler the plate s developed, the emulsian
shgwes the @ark tracics leli by radhnbon emitied by the redium
salls.

(gt & W Tiems 558 b s [ Fraast P Frminr B [V fvbimys e ormen Smerne




Table 2 Properties of Alpha, Beta, and Gamma Radiation

Property Blpha Radiston Beiln Radiation amma Radiation
Symibal o f 1
regh-enengy
Compoasiton alpha particles betn partiches alectromagnetic
radiation
Descripthon of radiaticn helhm?.::m'el. electrons pholons
Change 2% 1— o
Mass 6.64 = 107" kg 91 = 10 " kg 0
Approximale energy & M 0.05 ta 1 MaV 1 M
Relathse penetrating not campletoly blacked
blocked by paper bbocked by metal Todl by lead or
Types of Radiation

Kecall that isotopes are atoms of the same element that have different numbers of
neutraris, [sotapes of aloms with unstable nucled are called radiofsotopes, These anstable
nucici emit mdiation to attain mone stable atomic configurations in a process called
radicactive decay. During radinactive decay, unstable nuclei release energy by emitting
radiation, The three most common types of radiation are alpha (o), beta (3], and gamma
=), Table 2 summarizes some of their important properties,

Ernest Rutherford (1871-1957), whis performed the famous gold foil experiment that
helped define modern atomic structure, identified alpha, beta, and gamma radiation
when studying the effects of an electric field on the emissions from a radioactive source.
This effects of an electric field on gamma rays, alpha particles, and beta particles are

shown in Figure 2,

Fgure 2 The aMectof an elecinic field depends on the chame and mass of the radiation Positeedy changed
ipha pasticies delect iowasd ihe negaiive pise. Negatively charged bl particles dellect tovwasd ihe

positiee plate. The Bghier bata panticles undargo the inrger deflection, Gamma rays have no dhargs and are
not affecied by an etectric fisld

sy 1 WL G 9 e i
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Figure 3 A racin-Z26 necleus undengoes alphn
decay to farm raden-222 and & alpha partide,
Compare (e pumbar of profond o Reinons iy
rotTlom-206 aadf rodon- 222,

TJER. JEJR.“

Rl 226 Radoa- 733 Jmuprm
Alpha particles

An alpha particle io) has the same composition as a helium nuclews—twao profons and
two neutrons—and s therefore given the symbol (He. The charge of an alpha particle is
2+ due to the presence of the two protons, Alpha radiation consists of a stream of alpha
particles. Because of their mass and charge, alpha particles are relatively slow-moving
compared with other types of radiation. Thus, alpha particles are not very penetrating—a
single sheet of paper stops alpha particles, In Figure 3, radium-226, an atom whose
nucleus contains 88 protons and 138 neutrons, undergoes alpha decay by emitting an
alpha particle. Mote that the reaction is balanced. That is, the sum of the mass numbers
{superscripts) and the sum of the atomic numbers (subscriptsh on each side of the arrow
are equal, The total rumber of neutrons pius protons does not change in the nuclear
process. Also note that when a radioactive nucleus emits an alpha particle, the product
nucleus has an atomic number that is lewer by 2 and a mass numiber that is lower by 4.

| et 12

Describe what happens to the total number of nedtrons plus protons in aipha
decy.

Beta particles

A beta particle Is a very fast-moving eleciron thal is emitbed when a neutron inan
unstable nuclens corverts into a proton. Beta particles are represented by the symbaol B
or e, They have a 1= charge. Thiir mass is so small compared with the mass of nocle
imaalved in nuclear reactions that itcan be approximated (o zero,

Beta radsation consists of a stream of Rast-moving electrons. An example of the beta
decay process is the decay of lodine-131 into xenon-131 by beta-particle emission, as
shown in Figure 4. Mote that the mass number of the product necleus is the same as
that of the oraginal nuclews (they are both 131), but its atomic number has inereased
by 1 (34 instead of 53). This change in atomic number occurs becaise o neutron is

i comverted into a proton, as shown by the following equation.
i n=p+§
'}
% + -
T i}
lut'r!—'li‘l Hencn-131 Betn particie

Figure & An indine 131 nucléus undergoes Bets decay 8o farm einon-137 and a beta partich
Explain  Haw does beta decoy ohiect v mass patrber of the decoying muclews™
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As you might recall, the number of protons in an atom determines its identity, Thus, the

tormation of an additional proton results in the transformation from odine-131 to

senon-131 Alsa, node that the eleciric charge in the equaticn above s conserved, The
reistron i neutral. The proton has a 1+ charge and the beta particle has a 1— charge
Because beta particles are both lightweight and fast-moving, they have grealer peneteal-

ing poweer Lhan alpha particles. A thin sheet of metal foil 5 reguired o stop bela
B piha 1 1 i

particles

GCamma rays

Gamima ravs are photons, which are high-energy (short wavelength) electromagmet s

radiation. They are denoted by the symbal 5. Because photons have no mass and no
charge, the emisslon of gamima ravs does nol change the atomic number or mass
number of a nuckeus, Gamma rayvs almost always accompany alpha and Beta radiation,

a= they account for maost of the energy loss that oecurs as & nucleos decays. For
example, gamma rays accompany the alpha-decay reaction of uranium-Z38

U — HTh + ‘He + 2y

The 2 in Eront of the 5 symbaol indicates thal two gamma rays of different frequencies

are emitted, Because gamma ravs have no effect on mass number or atomac nicmber, it

i= cusiomary to omil them from muclear equealsons

As you have learned, the discovery of X-rays helped set the stage
tor the discovery of radicactivity. X-rays, like gamma rays, are a
form of high-energy electromagnetic radiatiom. However, X-ravs
are not produced by radioactive sources and their energy 15 lower
than thal of gamma ravs, They are emitied when inner electrons
are knocked out and electrons from higher energy levels drop
down to fll the vacancy, Figure 3 shows an X-ray image taken in
space. 1t allows astronoamers o observe objects not visible in
aplical images, The presence of X-rays indicates phenomena such
as exploding stars or Black holes, Hespitals and dentists have
machines that produce X-ravs when a beam of electrons strikes a
mictal targel. The familiar X-rav images are produced as the beam
of X-ravs passes easily through soft tissue bul is partly blocked by

Rard Hasue, such as bone

'LE_’G.:; I?

Compare and contrast X-rays and gamma rays

W ORD QRGN

radiation

g (CF

Figue 5 Th

Isirsched i duly 1993, phod

Jraphied

A-TayS smibed irom & ooed gas cloud

sisoeinding 1 aack hole ¢ the centa

| & BEghbosing o awy

| EES CROSSCUTTING CONCEPTS

fram The Labn word rodioee, misaning
to rodte

| Enengy and Mattar 6 nuckear pioressss, Aloms are nol oosenied, but the total
| mumber of protons phes newtrons & conserved. Creabe a tbie that shows Bt the

above statement ks frue. What evidence did you use fo make your table?
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Penetrating power

The ability of radiation to pass through matter s called penetrating powes. Alpha particles
have a low penetrating power becawse they move slowly doe to their large mass, and Lheir
2+ charge causes them to bose energy quickly through interactions with other particles in
matter they encounter. As a result, alpha particles can be stopped by very little shielding,
Even a piece of paper, light chothing, or the outer lavers of skin will stop them.

The penetrating power of beta partiches is higher than alpha particles because beta
particles are smaller and faster than alpha particles, However, they still interact with
other particles and will be stopped fairky quickly by shielding. For example, metal foil or
thick specialized clothing will stop beta particlis.

Gamma rays are highly penetrating. Because they have no charge and no mass, gamma
rays do not interact much with matter. Therefore, the probability of matter stopping
them is fow, A thick layer of concrete or lead is relatively effective at shivbding against
gamma ravs, although some gamma radiation may still penetrate.

Pienetrating power may be quantified as the depth of waker that stops 50 percent of the
incoming radiation. Water is used for this purpose because living tissue contains a high
proportion of water. Measured in this way, the penetrating power is about .03 mm for
alpha radiation, aboul I mm for beta radiatson, and abowt 10 em for gamma radiation.
In the case of gamma radiation, for example, this means that a 10 em kver of water will
stop 50 percent of incoming gamma radiation,

HGet It?

Explain why the penetrating power of gamma rays is greater than the penetrating
power of alpha or beta particles.

|2 Check Your Progress

Loytyrght & Urimms il ol

Summary Demonstrate Understanding

« Wilhieim Rosntgen discovarnd 1. List the different types of radiation and thieir charges.
¥erays in 1895, 2, Compare the subatomic particles imvolved in nuckear

» Henr| Becquerel, Marie Curle, and chemical reactions.
and Pierre Curie ploneered the 3. Explain how you know whether the reaction s chemi-
fiedds of radicactivity and cal or nuclear when an atom undergoes a reaction
nuclear chemistry. pngd attoing a mote stable form

» Radioisotopes emit radiation ta 4. Calculate The approximate energy values in Table 2
attain mare stable alomic afe given in units of MeV, Convert each value into
configurations. Joules using the following conversion factor:

fMev =16 = 10-" 0,

5. Summarize Make a time line that summarizes the
major events that led fo the understanding of alpha,
beta, and gamma radiation.

LEARRMNSMART S Goonlineto follow your parsonalized leaming path to review, practice,
and reinforce your understanding.
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LESSON 2
RADIOACTIVE DECAY

FOCUS QUESTION
Why are some nuclei radioactive?

Nuclear Stability

Excepl for the emission of gamma radiation, sadioactive decay involves the conversion
of an element into another element. Such a reaction, In which an atom's atomic number
i altered, s called transmutation. Whether an atom spontaneously decays and what
tvpe ol radiation it emits depenids an its neutron-to-proton ratio.

The protons and newtrons in an atom's nucleus are referred o as nucheons. Despite the
strong electrostatic repulsion forces among protons, all nuclesns remain bound in the
dense nuelens because of the strong nuclear force. As shown in Figure &, the strong
muclear force acts on subatomic particles that are extremety close together and over-
comes the electrostatic repulsion among protons. Muclear stability iy related to the
balance between electrostatic and strong nuclear forces,

Figure § A reputsive electrostatc force, represamied by the
pupie arows, Acis betwesn the wo pasiflvely chaiged prolons
The strong rcieas force, regresentsd by e grean Jiroes, acls
DElween any [wo ol mode nudhaons snd i Always abachve
Becaipse newlrcms do nol repol oné gralfer of protans, expil.
encing only the aitractve strong foece, thel presenos adds o
e vt ANIEACION ARG MeClBes,

Nmhai WP o5 e @ffedd of The slas vos Ao forcE ofwe e faa
neuiroos! Betwesn o pator and o peginon”
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COLLECT EVIDENCE INVESTIGATE o
L'USEWSG&MEMI'HM G0 ONLINE 1o Fird thiske ACHWEES and mone resouices. ;
recard e evidence you calectas | eom | aboratery: Modeling lsotopes T
you comphete ihe rendings and Construct @n explanalion to defermine the stabliity and change of wn atom espa enciing
wctivities in this lesson, sptanenus radigactive decay

ZE2 |daentify Crosscutting Concapts
Creale a table of the crossointing concegts and fill im examples yoo find as you read.




Meutron-to-protan ratio

Tos o certain degree, the stability of a nocleus can
bie correlated to ils newtron-to-proton (n/p) ratio.
For atoms with low atomic numbers (<20}, the
most stable nuclel are those with neutron-to-
proton ratios of 1:1. For example, helium ((He.)
has bwo neutrons and two protons, and a
neutron-to-pridon ratio of 101, As atomic number
increases, more and more neatrons are needed to
produce a strong nuclear force that s sufficient o
balance the electrostatic repulsion force between
protons, Therefore, the neatron-to-proton ratio for
stable atoms gradually increases, reaching a
maximum of approximately 1.5:1 for the largest
atoms. An example of this is lead (%5Pb).

With 124 neutrons and 82 protons, lead has a
neutron-ie-proton ratio of 1.51:1,

B et

Explain why the neutron-to-proton ratio of stable
puclel Increases as the aomic number increases.,

The band of stability

Examine the plot of the number of neulrons versus
the number of protons for all known stable nuclel
shown in Figure 7. Notice that the slope of the plot
indicates that the number of neulrons required for
a muscheus bo be stable increases as the number of

-

_ Eachpeimtonthegraph | | -
vty & sabie alon ;‘P d

Mumber of neutrons
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Figure ¥ The band &1 stakility i the region whars all
stabie nucie fall wihien psoblimg the number of neatrons
WL he number of prodons, A T aamic aumboer
Imcreases. the nedlron-1o-proton rtka (wp) iscresses rmm
e L5L

protons increases. This correlates with the increase in the neutron-o-proton ratio of stable
nuched with increasing atomic number. The area on the graph within which all stable

nuchel ane found is known as the band of stability,

As shown in Figure 7, ‘He and ““Pb are both positioned within the band of stability
although they have a different neutron-to-proton ratio, All nuclei outside the band of
stability—¢ither above or below—ame radioactive and undergo decay in order o gain
, stability. Adter decay, the new atom is positioned morne closely to, if not within, the band
3 of stabulity, The band of stability ends an lead-208; all elements with atomie numbers

;lmiluﬂunﬂzmndim:tm.

I Analysis of the tvpes of decay that various unstable nuclei undergo reveals a pattern.

¥ Unstlable nuclei found above the band of stability undergo beta decay, which decreases
§ the neatron-to-praton ratio. Muelel found under the band of stability undergo other

¥ types of decay that resull in an increase of their neutron-to-proton ratio. Heavy nicled

bieyvond the band undergo alpha decay.

l!ﬁet i?

Define the band of stability and redate it 1o the value of the neutron-to-proton ratio,



Types of Radioactive Decay

The tvpe of radisactive decay a paﬂi.r_ular radipisotope undergoes depends o a hr;e
degree on the underlying causes for its instabality. Atoms [ving above the band of
stability generally have too many neutrons tis be stable, whervas atoms Iving below the
band of stability tend to have too many protons o be stable. Depending on the refative
rumber of meaitrons and protons, atoms can undenge different types of decay-beta
decay, alpha decay, positron emission, or electron capture—=to gain stability.

Beta decay

A radiotsotope that lies above the band of stability is unsiable because it has too many
mastrons relative o its number of protons. For example, unstable ! C his a neatron-to-
proton ratio of 1.33:1, whereas stable clements of similar mass, such as “C and *N, have
neulron-to-proton ralios of approximately 1:1, It is not surprising, then, that 3 C undergoes
beta decay, as this type of decay decreases the number of neutrons in the nucleus,

RC—"N+[

Figure Ba shows the beta decay of carbon-14 into nitrogen-14. Note that the atomic
number of the product nucleus, ™, has increased by one. The nitrogen-14 atom now
has a stable neutron-to-proton ratia of 11, Thus, beta emission has the effect of
incrisasing the stability of a neutron=rich atom by increasing its atomic number, that 15,
by lowering its neutroan-to-proton ratio. The resulting atom is closer bo, if nol within, the
band of stability.

HEHII?

Explain why radinisotopes above the band of stability are unstable,

Figure B Depending on wiene macks|
il on B band of skaplity, hey can
el @ ki farticle o @0 alpha
partcie

Compare and contrasi belr decey
el dnimhie decoy an Pl of I g
number of e nucied imeoded b e
rechion,
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Alpha decay

All nuclei with more than 82 protons are radisactive and decay
spontaneously. Both the number of neutrons and the number
of protons must be reduced in order 1o make these radioizo-
topes stable. These very heavy nucled often decay by emitting
alpha particles. For example, polonium-210 spontaneoushy
decays into lead-208 by emitting an alpha particle.

P — 1% 4+ ‘He

Figure 8b on the previous page shows the alpha decay of
polonium-210 into lead-206. The abomdc number of 7 Po
decreases by 2 and the mass number decreases by 4 as the
nucleus decays into <5,

Msu e

Calculate how the neulron-to-proten ratio changes when
polonitm-210 decays into lead-206.

Positron emission and electron capture

Far mucled with low neutron-fo-proton ratios, two commin
radipactive decay processes nrcur: positron emission and
electron capture, These two processes tend to increase the
neutran-to-proton ralio of the neatron-poor atom, bringing (he
akom closer to, if not within, the band of stability,

Pasitron emission i« a radivactive decay process that involves
the emission of a positron from a nucleus. A positron is a
particle with thie same mass as an elictron but opposite charge;
thus, it i represented by the symbol B or ¢, During pesitron
emission, a proton in the nucleos is converted into a neutron
and a positran, and then the positron is emilted.

Fon+el

Figure 9a shows the positron emission of a carbon-11 nucleus.

Carboni-11 lies below the band af stability and has a low
i neutran-to-proton ratko of approximately 0.8:1. Carbon-11
undergors positron emission to form boron-11. Positron
emission decreases the mumber of protons from six to five,
and increases the number of newtrons from fve o six, The
resulting atom, "B, has a neubron-to-proton ratio of 1.2:1,
which is within the band of stability.

. HGHI!?

Explain how positron emssion Increases the stability of
rucked with low neutron-to-protan ratios.

PP O e el B

[
Carbon-11
"F
Positron
Pasitron emission

. _
bl

ek
-l + Erypion Bl
-
Electron \
fre
Bubidam-B1
Ky
phatan
Electron caplum
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fhie number of profons decreases by one
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of perdons and metans choge during
positron emizsion mad elecion omakne



Table 3 Summary of Radioactive Decay Processes

@ il sl v | PR 1 M s

Alpha decay JHe decreases by 4 decreases by 2

| Beta decay Baore na change increases by 1
Positron emission 3rore no change | decreases ty 1

: Electron capture | X-ray photon no change | decreases by 1
Gamma emisson 7 ng change _ ne change

Electron capture is the other common radivactive-decay process that decreases the
namber of prolons in unstable nuelet lying below the band of stability, Ebsctron capture
occurs when the nuclews of an atom draws in a surrounding ehectron, usually one from
the lowest emergy level. This captured slectron combines with a proton o form a
RN,

P+E'_-FI'|

The atamic number of the nucleus decreases by 1 as a consequence of electron capture.
The formation of the neulron also results in an X-ray photon being emitted. These two
characteristics of electron capture are shown in the electron capture of rubidium-81 in
Figure 5b. The balanced nuclear equation for the reaction is shown below,

e + URb — “Kr + X-ray photon

The five types of radioactive decay you have read about in this chapter ane summarised
in Table 3.

HGH L4

List the decay processes that result Inan increased neutfon-to-proton ratio, and
those that result in a decreased reutron-to-profon ratio.

Writing and Balancing Nuclear Equations

The radioactive decay processes vou have just read about are all examples of nuclear
reactions. Muclear reachions are expressed by balanoed nudlear equations just as
chemical reactions are expressed by balanced chemical equations. However, in balanced
chermical equations, numbers and types of atoms are conserved; in balanced nuclear
exjuations, mass numbers and changes are conserved.

In balancing nuelear eguations, vou will compare the mass numbers of the prodoct
and reactant particles involved in the nuclear reaction to ensure that they are
conserved. You will use alomic numbers and the charges of electrons and other
charged particles 1o ensure thal charges are conserved. In many cases, your challenge
in analyaing nuclear equations will be fo determine the identity of an anknown
product or reactant.

fE ot R I R )
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EXAMPLE Problem 1

BALANCING A NUCLEAR EQUATION NASA uses the alpha decay of plutonéum-238
{33 Pul a5 a heat source on spacecraft, Write & balanced equation for this decay.

1 AMALYZE THE PROBLEM
You ane ghoes Ehat a plufonium atom undergoes sipha dmrmfumunmprm
Pratonium-238 |s the initial reactant, while the alpha particle & one of the products of the
reactian. The reaction is summarizad balow.

“%Pu— X4 tHe
You must determing the unknown product of the reaction, X,
W rnawin Ltk mvais
reactant: phutonium-238 [ Pu) mass number of the progduct 4 =1
diecay type: alpha particle emission [3 Ha) mtoméc number of the product £ =T

reaction product X = 7
2 SOLVE FOR THE UNKEMNOWN

23B= A + 4 Agply the consenanan of s ke
A=J38 —4=234 Lo A il
Thus, the mass number of X is 234,
M=I+32 Agply The comsenyation pl Chiliges
IwmOd = 3 =9P Sobve lor 2.

This, the atomic number of X 15 932,
The periodic table identifies the elemeant &8 deanium (U],

!:Pu g %U + :I-H Wime e Hamrded nucicar pguetion

3 EVALUATE THE ANSWER
The o] farnula for an Mpha particle S used. The dums of the Superscrpls and Subscripls
on each side of the equation are equal, Therefore, the charge and the mass numbes are
canserved. The nuclear equation is balanced,

FRACTICE Protslems W ADDITIOMAL PRACTICE

€. Write a balanced nuclear equation for the reaction In which oiygen-15 undergoes
pasition emisskon.
7. Thesium-229 is used to increase the iletime of Nuorescent buibs. What type of cecay
OCCuEs wihen thodum-229 decays 1o foim redium-2257
8. CHALLENGE Ths figure at right shoaws one way thai bismuth-212 can decay, prodicing
isolopes A and B,
8. Write balanced nuclear aquations for (his decoy.
b. Identify the isctopes A and B that are produced. A J..



Urastum-238 Decay Seres Figure 90 Uranusmn-238 anderpoes 14
1 | I different radinaciion decay sieos belome
L4 il _I_*_
2 oy vl B I B -.! __;:}!f foeming stabie leagd-206.

Radioactive Series

A radinactive decay serdes it a series of nuclear reactions that begins with an unstable
nucleus and results in the formation of a stable nucleos. As Figure 10 shows,
uranium-238 first decays to thorium-234, which in turn decays to protactinium-234,
Decay reactions continue until a skable nucleus, lead-206, is formed.

lltm i?

List each step in the decay of uranium-238. Include the type of decay and the
resulting produsct,

Radioactive Decay Rates

Yo might wonder how there could be any naturally scourring radicisotopes found on
Earth. After all, if radioisotopes undengn continuous radioactivie decay, won't they eventu-
ally disappear? Furthermore, radinisotopes have been decayving for about 4.6 billion
years—the span of Earth's existence. Yet, naturally occurring radivisotopes are not uncom-
mon on Harth, Some radioisotopes, such as carbon-14, are continuoasly formed in fhe
upper atmosphere of Earth. Others are formad in the universe, during steflar nuchosym-
thisis for instance. Radinisotopes can also be symthesized in laboratories. The differing
decay rates of isotopes also contribule io their presence on Earth,

Radioactive decay rates are measured in half-lives. A half-life is the time required for
one-hall of a radicisotope’s nuclel to decay into s products, For example, the hall-life
of the radioizotope strontium-90 is 29 years, IF vou had 1LD g of strontium-S0 today,
29 years from pow you would have 5.0 g left. Table 4 on thie next page shows how
this decay continues through four hali-lives of strontium-90, Figure 11 on the next
page presents the data from the table in terms of the percent of strontium-9(0
remaining after each halldite, The decay continues until a negligible amount of
stronbium-H remains.

DGHH'!

Define the term hotf-ife,

Frgmrmgt @ by, =iy |



W BT i e

Table ¢ The Decay of Strontium-90

Pl St | Amount SFStranfum-50 Prasent
o o -“ 10.00

) = m.ugug}:suug

2 s8y | w0gx(1)(3) = 2500

; oy a0 (3)(3)(3) =258
4 16y 0ogx {%J[%}{%}{%} = 06259

Thie data in Table 4 can be summarized in a simple equation representing thie decay of
amy radinactive element.

Remaining Amount of Radicactive Element

N i Hs FEMSIRNE S

N= Ng(ii}- M, 18 tve il anoun

i In e remiser ol valkives inaf uve passed

Tha amaunt remaining s equal 1o tha initial amownt times cne-hall raised the number of
half-thves that have passed

The exponent 1 can also be replaced with the equivalent quantity Decay of Strontium
4T, whiere  is the elapsed time and T is the duration of the 1009

half-life, Note that § and T must have the same units of time,
5009

;
N=x(3)’ i
g
i

This type of expression is known os an exponential decay
hunction, Figure 11 shows the graph of a typical exponential
decay function=in this case, the decay curve for strontium-90,

Rsf—i 4
llﬁﬂt I : % 1 2 3 4:
Infer how much strontium remains after 1.5 half-lives, Numbaer of hall-Bees
[1 half-life = 29 yoars)
s " Figiene T1 Thet grasls shaws e (e
Characteristic half-lives amo of slioativm ina-samale
Each radioisotope has its own characteristic hall-life. changes as a hunciion of ihe numbier ol
Far example, the half-life of polonium-214 is 163.7 ps, the Fuaif-fivers,

g hali-life of radon-222 is 3.8 days, and the hali-life of

=

uranium-238 ls 4.46 = 10° yvears. Notlee the large range
of values for hali-lives, from millionths of 2 second to
billions of vears!



EXAMPLE Problem 2

CALCULATING THE AMOUNT OF REMAINING ISOTOPE Krypton-85 is used in indicator Sghis of
appliances. The nati-lite of kyptan-B5 is 11y, How mich of 8 2.000-mg sampée remains after 33 y7

1 AMALYZE THE PROBLEM
You are given a known mass of § rackolsolope withi & knowr all-Nife. You must lirst detersmine

the number of hatfdives thal passed during the 33-year pariod. Then, use he exponentisl
decay equation to calculate the amount of the samgle nemaining.

K Unknown
Initial amount = 2,000 mg Amount remaining = 7 mag
Elzpsed time f) = 33y
Hall-ife (T) =11y
2 SOLVE FOR THE UNKNOWN
Humiber of hall-lives (n) = ol W] Dialwrt rimrree (P gl oof bl e
ni%:].ﬂhﬂﬁ-ﬂm Sl r = 33 pann T=1
Amount remaining = (initial amount) ) N T S MO S
Amount remaining = (2,000 mg) I:“m Subtinuln 1 is Smotnt= 2000 mg and s — 30,

Amaunt remaining = [2.000 mg) (1) = 02500 mg

3 EVALUATE THE ANSWER
Thine haltinves ace oquivatent1n (3 )(3 (), of (1), The answer [0.25 mg) is squai 1o () of

the Initlal amount. Thie answar fas two significant figures because the number of years has two
signifleant figures.

PRAETICE Progiems W, ADDITIONAL BPACTICE

9. Bandages can be sterifired by exposure o gamma eadiation from coball-60, which has a halt-ife
of 5.27 . How much of a 10.0-mg snpla of cobalt-60 i ledft after ona hatt-de? Two hafllives?
Three half-lives?

10, i the passing of five naif-lves leaves 250 mg of a strontium- S0 samphe, fow much was present
in e bagnning?
1. CHALLENGE The table shows the amounts of madiclsotopes in three different samphas.

T the nearest grem, how much will be in Sample B and Sample C when Sample Ahas 6.2 g
samaining?

Radicisotope Amalnt ()

a cobali-&0 537y G4.E
trititim 1232y h8.4
C sirantium-S0 BTy are

Capgmreghe o bdyiage Hill Lo os
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Radiochemical dating

Chemical reaction rates are greatly affected by changes in lemperature, pressure, and
concenitration, and by the presence of a catalyst. In contrast, nuclear reaction rates
remain constant regardless of such changes. In fact, the half-life of any particular
radinizotope is constant. Because of this, radioisotopes can be used o determine the age
of an ubject. The process of determining the age of an object by measuring the amouni
of a certain radivisotope rematning in that olyect 15 called radiochemical dating:

NEEEEET=E3 Connection, A type of radiochemical dating known as carban
dating is used to measure the age of artifacts that were once part of a living organism.
Carbon dating makes use of the radioactive decay of carbon-14, which is formed by
cosmie rays in the upper atmosphere at a fairky constant rate. These carbon-14 atoms
become evenly spread throughout Earth's biosphere, where they mix with stable car-
bon-12 and carbon-13 atoms. Plants use carbon dioxide from the ervironment, which
contains all earbon isotopes, to build more complex molecules through the process of
photesynthesis, When animals eat plants, the carbon-14 atoms that were part of the
plant become part of the animal. Because organisms are constantly taking in carbon
compounds, they contain the same ratio of carbon- 14 (o carbon-12 and carbon-13 found
in the atmosphere. However, after they die, organisms no longer ingest new carbon
compounds, and the carbon-14 they already contain continues to decay, Thie carbon-14
undergoes beta decay 1o form nitrogen-14.

MC— YN+ B
Carbon-14 has a hatf-life of 5730 years. Because the amount of stable carbon in the dead
organism remains constant while the carbon-14 conbinpes o decay, the ratio of unstahle
carbon-14 to stable carbon-12 and carbon-13 decreases. By measuring this ratio amd
comparing it to the nearty constant ratio present m the atmosphere, the age of an object
can be estimated. For example, if an object’s C-14 10 (C-12 + C-13) ratio is one-quarter
of the ratio measured in the atmosphere, the object is approximately two halHives, or
11,460 vears old. Carbon-14 dating is limited to accuralely dating objects up o approsxi-
mately 45,0040 vears of age. This method was used to date the Creat Pyramid of Giza,
showwn in Figure 12.

]

Figure 12 sing tha radinCartant
ditimg mathod on organs materals,
2ich as ash ana charcaal laond & the
Gread Pyramisl of Giza, scentists
estimade the pyramed to be mare than
A000 yoads ool
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EGCEEETES Connection| The decay process of a different radivisotope,
urankam-238 b0 bead-206, i commonky used to date objects such as rocks, Because the
half-life of sranium-238 is 4.5 % 10° vears, it can be used to estimate the age of objects that
are too old to be dated vsing carbon-14. By radiochemical dating of meteorites, the age of
the solar system has been estimated at 4.6 » 107 vears. Certain minerals in rocks are more
suitable than others for vadiochemical dating by this nwethod, The most commaonty analyred
mineral i zircon, containing eirconium, slicon, and oxcygen, Zircon is suitable for analysis
using the decay of urannum-238 to lead-206 becouse uranium i naturally incorporated into
ils crystal structure, whereas lead is not. Therefore, any lead fownd in zircon can be assumed
by b Lhiere as a result of the decary of uraniom-238.

|& Check Your Progress

Summary Demonstrate Understanding

+ The conversion of an atem of 12. Describe what happens 1o unstable nuclel.
one element to an atom of 13. Explain how you can predict whather of not an
anaother by radioactive decay isotope s likely 1o be stable if you know is number
pracesses is called of neutrans and protons,
AENSRMLCKEV. 14, Describe the forces acting on the particles within

+ Aromic number and miss & nucleus and explain why neutrons are the glie
number are consemned In halding the nucleus together,
nuchear reactions. 15. Predict the nuclear equation for the alpha decay of

. :H hmm|rm::.Mﬂm;1mm radium-226 used an the tips of older lightning rods.

& atoms in @
16. Caleculate how much of a 10.0-g sample of

recicncios SipleIn ecly amevicium-241 remains after four halfdves, Amer-

« Radiochemical dating is a cium-241 is a radinisotope commaonly used In smake
technique for determining the detectors and has a halfife of 430 y.

i af““"m"""“”""“ 17, Calculate After 2.00 y, 1,986 g of a radioisotope
i o a:li_ntsn remains from o sample that had an original mass of
topes remaining in the object 2000,

a, Calculate the hatf-life,
b. wau:h#merﬂmmupemmmamuﬂﬂw!
18. Graph A sample of polanium-214 onginally has a mass §
of 1.0 g. Express the mass rémaining a5 a percental ¢
Ihe orginal sample after a period of one, bwa, and ;
three hall-lives. Graph the percent remalning versus £
the number of half-lives, Approsimately how much Z
tima has elapsed when 20% of the original sampls
remains? The half-fite of polonium-214 is 1637 s,

LEARNSMART 6Goonlineto foflow your personakized learming path 15 review, practice,
and reinforce your Lnderstanding,
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LESSON 3
NUCLEAR REACTIONS

FOCUS QUESTION

What is the relationship between mass and energy
and why is it important?

Induced Transmutation

All nuclear reactions, or transmutations, that have been described thus far ane
examples of radinactive decay. where one element is converted into another element
by the spontanemes emission of radiation. However, transmutations can also be fureed,
or induced, by bombarding a stable nucleus with a neutron or with high-energy alpha,
beta, or gamma radiation. In 1919, Ermest Rutherford performed the first laboratory
copversion of one element into another element. By bombarding nitrogen-14 with
high-speed alpha particles, oxygen-17 and hydrogen-1 were formed. This transmuilaton
reaction is illustrated in Figure 13 and the reaction is shown belos:

EN+He—="10+H
As Rutherford demonstrated, nocliar reactions can be mduced, in other wonds,
produced artificially. The process, which inveldves siriking nuclel with high-velocity
particles, is called induced transmutation. In the case of charged particles, such as the
alpha particles used by Butherford, the incident particles must be moving al extremely
high speeds o overcome the electrostalic repulsion between themselves and the
target nucheus, Because of this, scientists have developed methods o acoelerate charged
particles o extreme speeds by using very strong electrostatic fields and magnetic felds.
lMarticle acceleraiors are machines
Buadlt to produce the high-speed
particles needed to induce " * 0 e ‘ T L

tramsmilation, Sinee Rulherford s

first experiments involving FHe N e i

induced transmutation, scienbists - Horged Croygen Hydrogen
4 alpha particho nitragen atom atom atom

hinve used this technigue to o

synthesize hundreds of new Figure 13 'When an alaha parlice bombards a nitrogen-14 alom, an alom of

i:;crtupn in the labaratory oy en-T7 and an alom of hydmgen-1 are poduted

COLLECT EVIDENCE INVESTIGATE
lmmﬁmci.}wnlllﬂ DGO ONLIME to find these sctivilies and more sour(es.
recoed the evidence you colec as & Applying Practica: Modeling Fission, Fusion, and Redicactive Decay

you campiede: Ee readings and HE-PS1-8. Develop models 1o Mustrabe e changes in Be composition of the nuclsus of the
EEnTa o this lesson. atodn mnc the enargy relensed during the process of fasien, fusion, ang mdlosciive decay

' Revisit the Encounter the Phenomenon Guestion
What information from this kesson can help you answer the modise question?




Transuranium elements

The elements immediately following uraniom in the periodic table—elements with
alomic aumbers 93 and grealer—are known as the ransuranium elements, All
transuramium elements have been produced in the laboratory by induced transmutation
and are radinactive. Mamy transuranium elements have been named in honor of their
discoverers or the laboratories at which they were created. For example, element 117,
tennessine, was 50 named because some of the key work leading to its discovery was
carried oul in Tennessee. Scientists continue their ongomg clforts 1o symthesize new
transuranium ebements and study their properties,

EXAMPLE Problem 2

INDUCED TRANSMUTATION REACTION EQUATIONS Write a balanced muclesr equation for the
Induced transmartation of exygen-16 into nitrogen-12 by proton bombardment, An alpha paricle is
emitted i the reaction.

1 ANALYZE THE PROBLEM

You are givan all of the parficles involved in an induced transmutation reaction. Because the
proton bombands e oxygen atom, ey are reactanis and must appear on the reactant side of

tha raaction &frow.
Himown Unkmown
reaciants: oxygen-16 and a protan muclear equation for the reaction = 7
producis: nitrogen-13 and an a-particle

2 SOLVE FOR THE UNKNOWN Lisié the asricutic Indii b eI N ASrsmLs
Nuclear fonmuba for coegen-16: 0 st GF oy ERn
Nuclear Tomuta for nirogen-13: 7N Ly o P el L hoe 1B AL Hide GG
Nuclear famuda for proten p g i e
Nucear formuls for aighn particie: He
0 & p— TN+ He Wt Ty RnoET (TR Bauarion)

3 EVALUATE THE AMSWER

A pratan has a charge of 1+ and & mass humber of 1. Therefore, both charge and mass numbian
are consersed. The formula for each participant In the reaction is also carract. The nuckea

eqLation 18 writhen cormectly.

PRACTICE Frabjems o DL Tl PRACTICE

et 1M e HE el

18, Write fhe batanced nuclear equation for the induced transmutation of aluminum-27 into

#odium-24 by newtron bombardment. An alpha particke i reloased in the rescton,

20. Mnﬂnmmmﬂnmmmmrmmmmma“mmmw
reaction products 5 8 neuiron.

2. CHALLENGE Archeclogists sometimes use § proceds ’."' i
calkad noeutron activation analysts (o identify elements in Meiiron -~ .
artifacts. The figune at right shows one type of reactlon that -F.'l'.'l' L ]
can occur whaen an artifact i bombanded with Rewtrans., If th Target  Unsinbie™k
presduct of the process is cadmivm-110, what was the target .
and unstable sotope? Write halanced nuclear equations for

Product

the process o SUpRor your answer
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In your study of chemical reactions, you read that mass is conserved. For mast practical
purposes this i true=but, it is not accurate,

Einstein's equation

Albert Einstein’s equation relates mass and energy. 1t states that any reaction produces
or consumes enengy due bo a loss of gain in mass, Energy and mass are equivalent. Note
that because o is lange, a small change in mass results in a large change in energy.

Energy Equivalent of Mass
- AF Is ine change in enengy, In Joules. &Am = the
AE =AM onan in ks b ¢ I thi 1pesecl 1 1M
The change i energy Is equal to the change in mass Umes the square of the
speed of ight.

Mass defect and binding energy

Scientists have determined that the mass of the nucleus i always less than the sum of
the masses of the individual protons and neotrons that make up the nuclews, This
observed difference in mass between a nucleus and its component nucleans is called
the mass defect.

When nucleons combine logether to form an Binding Energy Variation
atom, the energy corresponding bo the mass r 7 : o
defect is released. Comversely, energy is needed | g SFe Sk Moy | '
i break apart & nucheus inko its compornent
nucleons. The nuclear binding energy can be
defined as the amoont of energy needed to
break o mole of nuckel into its individual
nucheons, The larger the binding energy per
nucheon, the more stromgly the nucleons are
held wgether, and the more stable the nucleas
is. Less-stable atoms have lower binding ener-
gies per nucleon, Inother words, it is harder to
break apart a nucleus with a high binding
energy than it is to break apart a nucleus with a
! low binding encrgy. U020 90 50 B0 100 120 4G 180 180 00TI0
Figure 14 shows the average binding energy Mass number
per nucleon versus the mass number. Note thay  Flgune 38 The binding energy per fuckeon i a function of
the binding enengy per nucleon reaches a the mass number. Light nucles gain stabifity by undergoing
i, wrarda pikes b ok B0, rm.lm1_u|nn. I'El'r‘rlllll‘JI'I' gam nati'l, b','uﬂlﬂl!'l (ing]
Elements with & mass number near 60 are the .
mast stable,

IEGH‘I | &

Describe how the hinding energy varies as a function of the mass number.
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PROBLEM-50LVING STRATEGY

Calculating Mass Defect
You can cilcufate the mass defect of an isolope i you know the mass of the isolope
and the number and masses of is components, Applying the equation AE = Amc’,
yau can then detfvg the equivalent binding enongy.
Mass defect = m__ — N+ Nm]
where m____ Is the mass of the nucleus, m_ s the miass of a proton, m, |s the mass of
i meution, i s the number of protons, Mﬂﬂummmﬁm
If yoid st with the minss of the atomm, you hioe 1o take into acoount the maks of the
etecirons. To do so, the mass of a hydrogen atom, which s composed of a proton
and an electran, s used instead of the mass of & proton. The equation is then'
Moss defect =m___ — [Nm, —Nm |
Use the fofowing values for the calculations: m, = 1007825 amu and m, = 1.00B66S
amu, The accepted value for c s 200 = 10° m's.
To calculabe the snsngy in Joules, you Can Comven thi Masses into kilograms using
1amy = 1660540 = 107 k.

Spply the Strateqy

Calculate the mass defect and binding enengy of Bhium . The mass of lithlum-7 s
106003 amu.

In typical chemical reactions, the energy produced or consumed 8 so small that the
accompanying changes in mass are neglhigible, [n contrast, the mass changes and
associated energy changes in nuclear reactions are significant. For example, the energy
released from the nuclear reaction of 1 ky of uranium is equivalent Lo the energy
released during the chemical combustion of aboul four billion kilegrams of coal.

Nuclear Fission

The binding energies shown in Figure 1 on the previous page indicate that beavy
nuclei tend to be unstable. To gain stability, they can fragment inte several smaller
nucled. Because atoms with mass numbers around 60 are the most stable, heavy atoms
{those with mass numbers greater than 60) tend to fragment into amaller atoms i
order to increase their stability, The splitting of 2 pucleus into fragments i= known as
muclear fission. The (=zion of a nucleus is accompanied by a very large release of
energy. Nuclear power plants use the large release of energy associated with nuclear
Fission to generake power, The generation of nuclear power is an example of a series of
energy transformations in which nuclear energy is transformed into thermal energy and
then into electrical energy.

ACADEMIC VOCASULARY

generate

1o bring inda exislenc, Yo originale by & physical
of chemical process

Fire penerales a iof of heal,

g e el | e
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. = Figure 15 Whimn bombarded with i
s/ meutron, urankim-335 forms
tanstanie cifaniem- 236, which men
@n splits Evba tevo lighter nudle and
additional reutrors. The fissan of
. + S— — Nt EnEQY  eanium-235 is sccomponied by o
&n large release of energy.

n U U
ILinstabie nuches) reBa

The first nuclear fission reaction discovered imvolved uranium-235. As vou can see
in Figure 15, when a neatron strikes o wranium-235 noclews, it undergoes fission.
Bariurm-141 and kryplon92 are just two of the many possible products of this fission
reaction. In fact, scientists have identified more than 200 different product isotopies
from the fission of a uranium-235 nucleus.

Bsar

Explain wiy heavy atoms undergo nuclear fission.

Chain reactions

Each fission of uraniom-233 releases additional neutrons, as shiwmn in Figure 15, 1f ong
fission reaction produces two neutrons, these bwo neutrons can canse two additional
fissions, If those two fiasions release four neutrons, those four neutrons could then
produce four more fissions, and so on, as shown in Figure 16, This self-sustaining
process in which one reaction initiates the next is called a chain reaction. As you might
imagineg, the numiber of fssions and the amount of energy released can increase rapidly.
The explosion from an alomic bomb i an example of an uncontrolled chain reaction,

Fgure 76 When wamium nucs|

underga ssian, 1hey relase

meistrans, which brigger mane fission

reactions. The cngoing reactions ‘

#¥e characteristics of a nothear . -
chsen rasciion . -
. “ ;
@,

R T
[
&
]
&
L
@




Inspare Chemistry, Student Edition

Figure 17 Whether & nuclear ieaction
can be sustained depends on fhe
EMEUN o] matter present, v @ subcrit
cal mass, thie chain roadiion doss not

. start because npulnoss ascage before
causng enough biegion o wisisn the
chain reaction. In a superchitical mass,

- ® ReulTons Cause more and mode fissons
o &nd 1he chain reaction acceleraing
Subontical mass Supencyitical mass

A sample of fissionable material must have sufficient mass in order for a chain reaction
tor oecur. IF if does not, neutrons escape from the samiple before they can start the chain
reaction by striking other nuclel, A sample that i= not massive enough bo sustain a chain
reaction is said 1o have subcritical mass. & sample that is massive enough o sustain a
chain reaction has eritical mass, When a critical mass is present, the neutrons released
in one fission cause other fissions o occur. If much more mass than the critical mass is
present, the chain reaction rapidly escalates. This can lead to a violent nuclear explo-
sion. A sample of fissionable material with a mass greater than the critical mass is said
to have supercritical mass, Figure 17 shows (he effect of mass on the initiation and
progresshon of a fission reaction,

Nuclear Reactors

Muclear fission produces the energy generated by nuclear reactors, This energy is
primarily used to generate electricity al nuclear power plants, such as the one shown in
Figure 18. A comman fisel is fissionable aranium (IV) oxdide (L0
encased in corrosion-resistant rods, LE238 s the most abundant
isgtope (99°) of uranium. L-233, which makes up 0.7% of the
nabural wranium, has the rare property of being able 1o undergn
indueid fission; L-235 atoms undergo fission when hig by a nesstron,
The fuel used in nuclear power plants is enriched 1o conlain 3%
uranium-235, the amount required to sustain a chain reaction, and s
called enriched uraniom. Additional rods. often made of cadmium
or baron, control the fssion process inside the reactor by absorbing
neutrons released during the reaction,

Ereping the chain reaction going while preventing it frem racing
out of control requires precise monitoring and continual adjusting
of the control rods, Much of the concern about muclear power
plants focuses on the risk of losing control of the nuckear reactor,
possibly resulting in the accidental release of harmiul levels of
radiation. The Three Mile Island accident in the United Slates in
1979 and the Chernobyl accident i Ukraine in 1986 provide
examples of why controlling the reactor is critical. Figure 19 on the

; Figure 18 Tha mas pans of a nucleas
next page shows the city of Pripyal, located 3 km from Chernobyl.  gower plant s the reactor under the

The ity was completely abandoned after the accident donse and the coofing tawer,

Eapiprnpr o Mclamm Ul Faaken [nib | s il iy
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How a nuclear reactor works

Thie fission within a nuclear reactor 5 stared
by a neutron-emitting source and is stopped by
positioning the control rods to absorb all of the
neutrons produced n the reaction, The reactor
cone conlains a reflector that acts bo reflect
newtrons back mio the core, where they will
react with the fuel elements, also calbisd fuel
rods. A coolant; usually water, circulates
through the reactor core, to carry off the heat
generated by the nuclear lssion reactions,

Inspare: Chemistry 9-12 Student Edition

The hot coolant heats water so that it boils, Figure 18 The city of Pripyal vwas feserted afier the accident

producing steam that is noturm used o power at the Chednobyl power plant

turblnes. The movement of the furbines (s vaed
o generate an electric curnent.

Muclear power plants and fossil-fuel burming power plants are similar. In both tvpes of
power plant, heat from a reaction—nuclear fission or chemical combustion of a fossil
tuel such as coal—is used o generate steam. The steam then drives furbines that pro-
duce electricity, as shown in the nuclear power plant llustrated in Figure 200 The other
major components of a nuclear powoer plant are also illustrated in Figure 20,

Containmant struciuas

Hit el Sloam Wurbing fgh-enengy
Lhien spar furiEnes and

penoiates electricity]

— Feam
peneralor

Cantral
s

Fisn|
eb=manls
= = AN
Foactor minclEabaes
Caal Fump
Eoodain

nol ko scale

Wéarm waer

Copling —=
e

FH.'UP! 20 A muclead reacior produces haal ihal doves tse larmation of sieam. The enEgy Wom the steam
5pins & turbing, which produces eciricity, The steam is eventually cosled and recycied. The waber used o

ool 1he steam enfers the coaling tower, whene sieam s eleasad o the atmosphera
Fﬂ-l‘ﬂ'tlﬂ' i exomples of emergy frovsformaiaons tho! Kke piace i @ nuciear regoior,
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Fegure 21 The inte ol g rewcioe 5

fifled with waler, B Ciang s e bo

Eract and replace huel rods

Because of the hazardous radioactive fuels and fssion products present al nuclear
power plants, a dense conerete struckure i usoally buill to enclose the reactor. The main
purpose of the containment structure i to shield peronnel and nearby resident= from
harmful radiatson.

As the reactor operates, the fuel rods are gradually depleted and products from the fission
reactions accumulate, Because of this, the reactor must be serviced periodically, Spend fuel
rods are exiracted from the reactor, as shown in Figure 21, and can be reprocessed and
repackaged to make new fucl rods. Some fsson products, however, are extremely radio-
active and cannol be used again. These products must be stored as nuclear waste

Issues associated with nuclear power plants

Risks of accidents, such as the ones mentioned in Figure 22 on the nexd page, havee to be
taken into account when operating nuclear power plants. However, the storage of highly
radicactive nuclear waste is shill one of the major issues surrounding the debate over the
use of muclear power. Approximately 20 half-lives are required for the radioactivily of
nuclear wasle malerials to reach levels acceptable for biological exposure. For some bypes
of nuschear fuels, the wastes remain substantially radivactive for thousands of years. A
considerable amoun of scienific rescarch is devoled 1o the disposal of radioactive wastes,
Highly radicsactive materials from the reactor core ane first freatid with advanced lechnaol-
ogies that ensure the materials wall not deteriorate over a very long period of time. Treated
wastes are then stored in sealed containers that are burked deep underground.

Another issue is the limited supply of the uraniom-235 used in the fuel rods. One
option i= to build reactors that produce new quantities of fssionable fuels, Reactors able
to procluce more fuel than they use are called breeder reactors. Although the design

of breeder reactors poses many difficult technical problems; they are currently in
operation in several countries.

EGH |

Infer how fhe storage of nuclear wastes aliects the environment.
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1941-1945

Figure 22
The Nuclear Age

e discovery of X-rays in 1895 inttiated a series
of bréakihroughs in understanding atomic nucel .
Taday, nuckaar chemistry applications imaofing 1979 (1986
madicing, wesponey, and enetgy alféct the ves
of people wordwide.
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Muclear Fusion

Recall frorm the binding energy disgram in Figuare 14 that a mass number of about 60
has the most stable atomic configuration. Thus, it 1 possible b bind together twvo or
more light {mass number less than 60) and less-stable nueled to form a single maore-
stable nuclews. The combining of atomic nucled is called nuclear fusion. Nuclear fusion
reactions, which are responsible for producing the heaviest elements, can release very
large amounts of encrgy. You already have everyday knowledge of this fact-the Sun is
powered by a series of fusion reactions as hydrogen atoms fuse to form helium atoms.

47H — SHe + 2¢* + energy

Schentists have spent several decades researching nuclear fuslon,
It is a promising source of encrgy and has several advantages
compared to nuclear fission. Lightweight isotopes used to fuel
the reactions, such as hvdrogen, are abundant. Fusion reaction
products ane ot geoerally radioactive, Noclear fesion produces
large amounts of encrgy. Fusion reactions produce mors energy
per unit of mass of fuel than fission reactions. This could solve
thie problem of many societies’ increasing needs for electricity.

Rgl-Weorld CHEMISTRY
Muclear Fusion

Using nuclear fusion for energy

Unfortunately, there are major problems that must be overcome
before fusion can be used to produce energy on a commercially
wiable scale, One such problem is that fuzion requires extremely
high energies to initiate and sustain a reaction. The required
energy, which s achieved onby at extremely high temperatures, is
reded o overcome the electrostatie repulsion between the
nucled in the reaction, Because of the energy requirements, fusion CRECHIE B MRTESSS O V. g
: _ and heeat from stars Such & the Sun
reactions are also known as thermonuclear reactions, A lempera- Tee temparature of ihe Sun's cors Is

SOLAR FUSKON Muchear fusion

ture of 5,00CL000 K s required to fuse Iydrogen atoms. This aboist 15,000,000 K. 1 is so bot and
temperature—and even higher temperatires=have been achieved dense that hydiogen nisded fuse to
using an atomic explosion to initiate the fosion process, buat this prodice hefium, Alter billions of e,

1 San's hydrogen will be mosty
depleted, lks lemperature will rise fo
Another algnifi.c.mt problem is confinement of thie reaction. Abaist 100 000,000 K, and e fusian
There are currently no materials capable of withstanding the process will then change hedum imlo
carban,

approach is not practical for controlled electric power generation

tremendous lemperatures that are required by a fusion reaction
Much of the current research centers around an apparatus called
a lokamak reactor. The name nbemak comes from Hussian and means torotdal clraneber
with an woiol mignekic feld, & tokamak reactor, shown in Figure 23 on the next page, s a
donut-shaped device that uses strong magnetic fields o contain the fusion reaction.
While significant progress has been made in the field of fusion, temperatures high
enough for continuous fusion have nol vet been sustained for long perbods of Hme

iﬁﬁet ?

Explain the link between ihe Sun's temperaiure and the release of such an
Bnormous amount of energy.

iy o o s o POl AT
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Polaidal fied Tonoldnd fiedd
Mol magnEl

Figure 23 A tokemak reacior, a ring-shaped reacion, uses $19ong magnatic fieias o comnlain M WMbensoly kol
fusian reacion and keep it {rom direct contac] with e reacion etenar walls: The paloidal magaets Tellow
e sheapse of the rescicn, and the roids magnets weap around (he reacioe

|B Check Your Progress

Summary Demonstrate Understanding

« Induced transmutation is the 22. Explain why energy is released when nucleons
boambardment of nuclel with combing to form an atom but is nesded to break a
particles in order to create new nuckeus apart.
Elaments. 23, Compare and contrast nuclear fission and fusian,

+ In a chain reaction, one reac- 24, Describe the process that ocours during a nuclear
tion induces others 1o oocur chain reaction and explalin how 1o monitor & chain
A sufficient mass of fissionable reaction in a nuclear reactor
rle . MEE;:EW e 25. Explain how nuchear fission can be used to generate

\; i gl o iy ; electric powet.

Y F'T&'m and fuson mm":"s 26. Formulate an angument suppoiting of opposing

:Z:a:: i o muckear power as your state's primary power source.

bAssume the primary source of power currently is the
urming of fossi fuels.

47 Calculate What Is ihe energy change (AE) assocl-
ated with a change in mass [Am) of .00 mg?

28. Interpret Graphs Use the graph in Figure 14 to
answer the following questions,
a. Why is the isatape J.Fe highest on the curve?

b, A mone atable sotopes located Miger OF Iownir
on the curve?

£, Compare the stability of Li-& and Ha-4,

vaprpd o bl e el il i Sy Raberiii P o W oty sy

LEARKNSMAIIRT S Gooninetofollow your personalized lgarming path to roview, practice.
and reinforce your understanding.
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LESSON 4

APPLICATIONS AND EFFECTS OF NUCLEAR REACTIONS

FOCUS QUESTION
What are some applications of nuclear reactions?

Detecting Radiocactivity

Radiation energetic enough to onize matter it contacts is called ionizing radiation. The
Geiger connter s an jonizing radiation detection device, As shown in Figure 24, o
Geiger counter consists of a metal tube filled with a gas. In the center of the tabe s a
wire conniected to a power supple. When ionizing radiation penetrates the end of the
tube, the gas absorbs the radistion and forms jons and free electrons, The free electrons
are attracted to the wire, causing an chectric current. A meter measures the current fow
through the ionized gas, which indicates the amount of ionizing radiation present.

MNedanized gas malacules

Gas mabecules are Electrode (positreely changnd]
lorizud by thar radkation

hielal Tube inagatiyily

[Sal s
Coriter and s

device

Jonizng rdiation
Window

Figure 24 & thgﬂ' coumbEr i uied b0 aetect and measurs radialion evels, loninng radialion produtes an shecine
current in the counder, The currend is displayed on & scaled meber, and a speaker produces awdible soends thist vary
acCording Lo e el fiow caused oy the linmzing rhdisdion.

COLLECT EVIDENCE INVESTIGATE
\ Usi your Science Joumaito | /GO ONLINE 10 find thise acthibies ard more fesources.
record e evidence you callect as é Bpplying Practice: Human Heafth and Radiation Frequency

yous compledn ihe: rendings and H5-F54-4, Evaluate he vaiiddy and refiabiity of claims in published materiats of the iHerts
wciivies in his beseom, that difterent frequenches of Mectiomangretic radatsan have when absorhed by matter,
{773 Identify Crosscutting Concepts

Create a table of the crossculting concegts and fill in exampies you find a3 you read.
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Figure 25 Scintilation counders nne
used jo debect fhe presence of innising
adintion, loaizing mdiskan excses he
electrand in the phosphods. As the
elections returm to thesr grownd states,
My it phodtng, which se then
detected by the photodetecian

|oaiging
Facl iathon

Monitoring the radiation dose received by people who work near radioactive sources is
important to ensure their safely. People who work near radioactive sources might be
required towear a thermoluminesoent dosimeeter (TLIDY) badge, which contains a tiny
crystal. Radiation excites electrons within the crystal. To determine the radiation dose,
the crystal is heated, and the electrons return bo their ground states, emitiing light,
Radivactivity readers detect this hght as a measure of the radiation dose 1o which a
waorker has been exposed.

Another detection device is a scintillation counter. Scintillations are brief flashes of
light produced when ioniting radiation excites the electrons in certain types of atoms
or molecules called phosphors. A seintillation counter contains a base material—ofen

a plastic, a crystal, or a liquid—containing phosphors, as shown in Figure 25, lonizing
radiation that strikes the scintillation counter can transfer energy either directly to the
phosphors or to the base material, which thien transfers the energy W the phosphaors,
This energy excites electrons in the phosphors, As these electrons return Lo theis
ground states, they emit light, This light is transmitted through the base material to a
photodetector that corverts the Light to an electrical signal. The number and brightness
of the scintillations indicate the amouont of ienizing radiation.

EGH | 4

Summarize how a scintillation counier warks,

Uses of Radiation

With proper safety procedures, radiation can be wseful in many scientific experiments
arvd Industrial applications, For instance, newutron activation analysis is used (o detect
trace amounts of elements present in a sample. Computer-chip manufacturers use this
technique to anabyee the compasition of highly purified silicon waters. In the process,
the sample is bombarded with a beam of neutrons from a radinactive source, causing
some of the atoams in the sample o become mdicactive, The tvpe and amount of
radiation emitted by the sample is used to determine the types and quantities of
elements present. Neutron activation analysts is a highly sensitive measuremeit
technique capable of detecting quantities of less than 1 % 10 atoms in a sample.
Another application of radiation s the use of beta emission lo measure paper thickness.
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Using radioisatopes

Radioisolopes can also be used to follow the course of an element through a chemical
reaction, For example, C( ), g containing radivactive carbon-14 sotopes has been
used to study glicose formation in pholosynthesis

60, + 6H,0 - . B CH, 0, + 60,
Bacause the OO, containing carban-14 s used to trace the progress of carbon through
the reaction, it is referred (o as a mdiotracer. A radiotracer i= a radicisodope that emits
non-inizing radiation and is used to signal the presence of an element or specific
substance. The fact that all of an element’s Botopes have the same chemical properthes
makes the use of radioisotopes possible. Thus, replacing a stable atom of an element n a
réaction with one of its sobopes does not alter the reaction. Kadiotracers are important
in o number of areas of chemical research, particularly in analyzing the reaction mecha-
mismis of comples, I'I'I'|,J|‘|.I'€|.I.‘|_'| reachions

Radiotracers also have important uses in medicine, lodine-131, for example, is
commaonly used o detect diseases associated with the thyroid gland. If a problem is
suspected. the patient will drink a solution containing a small amount of indine-131
After the indine is absorbed, the amount of iodine taken up by the thyroid is measured
and used to monitar the functioning of the thyroid gland,

@Gnt 7

Define rodiciracer

Tr-'_-.;lrll'll.'_i cancer

Radiation can pose serious health problems for homans because it can damage or
destroy healthy cells. However, radiation can also destrov anhealthy cells, such as
cancer cells. All cancers are character-
ized by the rapid growth of abnormal
cells, This growth can produce masses
of abnormal tissue, called malignant
fumors. Kadiation therapy 1s used to
treal cancer by destroying the cancer
cells, In fact, cancer cells are more
susceplible to destruction by radiation
than healthy ones. Figure 26 shows an
MEI of a malignant tumor in a

patient’s brain, If all goes well, the
tumor will be destroved. Unfortunately,
in the process of destroving unhealthy
cells, radiation also destrovs some
healthy cells, Despite this major draw-
back, radiation therapy has become one
oof the most effective treatment options
in the fight against cancer,

Figure 28 Radalion can be used 10 \reat cancé
CAMRCERTS tumear in 3 patiert’s brain. Tha temor s shown in pink
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Using positron emission
Another radiation-based medical diagnostic tool is called positron emission transaxial
tomography (PET). In this procedure, a radiotracer that decayvs by positron ¢mission is
* injected into the patient’s bloodstream. Positrons that are emitied by the radiotracer
2 CaUsE RAMMA-TIY ETNESSEINS ﬁ-.;-w emissions are then |,!|.'I|*."E-.'d: By an array of sensors
4+ surrounding the patient, as shown in Figure 27, PET scans can be used to diagnose
¢ disvases or study the parts of the brain that are activated under given cincumstances,

£ also showm in Figure 27,

1 Biological Effects of Radiation

r Although radiation has a number of medical -
r and schentific .1|,1]1:|-.'.|I:-.||:1~.. it can be D
g
= viery harmiful. The damage produced from —
: imizing radiation absorbed by the body 1 -
- depends on several factors, such as the type T

5 of raciation, its enengy, the bvpe of hissue
absorbing the radhation, the penetrating poveer,
| and the distance from the source of the radis-

= tiom, The skin lesion shown m Figure 28 is an

Hg.ure 2B Radwntron can dsrupt cell processe
« example ol such damage. ol imarid B

fnfes /5 M AESicAn DRCEUYE Mohe SOMAie oF QeasiiT

i

L Hiomedical Enginesr

* Hioemedicsl engineers spply engineering diolls to medical prablems. One of their
|obs & bo design cquipmend and soffware, such s those used in positron emission
Wansancal Tomagraphy, Mad helg eat or diagnose medial conditicns. Il you'd like
By coanbing a lowd of Iechnolagy with a desing 1o hlp peophe, this miay b ko
arest lor you




MEFEEENE P Connection| |igh-energy ionizing radiation is dangerous because
it can fragment and ionize molecules within biological tissue. A free radical is an atom
of makecule that contains one or more unpaired electrons and s one example of the
highly réactive products of jonizing radiation. In a biolagical system, free radicals can
affect a large number of other molecubes and uitimately disrupt the operation of normal
cells. Tonkzing radiation damage Lo living systems can be classified as either somatic or
genebic, Somatic damage alfects only nonreproductive body tissue, It includes burns
and cancer caused by damage to the cell’s growth mechanism. Genetic damage can
affect offspring by damaging reproductive tissue. Such damage is dilficult to study
because it might not become apparent for several generations.

Dose of radiation

A doze of radiation refers to the amount of radiation a body absorbs from a radioactive
spurce, Two anits, the rad and the rem, are commonly used 0 measure doses. The rad,
which stands for radiation-absorbied dose, is 0 measure of the amount of radiation that
results in the absorption of 0.01 | of energy per kilogram of tissue. The dose in rads,
however, does not account for the eneegy of thee radiation, the type of living tissue
absorbing the radiation, or the time of the exposure. To account for these factors, the
dose in rads i roaltiplied by a nemencal factor that is related Lo the radiation’s effect on
the tisswe involved. The result of this multiplication i a unit called the rem. The rem,
which stands for roentgen equivalent for man, is named after Wilhelm Roentgen, who
disconvered X-rays in 1895, Table 5 summarices the short-term effects of radiation on
humans, depending on the dose.

Intensity and distance

The intensity of radiation depends on the distance from the source as shown by Lhe
equation below, The farther away the source, the kower the intensity. The intensity of
radiation is measured in amount of radiation per unit of time and/or surface, such as

TTPETT ST

Radiation Intensity and Distance
3 o ] danod AR W SRR |rENm NRE SO,
l'I'lill lld! f, b e sty ald, and | bt intenslty and

The: intensity of radution at a distance d, from the source multiplied by the squane of the
distance aquals the intensity of the radiation at a distance d, multiplied by the sguare of
the distance.

Table 5 Effects of Short-term Radiation Exposure

i FILmans

0-25 no detectable affects
Z5-50 temporary decrease in white-blood-cell population
0= 200 nausea, substantial decrease in white-blood-cell population

500 | B0 chance of death within 30 days of sxposure
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Sources of radiation

A variety of sources constantly bombard your body with radiation, Your exposure o these
sowrces results in an average annual radistion exposure of T00-300 millivems of high-enengy
radiation ar .1-0.3 rems, Table & shows your annual exposure to commson radiation sources.

Table 6 Average Annual Radiation Exposure

Cosmic fadiation

Radiation from the grownd 25-175
Radintion from baiidings =180
Radiation from air 20-260
Humnn body (internal) -0
Medical and dantal X-rays 50-75
Muclear veeapon testing <
B travel 5
Tot average W0=300
|8 Check Your Progress
Summary Demonstrate Understanding
« Different types of counters are 29 Explain one way In which nuclear chemistry s used
used o detect and measura 1o dingnose or treal disease.
radiation. 30. Describe several mothods used 1o detect and
+ Radiotracers are used to measure radiation.
diagnose disease and to 31, Compare and contrast somatic and genetic biolagi-
analyze chemical reactions, cal damage.
+ Shor-erm and long-term 32, Explain why it Is safe 1o use radioisctopes 1o
radation exposure can cause dlagnose medical protibems,
damage 10 Iving cells. 33, Calculate A lab worker receives an average radiation
dose of 21 mrem each month, Her allowed dose is
5.000 mrem/y. On averags, what fraction of har
yearty dose does sh rece)ve?
34, Interpret Data Look ot the data in Table 8. Suppose

Vigayiaghi o iy s 0l L i

smeans s exposed to the maximum values listed
for average annuail radiation fram the ground, from
busidings, and from the air. What fraction would the
pesson recelve of the minimum shor-term dose
(2% rem) that causes a temporary decrease in white
Biood cell population?

LEARKMNSMART S Gooniineto follow your parsonalized leaming path to review, practice,
and reinforce your understanding.
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STEM AT WORK

e b Fwilnn
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Disease Detectives

MNuclear medicine technologists are medical
professionals whao help doctors diagnose and
track patients” diseases and injuries by taking
images of the body. Thelr work employs
cuiting-edge technology. Including gamma
cameras and positron emission tomography
(PET) scanners. They work in hospitals,
doctors’ offices, imaging facilites, and diag-
nostic laboratories,

Radioactive Drugs

Muclear medicine technologists prepare and
adminisier drugs thal contain radialsolopes
Depending on the test, patients can receive
an injection, ar they can inhale or swallow the
dfieg. These drugs, which belong to a class
caled rvnnn'mphur'mnr?u#mff. emil radiation
and cause parts of the body 1o show up
differently in images taken by gamma cam-
eras and olher equipment. Areas with atyplcal
concentrations of radioactivity signal prob-
lems. The drugs enable doctors to see paris
of the body that are diseased, damaged, ar
not tunctioning propery, Tumors are detected
in this wany

Muclear madicine is also used to treat differ-
et diseases. Nuclear madicing technologests
adminisier varous radiotherapy procedures,
such as radiation therapy for breast, prostate,
and bone cancers.

@niﬁ QUESTIONS TO CLARIEY

Write several guestions that you have about
rnuclear medicine and nuclear medicine
technologists. Use print or online sources to
firsdl Answsers. Shane the guestions amnd
BREWERS With your Classmates

Nuciepr medicing tachnologists prepare ang sdministe
radeam v diuls b patspnts Detode dingnoslic bess 1
Datecl atmarmeaiies i e Doy

Testing Equipment

Muclkear medicine technologlists operate
speciallzed equipment and wse computers to
process the data produced by the tests. In
conjunciion with mages produced by gamma
cameras and PET scanners, they may run
tests using X-ray radiography, magnetic
resonance imaging (MRI) scanners, computed
tomography [CT), and computerized axial
tomagraphy (CAT) scanners.

Muclear medicine technologists also work
closely wath patients, gathernng medical
information, preparing them for tests, and
explaining how tha tests work, Thanks to
technology and dedicated prolessionals in
muchEar medicine, diseases ane detectad
earller and lives are saved every day

ol T il o el il
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STUDY GUIDE

B G0 DNLINE 1o study with wour Science Notebook

Lesson 1 MUCLEAR RADIATOM

* Wilhelm Koentgen discoversd X-rays in IS5

= |enn Hn'qlwn'l, Ylarme Cune, and Pierme Cunie ]'urlm;vn'd thie
fiekds of radisactivity and nuclear chemistry,

* Radwdsobopes emil radiation bo altain mone stabile abomice
comfigurations

Inspare: Chemistry 9-12 Student Edition

tadioisntope
Kamy
prtemnirr dding powsEr

Leszon 2 RADIOACTIVE DECAY
# Thix comersion of an atom of one element o an abom ol anolher
by rmdiactive decay processes is called fromsmadmizon,

Abomic number and mass number are conservied in machear
resla LS.

A half-lafe 1s Ee fime sequired or kalf of the atomis ina
madioactive sample to decay

h:HI{}].Llr?\.':H.[-E}I

Kadochwmidal dating 1 a techmdguie bor deter mivming e age ol
an object by measuring the amount of certain radioisodopes
remaining in the object

I sl Mo

MICiaOT

Sirang nuclear force
band ol statiimy
EOSATI Bmissan
pOsErom

Bl caphive
radioaciive deciny e
malf-iife

radinchemics! dnling

Lessan 3 NUCLEAR REACTIONS

¢ |nduced wansowstabion is the bombardment of nucled with
partiches in order o0 create new elements.

« = a chain reactsen, ome reachion mduces others bo oocar
A sulffichent mass of fisshonable material 5 necessary o initiate
the chain reachon.

= Fesson and hssaon reschons release Bge amounis of energy.

E= it

£

-

IR TS LN
TF ArdLrA i e ot
mass dehect

racienr fissan

critical mass

BrEeOEr tasct
muclapr fision
IMETMANUCIES FERCnn

Leszon 4 APPLICATIONS AND EFFECTS OF NUCLEAR
REACTIONS

* Dhtberent typos af counters are used o detect and measune
rachialim

Radsracers are used o dliagrnoae disease anmnd o analyre
chemical reactions

Shori-term and bong-lerm radiaton exposure can cause damage
o fwing colls.

L = |

emizimg radiatian
radiolracer
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7. THREE-DIMENSIONAL THINKING

\&/ Module Wrap-Up

REVISIT THE PHENOMENON

Where does the Sun get
all its energy?

@& Claim, Evidence, Reasoning

Explain Your Reasoning Revisil the claim you made when you encountered the
phenomencn. Summarize the evidence you gathered from your investigaticns and
research and finalize your Summary Table. Does your evidence support your claim? If nal,

revise your claim. Explain why your evidence suppons your claim.

STEM UNIT PROJECT

Mow that you've completed the modube, revisit your STEM unit project. You will
apply your evidence fram this module and camplete your project.

GO FURTHER

B3 Data Analysis Lab
How does distance affect radiation exposure?

When cne of the reactars at the Chernobyl nuclear power plant
exploded, the radiation spread over thousands of kilometers. The
intensity of the radiation decreased with the distance fram the
reaciorn

Data and Observations The graph shows the intensity of a radioac-
tive source versus the distance from the source. The unit of radiation
Intensity (millilems per second per square meter) indicates the
amount of radiation striking & sguare meter each second.

Analyze and Interpret Data
1. Clalm How does the radiation exposure change as the distance
doutiles from 01 m o 0.2 m? How does it change as the distance
guadruples from 00 m to 0.4 my
2. Evidence, Reasoning Determing the distance from the source al
which the radlation decreased to 0.69 mrem/s.-m?, This intensity
i% the masimum raﬂialmr EEEQ!‘-LITE intensity considened sale,

{Hint: Use the equation | = —)
? i

}

Radistion intensity |

SO0
BOOO
7000
BOOO
5000
4000
3000
2000
1500

Radiation Intensity v.
Distance from Source

I:'U 0F 02 03 04 05 06

Distance from source {m)
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