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YOU SOLVE IT

How Can You Change the
Properties of a Substance?
To begin exploring this unit’s concepts,
go online to investigate ways to solve a
real-world problem.

The reaction of copper and nitric acid produces
nitric oxide gas and a solution of copper nitrate.
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FIGURE 1: The Columbus Tower in San

Francisco has a green patina.

If you ever walked past the Columbus Tower, also known as the
Sentinel Building, in San Francisco, you likely noticed its unusual
color. The outside of the building is covered with white tile and
blue-green metal. The metal is copper. When the cladding was first
added to the building in the early 20th century, it was the color of
a shiny copper penny. In time, the exposure of the building’s outer
walls to compounds in the air changed it first to a reddish color,
then black, and finally the blue-green color it has today. You might
have seen similar changes in the color of a metal bicycle left out in
the rain as it began to rust, or noticed a similar color on the Statue
of Liberty. The formation of the patina on the Columbus Tower and
rust on a bicycle adds mass to the objects.
PREDICT How can the mass of an object increase? How might this
change in mass be related to a change in color?

DRIVING QUESTIONS

1. How do forces between particles affect the properties of materials?
2. How can interactions between particles be modeled?
3. How does the law of conservation of mass apply to chemical reactions at both the
macroscopic and subatomic scales?
4. In what ways can the changes in chemical reactions be quantified in terms of
reactants and products?
5. What is solubility, and how do different factors affect it?

UNIT PROJECT

Designing Detergents
Go online to download
the Unit Project
Worksheet to help
plan your project.

210

A detergent is a cleansing agent that cleans materials by combining with dirt
and oil so that it can be dissolved and washed away. Investigate properties of
natural and synthetic detergents. What is the difference between the two and
does it affect how they work? Develop a plan to optimize a particular property
of a detergent, such as environmental safety while maintaining performance.

Unit 4 Chemical Attractions
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As you move through the unit, gather evidence to help you answer the following
questions. In your Evidence Notebook, record what you already know about these topics
and any questions you have about them.

Language Development
Use the lessons in this unit to complete the chart and expand your
understanding of the science concepts.
TERM: polarity
Definition

Similar Term

Example

Phrase

TERM: hydrogen bonding
Definition

Similar Term

Example

Phrase

TERM: law of conservation of mass

© Houghton Mifflin Harcourt Publishing Company

Definition

Similar Term

Example

Phrase

TERM: mole
Definition

Similar Term

Example

Phrase
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LANGUAGE DEVELOPMENT

TERM: chemical equation
Definition

Similar Term

Example

Phrase

TERM: solution
Definition

Similar Term

Example

Phrase

TERM: solubility
Definition

Similar Term

Example

Phrase

Definition

Similar Term
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Example

Phrase
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TERM: concentration

4.1

The Properties of Materials

Fog rolls over the Golden Gate Bridge in San Francisco, California.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Spondylolithesis/E+/Getty
Images

CAN YOU SOLVE IT?
Along the California coast, it is common to see fog for several days each year. In places
where water resources can be scarce but fog is plentiful, some people are hoping to
“harvest” water from the fog. Scientists and engineers around the world have tested
different methods for collecting water from fog. When developing water-collecting
technology, the properties of the materials are especially important. Some researchers have
looked to nature for inspiration, studying plants and animals that collect water from the air.
For example, some desert insects are able to capture water on their bodies. Understanding
how living things attract water to their bodies allows scientists to develop materials that
can do the same. Materials scientists look for patterns in how natural fog-collecting systems
work and then investigate how these patterns can be applied to human-made systems.
PREDICT What properties do you think a material should have to collect water from fog?
What criteria and constraints might be important when designing a material like this?

Evidence Notebook As you explore this lesson, gather evidence to explain how the

properties of materials at a larger scale are related to forces at the atomic scale.

Lesson 1 The Properties of Materials
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EXPLORATION 1

Observing Properties of Compounds
FIGURE 1: Static makes a

person’s hair stick to a balloon.

Have you ever rubbed a balloon on your head? If so, you may have noticed
that “static” makes your hair stand up. You also may have noticed that your
hair sticks to the balloon, a phenomenon commonly known as “static cling.”
PREDICT What do you think causes hair to stick up when rubbed on a
balloon, as shown in Figure 1? Why might hair to stick to the balloon?

Forces Between Particles
may attract or repel each other.

opposite charges attract
like charges repel

Most materials have no overall charge because they have equal numbers
of protons and electrons. When you rub a balloon on your hair, however,
electrons from atoms in your hair are transferred to atoms in the balloon. This
transfer makes some atoms in your hair positively charged and some atoms
in the balloon negatively charged. Because like charges repel, the positively
charged strands of your hair spread far away from one another. Opposite
charges attract, so the positively charged hair sticks to the negatively charged
balloon. Repulsions and attractions due to electric charge are known as electric
force. Another name for electric force is the Coulomb force.

Math Connection

Calculating Force
Coulomb’s law describes how to calculate electric force. This law states that the
magnitude of the electric force (Felectric) between two point charges (q1 and q2) is
directly related to the product of the charges and inversely related to the square of
the distance (d) between them. The Coulomb constant (kC) is a constant used in the
calculation of electric force. The equation for Coulomb’s law is:
q 1q 2
Felectric = k C _
d2
Collaborate As charge increases, electric force increases. However, if the distance

between two charges doubles, electric force decreases by a factor of four. How does the
equation for this law demonstrate these relationships between charge, distance, and force?

214
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FIGURE 2: Charged particles

Attractive forces exist between protons and electrons in atoms.
In ionic compounds, strong attractive forces hold ions tightly
together, which explains why these compounds have high melting
points. Molecular compounds tend to have relatively low melting
points, but attractive forces can still exist between molecules.

FIGURE 3: Capillary action

ASK Figure 3 shows capillary action, in which a liquid moves up a
narrow opening in a glass tube against the force of gravity. Write
some questions you have about why water exhibits capillary action.

Hands-On Lab

Modeling Intermolecular Forces
Models can help explain how interactions at the small scale affect properties of
substances at the larger scale. In this activity, you will use magnets to model the
strength of forces between molecules. Forces between molecules are known as
intermolecular forces. Typically, as the strength of the forces between molecules
increases, the energy required to change the state of that substance also increases.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (tr) ©Richard Megna/Fundamental
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MATERIALS

• Indirectly vented chemical splash goggles
• Boxes of labeled “molecules,” each containing magnets of a different strength
SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles during all segments of the activity.
indirectly vented
chemical splash
goggles

CARRY OUT THE INVESTIGATION

1. Make a table in your Evidence Notebook to record observations of the strengths
of intermolecular forces between “molecules” in each of the five labeled boxes.
2. Use the magnets in each box to model the intermolecular forces between these
molecules. Note the amount of force you need to pull each set of magnets apart,
and record your observations.
3. Draw a scale of intermolecular force strength in your Evidence Notebook. Label
the left end Weakest and the right end Strongest. Plot the formulas and names for
the five molecules you modeled in the correct order along the scale.
CONSTRUCT AN EXPLANATION

In your Evidence Notebook, rank the molecular substances you modeled
from lowest boiling point to highest. Give evidence for your claim, and explain
your reasoning.

Lesson 1 The Properties of Materials
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Uneven Molecular Charges
Why do different molecular compounds exhibit different intermolecular
forces? The answer has to do with the type of atoms in a molecule and how
they are arranged. Recall that electronegativity is the tendency of an atom
to pull electrons toward itself. When two atoms of the same element form a
covalent bond, such as that in Cl2, the bonding electrons are evenly shared
between the two atoms. This is known as a nonpolar covalent bond. When
atoms of two different elements form a covalent bond, such as that in ICl, the
atom with the higher electronegativity attracts the bonding electrons more
strongly than does the other atom. This is known as a polar covalent bond. This
uneven distribution of charges in a molecule is known as polarity.

FIGURE 4: In a nonpolar

covalent bond, the electron
cloud is evenly dispersed. In a
polar covalent bond, it is not.

nonpolar covalent bond

polar covalent bond

In a polar molecule, such as ICl, one end of the bond has a partial negative
charge, and the other end has a partial positive charge. These two ends are
called poles, and a molecule with two poles is said to be a dipole. Magnets
can be used to model dipoles because a magnet has a north pole and a south
pole. In Figure 5, a model of iodine monochloride, ICI, is shown. Its dipole is
represented by an arrow with a head that points toward the negative pole and
a crossed tail near the positive pole. Partial charges are represented by the
lowercase Greek letter delta, δ. A partial positive charge is shown as δ+, and a
partial negative charge is shown as δ−.

FIGURE 5: Iodine chloride is a

dipole.

δ+

δ-

The polarity of diatomic molecules such as ICl is determined by just one bond. For
molecules that contain more than two atoms, polarity is determined by both the polarity
of the individual bonds and the three-dimensional arrangement of the molecule. How
the three-dimensional arrangement of dipoles in a molecule affects the overall polarity
of the molecule is shown in Figure 6. A water molecule has two dipoles, and because the
molecule is bent, the arrangement of the bonds is not symmetrical. In addition, there are
two unshared electrons on the oxygen atom in a water molecule. Therefore, the water
molecule is highly polar. It behaves as if it has two centers of charge, one positive and one
negative. Carbon dioxide, by contrast, is nonpolar, even though it has two polar bonds.
The carbon dioxide molecule is symmetrical, so the two dipoles cancel each other out.
FIGURE 6: Water and ammonia are polar molecules, whereas carbon tetrachloride and carbon dioxide are nonpolar.

δ+
a

Water, H2O

δ+
b

Ammonia, NH3

The water molecule is bent, so its bond polarities combine
to give one end of the molecule a partial positive charge
and the other end of the molecule a partial negative charge.
Ammonia has a pyramid shape, so it is also a polar molecule.

c

Carbon tetrachloride,
CCl4

d

Carbon dioxide, CO2

In carbon tetrachloride and carbon dioxide, the bond
polarities extend equally and symmetrically in different
directions, canceling each other’s effect. Therefore, these
molecules are nonpolar.

Collaborate Think back to the question about why water exhibits capillary action. With a
partner, make a claim for how this phenomenon is related to the polarity of water molecules.

216
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δ-

δ-

Dipole-Dipole Forces
You have seen that in the polar molecule iodine chloride, the highly electronegative
chlorine atom has a partial negative charge, causing the iodine atom to have a partial
positive charge. As a result, the negative and positive ends of neighboring iodine chloride
molecules attract each other. In Figure 7, these attractive forces are shown as arrows.
δ+

δ-

δ+

δ-

Key

I

FIGURE 7: The arrows show the dipoledipole forces between the positive
and negative ends of neighboring ICl
molecules. These forces can be modeled
by magnets because the south pole of a
magnet is attracted to the north pole of
other magnets.

Cl
δ-

δ+

δ-

δ+

Dipole-dipole
forces

When a liquid is heated, energy is added to the system. The kinetic energy of the liquid’s
molecules increases, and they move faster. As the temperature approaches the boiling
point, the molecules move fast enough to overcome the attractive forces between
molecules. They pull away from each other and enter the gaseous state. Boiling point is
a good measure of the attractive forces between molecules of a liquid. The stronger the
forces are between molecules, the higher the boiling point will be.
APPLY Select the correct terms to complete the statement about ICl and Br2.
ICl is a polar | nonpolar molecule, whereas Br2 is polar | nonpolar. The boiling point
of ICl is likely to be higher | lower than the boiling point of Br2. This is due to dipoledipole interactions between two positive | two negative | positive and negative

© Houghton Mifflin Harcourt Publishing Company

portions of polar molecules.
A polar molecule also can induce the formation of a dipole in a
nonpolar molecule by temporarily attracting the electrons in the
nonpolar molecule. This results in a short-range intermolecular
force. For example, the positive pole of a polar water molecule
causes a temporary change in the electron distribution of an
adjacent nonpolar O2 molecule. The temporary negative pole
induced in the side of the O2 molecule closest to the water
molecule is attracted to the positive pole of the H2O molecule. This
shift of electrons in the oxygen molecule then causes an induced
positive pole on the opposite side of the oxygen molecule.

FIGURE 8: Dipole-induced dipole interaction

δ+
δδ+

water, H2O

EXPLAIN Do you think a dipole-induced dipole interaction is
stronger or weaker than a dipole-dipole interaction? Use evidence
to support your claim.

oxygen, O2

δ+
δ-

δ-

δ+

δ+
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Hydrogen Bonding
Some dipole-dipole interactions can be especially strong. For example, in some hydrogencontaining compounds such as hydrogen fluoride (HF), water (H2O), and ammonia (NH3), a
special kind of dipole-dipole interaction exists.

Boiling Points and Bonding Types
Bonding Type
Nonpolar-covalent
(molecular)

Polar-covalent
(molecular)

Ionic
Metallic

Substance

bp (1 atm, °C)

H2
O2
Cl2
Br2
CH4
CCl4
C6H6

−253
−183
−34
59
−162
77
80

PH3
NH3
H2S
H2O
HF
HCl
ICl

−88
−33
−60
100
20
−85
97

NaCl
MgF2

1465
2239

Cu
Fe
W

2567
2861
5660

GATHER EVIDENCE Study the data in the table. What patterns
do you notice within groups and between groups of different
bonding types?

You may have noticed in the table that some hydrogencontaining compounds have unusually high boiling points. These
compounds have two things in common. First, they all contain a
hydrogen atom. Second, the hydrogen atom is bonded to a highly
electronegative atom that has pulled hydrogen’s bonding electron
almost completely away. Thus, the hydrogen atom is left with a
strong partial positive charge.
Molecules that contain a hydrogen atom bonded to a highly
electronegative atom—fluorine, oxygen, or nitrogen—are strongly
polar. Particularly strong dipole-dipole forces exist between
molecules of these compounds. The name hydrogen bonding is
given to the intermolecular force in which a hydrogen atom that
is bonded to a highly electronegative atom (and thus is positively
charged) is attracted to a partial negative charge on a nearby
molecule. A hydrogen bond is usually represented by a dotted
line that connects the hydrogen-bonded hydrogen to the partial
negative charge on another molecule.

© Houghton Mifflin Harcourt Publishing Company

MODEL Label the partial negative and partial positive charges on the water molecules.
(Red spheres indicate oxygen atoms, blue spheres hydrogen atoms.) Then, draw dotted
lines between the molecules to represent hydrogen bonds. Hydrogen bonds should form
where opposite dipoles are near each other.

218

Unit 4 Chemical Attractions

Analyzing the Properties of Water

FIGURE 9: Different liquids exhibit different
Water is a substance with many unusual properties given its
amounts of surface tension.
relatively small molecular mass and size. For one, it has an
unusually high boiling point. In addition, water adheres, or “sticks”
to surfaces such as glass. This explains why water appears to
climb up narrow tubes in the phenomenon known as capillary
action. Cohesion between water molecules causes water to form
a bubbled-up shape when it is dropped onto some surfaces. The ability of the surface of
a liquid to form a “skin” is known as surface tension. This property of water allows some
smaller insects to walk easily on its surface.

EXPLAIN Explain how the formation of hydrogen bonds is related to the unique
properties of water. Discuss the role of hydrogen bonds in boiling point, capillary action,
and surface tension.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Paul Souders/The Image Bank/
Getty Images

FIGURE 10: Water molecules are arranged differently in solid water than in liquid water.

solid water

liquid water

If you have ever frozen a full bottle of water, you have discovered that, unlike other
substances, water expands when it freezes. Like many of water’s unique properties, this
is related to the formation of hydrogen bonds. When water freezes, the molecules lose
kinetic energy and slow down, so more hydrogen bonds form between them. The water
molecules form a network structure in which each water molecule is held away from
nearby molecules at a fixed distance. Hydrogen bonds are constantly being formed and
broken between molecules in liquid water. In order for liquid water to boil and become a
gas, hydrogen bonds between the water molecules must be broken.
INFER Complete the statement to explain why icebergs float in
liquid water.

FIGURE 11: Icebergs float on liquid water.

The amount of space between molecules in solid water is
less | greater than that in liquid water. As a result, the density
of solid water is less | greater than that of liquid water. Because
substances with lower density float | sink in substances with
higher density, ice floats in liquid water. This explains why
icebergs float on water and do not sink.
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Structure and Function

Living Systems

FIGURE 12: DNA

Hydrogen bonds play a very important role in living organisms. For
example, DNA molecules are held together by hydrogen bonds. A DNA
molecule looks like a long twisted ladder, with two long chains of sugar
molecules and phosphate groups making up the sides of the ladder and
nitrogen bases sticking into the center like steps of the ladder. These
nitrogen bases are held together by millions of hydrogen bonds, which
stabilize the DNA molecule. Because individual hydrogen bonds are
weak, some break to allow the chains to separate during DNA replication
and protein synthesis.
Language Arts Connection Research the structure of DNA. Why is
it important to have hydrogen bonds rather than ionic or covalent bonds
holding the two chains of DNA together? As part of your research, find out how
humans are modifying DNA taken from natural sources, such as plants and
spiders, and changing it to code for new and different materials.

FIGURE 13: When an instantaneous,

temporary dipole develops in a
helium atom, it induces a dipole in a
neighboring atom.

+2

+2

momentary dipole
in one helium atom

+2

+2

dipole induced in
neighboring atom

In all atoms, electrons are in constant motion. As a result, the
electron distribution may become slightly uneven at any instant.
While this uneven distribution of charge lasts for only a very short
period of time, it creates a positive pole in one part of an atom
or molecule and a negative pole in another part. This temporary
dipole does not affect molecules or atoms that are far away, but
it can induce a dipole in a nearby neighbor. The two atoms or
molecules are held together for an instant by the weak attraction
between the temporary dipoles. These weak intermolecular
attractions that result from the constant motion of electrons are
called London dispersion forces. All London forces are temporary
because electrons are in constant motion and so quickly move to
other locations. Unlike hydrogen bonds, London dispersion forces
exist between atoms or molecules of any kind, including nonpolar
molecules and noble gas atoms.
The strength of London forces increases as the number of electrons
in the interacting atoms or molecules increases. So, London
dispersion forces increase with increasing atomic or molar mass.
This trend is evident in the halogen group of the periodic table.
While the lightest halogens, fluorine and chlorine, are gases at
room temperature, the next larger, bromine, is a liquid. The next
larger still, iodine, is a solid.

Evidence Notebook Briefly summarize each type of intermolecular force that can occur

between particles. Then, make a claim about which of these forces is most likely responsible for
making fog stick to a surface. Use evidence to support your claim, and explain your reasoning.
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London Dispersion Forces

EXPLORATION 2

Hands-On Lab

Exploring Intermolecular Forces
Intermolecular forces can provide information about how a substance will behave.
When a substance has strong intermolecular forces, it requires more energy when in the
solid state to become a liquid (melt) or in the liquid state to become a gas (evaporate).
As a result, melting point tends to increase and evaporation rate tends to decrease
when intermolecular forces are greater. Surface tension also increases with increasing
intermolecular forces.
In this lab, you will design a procedure to analyze intermolecular forces in four common
household chemicals—water, acetone, isopropyl alcohol, and glycerol. The structures
of these substances are shown in Figure 14. You should collect data related to the
evaporation rate and surface tension of these compounds. Then, you will analyze your
results to answer the research question for this lab.
Research Question: How do intermolecular forces affect the surface tension and
evaporation rate of different molecular compounds?
FIGURE 14: Structures for water, acetone, isopropyl alcohol, and glycerol
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MAKE A CLAIM

In your Evidence Notebook, explain which type of intermolecular forces you think act in
each substance and explain your reasoning. Then, make a prediction about the strength
of the total intermolecular force in each substance.
POSSIBLE MATERIALS
• indirectly vented chemical splash goggles,
nonlatex apron, and nonlatex gloves

• glycerol in dropper bottle

• acetone in dropper bottle

• marker

• flasks with stoppers (4), each containing
water, acetone, isopropyl alcohol,
or glycerol

• stop watch or clock with second hand

• isopropyl alcohol in dropper bottle

• water in dropper bottle
• wax paper (1 sheet)

Lesson 1 The Properties of Materials
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SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles, a nonlatex apron, and nonlatex gloves
during the setup, hands-on, and takedown segments of the activity.
• Some of the materials used in this lab are flammable and may produce fumes.
Investigations should be carried out inside a fume hood.
• Never pour chemicals, either used or unused, back into their original container. Dispose
of chemicals according to your teacher’s instructions.
• Immediately wipe up any spilled water on the floor so it does not become a
slip/fall hazard.
• Use caution when working with glassware, which can shatter if dropped and cut skin.
• Wash your hands with soap and water immediately after completing this activity.
PLAN THE INVESTIGATION

1. In your Evidence Notebook, develop a procedure and safety plan for your investigation.

indirectly vented
chemical splash
goggles

2. Draw a data table in your Evidence Notebook for recording your observations and data.
When designing your data table, consider what types of data would be appropriate for
analyzing surface tension and rate of evaporation.
3. Have your teacher approve your plans before you begin your work. If you need
additional materials to complete your procedure, discuss these with your teacher.
4. Clean up your lab area and dispose of your lab materials as instructed by your teacher.
DRAW CONCLUSIONS

Write a conclusion summarizing your results. Include the following sections:
Claim How would you rank the strength of the intermolecular forces in the compounds?
Evidence Cite evidence from your data to support your claim.

© Houghton Mifflin Harcourt Publishing Company

Reasoning Explain how the data you cited supports your claim. What is the connection
between your results and the strength of intermolecular forces?

Evidence Notebook How could the knowledge you gained from this investigation be applied

to the question about fog collection? What properties would a material need to have to collect
water from the air, and how do these properties relate to intermolecular forces?
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EXPLORATION 3

Materials Science and Design
Have you ever wondered how smartphone glass was developed?
Engineers are always trying to improve materials. Materials
science is the scientific study of the properties and applications
of materials. In developing flexible phone glass, for example,
scientists and engineers not only had to study the properties of
the glass, but they had to find ways to deliver needed quantities
of the glass to the manufacturer. Flexible glass can be delivered in
rolls and then cut into pieces.

FIGURE 15: Testing the flexibility of
screen glass

The Structure of Materials
Materials scientists develop new materials and optimize the performance of materials
that already exist. These scientists investigate how factors at the atomic scale affect the
properties of materials at the macroscopic scale. Materials are often subdivided into five
major categories: metals, ceramics, semiconductors, polymers, and composites.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (t) ©Fredrik von Erichsen/dpa/
picture alliance/NewsCom; (c) ©B Christopher/Alamy; (b) ©aquatarku/iStock/Getty Images

Metals
For thousands of years, humans have used metals for many purposes from
tools to jewelry. In fact, historians talk about the transitions from the Stone
Age to the Bronze or Iron Ages when discussing ancient human history. Today,
materials scientists are still finding ways to make and use new metal products
more efficiently. In addition, scientists can combine different metals to form
alloys such as steel that have different properties from their components. All
metals exhibit metallic bonding where valence electrons are shared by the
entire solid. Thus, they share properties of thermal and electrical conductivity,
malleability, ductility, and the ability to reflect light from their shiny surfaces.
These properties allow us to develop medical implants, lighter airplanes, and
better methods of communications.

FIGURE 16: Titanium metal is
used for artificial hips.

Ceramics
A ceramic is neither metallic nor organic. Most ceramics are hard and
chemically non-reactive, and they usually are formed by heating other
substances. Some ceramics are conductors, meaning they transmit electricity
and heat, while others are not. Glass, pottery, clay, bricks, tiles, and cement are
typical ceramics. They are used to make such diverse products as spark plugs,
artificial joints, body armor, skis, cooktops, and race car brakes.

FIGURE 17: Porcelain or glass
insulators may protect utility
poles from high voltages.

EXPLAIN Recall that metals conduct electricity because metal ions exist in a
“sea” of electrons, and the electrons are free to move between the ions. Based
on this information, what do you know about the electrons in ceramics?
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FIGURE 18: A clean room at a computer-chip

production facility

Semiconductors

Semiconductors are materials that have electrical conductivity
values between that of a conductor, such as copper, and an
insulator, such as glass. Their resistance decreases as their
temperature increases. Thus, they are not effective conductors
at low temperatures, but they do conduct electrical currents at
temperatures above room temperature. This property makes
them valuable in advanced electronics and communications,
where their conducting properties may be altered in useful ways
by the controlled introduction of impurities. Silicon, the most
widely used semiconductor, makes up chips in electronic devices.
Chip production must be done in clean rooms under controlled
conditions with low concentrations of dust particles and other unwanted impurities and
at a specific humidity. Semiconductors are also used to make solar cells because they
absorb light and generate a current. They are used to make lasers and LEDs because they
can emit colored light when they contain certain impurities.

Polymers

FIGURE 19: Polymer Structures

linear

cross-linked

branched

networked

The properties of different types of plastics result from their
molecular structure. For example, a linear polymer is a long chain
of subunits linked together. Because linear chains can stack closely
together, materials made of this type of polymer, such as nylon,
have relatively high densities, strengths, and melting points.
Branched polymers have groups of subunits branching off from a
long polymer chain. Depending on how these side chains branch
off, intermolecular forces may exist between them. For example,
the polymers in low-density polyethylene (LDPE) are more highly
branched than those in high-density polyethylene (HDPE). As a
result, the polymers in LDPE cannot stack as neatly together, and
the plastic is more flexible than HDPE. However, plastics made of
LDPE are not as strong as those made of HDPE.

Cross-linked polymers form long chains, either branched or linear, that develop covalent
bonds between the polymer molecules. These bonds are much stronger than the
intermolecular forces that hold other polymers together. Thus, cross-linked polymers
such as synthetic rubber are strong and stable. Finally, network polymers, such as epoxy
adhesives, form so many interconnections between chains that an entire sample of the
polymer may be a single molecule. These polymers are strong and heat resistant.
Thermoplastics are polymer-based materials that melt when heated. Their properties are
influenced by electrostatic forces between their molecules. Thermoplastics are formed by
applying heat and pressure to the monomer subunits. The length of the polymer, which
influences properties such as toughness and melt temperature, can be controlled. The
melt temperature of a thermoplastic affects how easily it can be recycled.
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Think about how many different types of plastic you use every day. They are invaluable to
everyday life, but disposing of them responsibly is not always easy. Could optimizing the
properties of plastics make it easier to recycle them? Most plastics are made of polymerbased materials. Polymers are compounds composed of very large molecules. These
molecules are made up of smaller subunits called monomers. Polymers are everywhere—
from storage containers to biomedical items such as contact lenses. DNA, spider silk, and
proteins are natural polymers. The hydrocarbon monomers that make plastics come from
fossil fuels. Hydrocarbons are compounds that contain only carbon and hydrogen.

After the polymers in thermoplastics form, the chains are like long, tangled
bundles of spaghetti. There are no covalent bonds between chains, but there
are weak attractive forces that exist between neighboring chains. These forces
become stronger when the plastic cools and weaker when it is heated. The
shape of the polymer molecules also influences the final material because it
affects how densely the molecules will pack together.

FIGURE 20: Thermoplastics

EXPLAIN Select the correct terms to complete the statement.
The greater the attractive forces are between molecules in a thermoplastic,
the more flexible | tougher the material will be. Greater intermolecular
forces between chains also means the plastic will melt at a lower | higher
temperature. In Figure 20, the bottle with stronger intermolecular forces
between its molecules is most likely the intact | melted bottle. The bottle
that would be easier to recycle is most likely the intact | melted bottle.
Recycling reduces pollution and the need for new materials.

Influence of Science, Engineering, and Technology

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (tr) ©Martyn F Chillmaid/Science
Source; (br) ©Mark Davidson/Alamy

Composite Materials in Prosthetic Limbs
In a composite, different materials are combined to form a new
material with its own unique properties. One component of a
composite typically surrounds and binds the other component.
The original materials and the new material all exist separately
in the final structure. The first composite made was fiberglass,
composed of glass fibers and plastic. Glass is strong but brittle.
The plastic holds glass fibers together to form a light, strong,
and flexible composite. Other modern composites include
wood laminates used for flooring, reinforced concrete, and
even waterproof clothing.

FIGURE 21: Carbon fiber is a composite
material that makes prosthetic limbs
lightweight and durable.

Composite materials have helped revolutionize many products,
including vehicles, sports equipment, and prosthetic limbs. For
example, the “blade leg” shown in Figure 21 typically contains
carbon fiber material. This composite material was originally
developed for use in aerospace technologies, but its use has expanded quickly due to its
desirable properties. The advantages of using carbon fiber over more traditional materials
include increased flexibility, greater durability and strength, and reduced weight.
Carbon fiber is made by embedding fibers made from carbon in a resin. Different forms of
carbon fiber have different properties based on the orientation of the fibers and the type
of resin used. Controlling these aspects of the material allows scientists to develop carbon
fibers with varying degrees of strength, weight, and stiffness. The development of new
composite materials is likely to keep changing the way we use materials in our daily lives.
Language Arts Connection Research composite materials used in the construction of prosthetic
limbs. Make a pamphlet explaining the costs and benefits of these materials in terms of affordability,
durability, and environmental impact. In addition, explain how the properties of these materials at the larger
scale are related to their properties at the atomic scale.
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Engineering

Optimizing Material Design
As was mentioned at the beginning of this lesson, fog collectors could provide an
alternative source of fresh water in dry areas. This technology works best in areas with
frequent foggy periods. This includes coastal areas where fog is moved toward the land by
wind, similar to many parts of California. Fog-collecting technology also has been used in
other parts of the world, including Chile, Peru, and Guatemala.

Researchers are taking inspiration from living things to design water-collecting materials.
For example, the Namib desert beetle survives in its desert home in southern Africa by
drinking water that condenses on its hard, bumpy wing covers in early morning fog. A
microscopic examination of the beetle’s wings shows that they are covered with tiny
bumps and grooves that appear to be composed of different materials. The bumps are
made of a material that attracts water from the air, and the material that makes up the
grooves repels the water. Thus, the water runs along the grooves and is channeled into
the beetle’s mouth. Engineers have used this observation to develop a new material
that mimics the way the beetle’s water-gathering system works. One part of the material
attracts and collects water from the air. Another part of the material repels this water,
which runs off the material and can be collected.
FIGURE 23: The Namib desert beetle can

harvest water from the air.
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ASK What are some questions you would ask to learn more about
how living things collect water from the air?

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (t) ©Lee Rentz/Photoshot;
(bl) ©Nature Picture library/Alamy Stock Photo/Alamy

FIGURE 22: These nets are part
of a fog-harvesting project
on East Anacapa Island in
California. The material used
in nets like these is usually
nylon, polyethylene, or
polypropylene. The density
of the mesh can be varied to
capture more or less water.
Droplets that collect on the
mesh may drip into a gutter or
similar structure that channels
the water into a storage tank.
Dust, debris, and algae must
be regularly removed from
nets, and storage tanks must
be maintained to prevent fungi
and bacterial growth.

Could fog collection be an answer to problems associated with water scarcity in areas
such as California? This technology has many factors that must be considered before
it is installed in an area. For example, fog is often seasonal, so fog may not be available
year-round. The technology also works best at particular heights and slopes. In addition,
it is not unusual for a person in the United States to use 80 gallons of water per day.
This amount does not include the amount of water used to grow crops or manufacture
products. So, it might be asked whether enough water is produced to make the process
worthwhile. The water must also be transported and distributed.
ANALYZE Imagine you are designing a system that will provide irrigation water for
crops in a California town. The town experiences heavy fog for four months each year. List
some criteria and constraints that would be important to consider when developing this
material. Then, prioritize the items according to their level of importance.

After developing a new material, such as a water-collecting fabric, materials scientists test
and analyze the material to make sure it has the desired properties. An engineer may use
a decision matrix to determine how well a design meets important criteria. In a decision
matrix, each criterion is given a number, or weight, based on how important that criterion
is. For example, in the hypothetical decision matrix below, durability is given a weight of
4, so, it is the most important criterion. Limiting algae growth is the least important, so
it has a weight of 1. Each design is rated based on how well it meets the chosen criteria.
The score for each criterion in a design is then multiplied by its respective weight, and the
products are totaled. Engineers may choose to take the design with the highest score to
the next phase in the engineering design process, or they may choose to brainstorm new
ideas if no designs meet the requirements satisfactorily.

Decision matrix for fog-collecting material
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Design Criteria

Weight

Design 1

Design 2

Design 3

Durability

4

5

1

4

Water collected

3

2

3

4

Cost

2

1

2

1

Algae growth

1

1

4

0

29

21

30

Total Points

A matrix helps engineers consider tradeoffs of different designs. Materials scientists
optimize materials for efficiency. They also optimize the processes that produce those
materials. After repeated testing of a material, scientists may start the design process
over again. If the manufacturing process is inefficient or too costly, a new process may be
developed. The optimization process constantly considers these tradeoffs.
Evidence Notebook How would you analyze the performance of a fog-collecting material?

What tests would you run, and how would you measure a successful design?
Lesson 1 The Properties of Materials
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EXPLORATION 4
Engineering Lab

Experimenting with Polymers
You are a materials scientist who has been hired by a toy company to develop a bouncy
polymer toy. You will make an initial version of the polymer by cross-linking polyvinyl
alcohol (PVA) monomers with sodium borate. Then, you will test the polymer’s properties
and determine how to optimize it to make it bouncier.
FIGURE 24: Sodium borate forms covalent bonds to link chains of polyvinyl alcohol.
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DESIGN CHALLENGE

The company wants the toy to bounce 15 cm high when dropped from a height of 15 cm
at room temperature. The toy should retain a spherical shape for several bounces, and
it should be colored blue. The toy should be stretchy and moldable, but these criteria
are less important to the company. The company would also like to conserve water and
energy as much as possible during the production process and reduce negative impacts
on the environment.

Define the engineering problem you must solve in this lab. Identify the criteria and
constraints for the problem.
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DEFINE THE PROBLEM

MATERIALS

• indirectly vented chemical
splash goggles, nonlatex
apron, nonlatex gloves

• plastic cup, 4 oz

• food coloring, blue

• ruler, 30 cm

• polyvinyl alcohol (PVA)
solution, 30 mL (5%)

• sodium tetraborate (sodium
borate) solution, 5 mL (4%)
• wooden dowel, 8 inches
long, ¼-inch diameter

• graduated cylinder, 50 mL
SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles, a nonlatex apron, and nonlatex gloves
during the setup, hands-on, and takedown segments of the activity.
• Polyvinyl alcohol and sodium tetraborate can irritate the skin and eyes.
• Never pour chemicals, either used or unused, back into their original container. Dispose
of chemicals according to your teacher’s instructions.
• Immediately pick up any items dropped on the floor and wipe up any spilled water so it
does not become a slip/fall hazard.
• Wash your hands with soap and water immediately after completing this activity.
DESIGN SOLUTIONS

Your first step is to make a polymer according to an existing recipe.
1. Use a graduated cylinder to measure 30 mL of polyvinyl alcohol. Pour the alcohol into a
plastic cup.
2. Add one drop of blue food coloring.
indirectly vented
chemical splash
goggles

3. Rapidly add 5.0 mL of sodium borate solution, and stir briskly for 2 minutes.
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TEST

You now need to test how well your polymer meets the criteria and constraints of the
problem you defined. In your Evidence Notebook, develop a procedure and safety plan
for your investigation. Make sure your teacher approves your plans before proceeding.
Make a data table in your Evidence Notebook to record all your observations. Then,
perform your tests. Clean up your lab station and all equipment, but do not discard your
polymer. Wash your hands thoroughly.
1. Which criteria or constraints were not met by the current polymer design?
Explain your answer.

2. How do you think the recipe needs to be changed to optimize the polymer?
Explain why you think these changes will result in the desired properties.

Lesson 1 The Properties of Materials

229

OPTIMIZE

You now need to optimize the design solution. Any problems that arose during testing
need to be addressed. You will need to consider certain tradeoffs. For example, if you try
to optimize how high the polymer can bounce, it might become stickier. You will need to
decide if that tradeoff is worth it.
1. Describe the tradeoffs you will focus on when optimizing the design solution. Explain
how these will factor into the optimization process.

You will now make a new polymer by adjusting the original recipe. The new polymer must
be tested against the original polymer in the same way. If you had problems with the
testing procedure, then you need to run the tests with both polymers.

COMMUNICATE

Make a presentation that shows how well your final design worked, how you tested the
design, and how you determined if the design was successful. You should also outline
what tradeoffs your design had compared with your original design. Then, make a
decision matrix to compare the original design to the new one and determine which
design better meets the toy company’s needs. If time allows, share your presentation
with your classmates.

Evidence Notebook Explain how the properties of the polymer you designed are related to

intermolecular forces. What are the components of a polymer, and what types of forces typically
hold these components together?
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2. Write a description of the testing procedure you plan to carry out. Make sure your
teacher approves your plans and safety precautions before proceeding.

TAKE IT FURTHER

Careers in Science
Organic Chemist

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Daniel Do

Could you use your knowledge of intermolecular
forces to help develop a cure for a disease? One person
who is doing just that is James Nowick, a professor
and organic chemist. Organic chemistry is the field
of study that focuses on the chemistry of carbonbased molecules, especially those in living things. An
organic chemist may study the structure and function
of proteins, carbohydrates, DNA, or lipids. A person in
this field might want to learn how these molecules are
produced in the body, how they interact with other
molecules, or how they affect a person’s health.
Understanding the structure and function of proteins is
an important part of finding cures for diseases such as
Alzheimer’s disease. Professor Nowick studies proteins
involved in Alzheimer’s and other neurodegenerative
diseases. His research group is developing synthetic
molecules that are similar in structure and function
to these proteins. The purpose of developing these
synthetic proteins is to model interactions between
different parts of molecules. For example, a betapleated sheet is a zig-zag-shaped structure found in
some proteins. When two beta-pleated sheets are near
each other, hydrogen bonds form between the polar
carbon-oxygen and nitrogen-hydrogen groups on the
two sheets.
By using synthetic proteins as models, Nowick’s
group is able to learn more about the forces that hold
these molecules together and how changes in these
interactions might lead to disease. The techniques his
team uses include molecular modeling, spectroscopy,
and x-ray crystallography. These tools allow the group
to understand how the building blocks of proteins
interact and how they could possibly manipulate those
interactions. The general process Nowick’s group uses
typically involves making new molecules that they
think will interact through hydrogen bonding and
other intermolecular forces. They can then analyze how
the proteins fold, interact with other molecules, and
operate in the human body.

APPLICATIONS OF
MATERIALS SCIENCE

EVAPORATION
AND INK SOLVENTS

FIGURE 25: James Nowick studies a model of an organic

molecule.

James Nowick has been honored many times for
his teaching, mentorship, and contributions to his
community. He identifies as part of the LGBTQ+
community and has worked with organizations such
as the Gay and Transgender Chemists and Allies
subdivision of the American Chemical Society. This
group works to promote inclusion, advocacy and
collaboration among LGBTQ+ chemists. Nowick’s
contributions to science and his community are
numerous. His work will likely continue to spur other
important discoveries in this field and inspire others to
pursue careers in science.
Chemistry in Your Community Research a

scientist who works in the field of organic chemistry or
biochemistry. Develop a profile for this person that explains
the topics they study, what questions they hope to answer
through their research, and how they collaborate with others
in their field. Discuss the real-world applications of their
research, and, if applicable, explain how intermolecular forces
are related to their area of study.

CAREER: BIOMEDICAL
ENGINEER

Go online to choose one
of these other paths.
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EVALUATE

Lesson Self-Check
CAN YOU SOLVE IT?

To provide water for locations that do not have adequate amounts of rain, scientists and
engineers are developing ways to harvest usable amounts of water from fog. Watercollecting methods must include ways to efficiently collect this water, store it, and then
transport it to its final destination.
To design these materials and methods, scientists and engineers have learned from
examples in nature where water is collected by living things. Observations of these
examples aid in the design and testing of materials and systems that can be used to
reclaim usable water from fog.
Evidence Notebook In your Evidence Notebook, explain what properties a material

would need to have to collect water from fog. Discuss the following in your explanation:
1. Claim What properties would the material need to have to collect fog? Would it need to
have multiple properties in multiple areas?
2. Evidence Explain how the properties of the required materials are related to interactions
at the atomic scale.
3. Reasoning Why would a material need to have the properties you described in order to
collect fog from the air?
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FIGURE 26: Areas such as San Francisco, California, have fog for several days each year.

Name

Date

CHECKPOINTS
Check Your Understanding

1. Although xenon and neon are noble gases and
therefore do not typically form bonds, weak
attractive forces do exist between atoms of these
substances. Choose the statement that best
explains why xenon has a higher boiling point
than neon.
a. Xenon has a smaller atomic mass than neon.
b. Xenon has more electrons than neon.
c. Xenon forms more hydrogen bonds
than neon.
d. Xenon is more polar than neon.
2. Water (H2O) is made up of molecules with a bent
structure, whereas hydrogen sulfide (H2S) is made
up of molecules with a linear structure. Why is
the melting point of H2O much higher than the
melting point of H2S? Select all correct answers.
a. The intermolecular forces in H2S are much
greater than those in H2O.
b. The intermolecular forces in H2O are much
greater than those in H2S.
c. The three-dimensional arrangement of water
makes it a polar molecule.
d. Hydrogen sulfide has a lower molar mass
than water.
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3. Select the correct terms to complete this
statement about polymers used in thermoplastics.
The strength of intermolecular forces between
polymer chains affects the properties of the
material. The greater the intermolecular forces
between adjacent molecules, the more | less
rigid one would expect the material to be. As the
strength of attractive forces between molecules
increases, more | less energy is required to melt

4. Which statements best describe a composite
material? Select all correct answers.
a. Composites all contain carbon, which makes
them lightweight.
b. A composite may have more desirable
properties than its components.
c. Composites form hydrogen bonds, which
makes them stronger than their components.
d. A brick made of mud and straw is an example
of a composite; a brick made of mud is not.
5. Select the correct terms to complete this
statement about charged particles.
Like charges attract | repel, and opposite charges
attract | repel. According to Coulomb’s law, as the
distance between two charged particles decreases,
the force between the particles decreases |
increases. As the magnitude of the charges
decreases, the force decreases | increases.
6. A scientist is conducting an experiment to
determine the melting point of a substance.
They find that the melting point is about 160 °C
higher than they expected based on the size and
molecular mass of the compound. What would
explain their results? Select all correct answers.
a. The substance is nonpolar, so London
dispersion forces exist.
b. Dipole-induced dipole attractions strongly
hold the molecules together.
c. Temporary dipole-induced attractions form in
the solid when it melts.
d. The substance is strongly polar, so dipoledipole attractions exist.
e. Hydrogen bonding strongly holds the
molecules together in the solid state.

the material. Therefore, it would be easier to
recycle a plastic with relatively strong | weak
intermolecular forces between its molecules as
compared to other types of plastics.
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EVALUATE

CHECKPOINTS (continued)
7. Refer to Coulomb’s law and explain how electric force, charge, and the distance
between charges are related.

8. Explain whether HCl or HF shows the stronger intermolecular forces and how this
is related to trends in the periodic table. Then, explain which of these compounds
would have a higher boiling point based on differences in intermolecular forces.

9. Water striders are insects that can walk on the surface of water. Would you expect
a water strider to be able to walk on the surface of acetone? Explain why or why
not, and give reasons for your answer in terms of intermolecular forces.

In your Evidence Notebook, design a study guide that supports the main ideas from this lesson:
The presence of intermolecular forces influences the properties of materials.
Materials scientists use their knowledge of molecular structure and intermolecular forces in
polymers and composite materials to develop new materials with desirable properties.
Remember to include the following information in your study guide:
• Use examples that model main ideas.
• Record explanations for the phenomena you investigated.
• Use evidence to support your explanations. Your support can include drawings, data, graphs,
laboratory conclusions, and other evidence recorded throughout the lesson.
Consider how different patterns in the physical properties of substances can provide evidence for the
existence of intermolecular forces between the molecules of substances.
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MAKE YOUR OWN STUDY GUIDE

4.2

Cycles of Matter in
Chemical Reactions

This tank holds liquid hydrogen that fuels NASA’s Space Launch System rocket.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: NASA/MAF/Steven Seipel

CAN YOU EXPLAIN IT?
Chemical reactions occur at all scales, from test tubes to rocket fuel tanks that hold
millions of liters. Rockets, in contrast to vehicles like cars and airplanes, use liquid
hydrogen as fuel. Hydrogen is lightweight, burns at a very high temperature, and provides
more thrust per unit of volume than other fuel. Liquid oxygen is required to make the
hydrogen burn. When these two reactants combine explosively inside a rocket engine,
water is formed. A water molecule—H2O—contains twice as many hydrogen atoms as
oxygen atoms. Going into space isn’t like driving to the store. Before launch, scientists
must consider the exact proportions of substances involved in this chemical reaction to
calculate the amount of fuel that is required to make the mission successful.
ANALYZE How could you determine the amount of hydrogen needed for a space flight?

Evidence Notebook As you explore this lesson, gather evidence to explain how cycles of

matter in chemical reactions can be observed and quantified.

Lesson 2 Cycles of Matter in Chemical Reactions
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EXPLORATION 1

Analyzing the Composition of Matter
Explore Online

Hands-On Lab
The Composition of Hydrates

Analyze the amount of water released
when copper sulfate hydrate is heated.

When matter undergoes a chemical reaction, patterns can be observed in the
way the matter changes. In the late 1700s, chemist Antoine Lavoisier set out
to test a theory he had about what exactly happened in a chemical reactions.
His hypothesis was that any time matter reacts in a closed system, the total
amount of matter before and after the reaction stays the same. This may seem
logical today, but, at that time, it was not a certainty. Lavoisier carried out very
precise experiments to test it. In one experiment, he flowed water through
a hot metal tube, causing a metal to rust and gas to be produced. Lavoisier
carefully weighed the materials before and after the experiment.
Collaborate If the chemical formula for water is H2O, what would you expect to find about
the proportions of oxygen and hydrogen produced by its breakdown?

Conservation of Matter
Through further experimentation, scientists confirmed that when a chemical reaction
occurs, the total amount of matter present in a system before the reaction always equals
the total amount of matter present after the reaction. So, the total mass of the reactants,
or starting materials, equals the total mass of the products, or ending materials. This is
known as the law of conservation of mass. For example, in Figure 1, different amounts of
lead and sulfur react to form lead sulfide. In each reaction, matter is conserved.
FIGURE 1: Three different combinations of lead and sulfur, which react to form lead sulfide

+
1.56 g of sulfur

+

+
10.00 g of lead

3.00 g of sulfur

+
18.00 g of lead

11.56 g of lead sulfide

11.56 g of lead sulfide 1.44 g of sulfur

+
1.56 g of sulfur

11.56 g of lead sulfide

8.00 g of lead

GATHER EVIDENCE How does the data shown in Figure 1 support the law of
conservation of mass? What other patterns do you notice in the data?
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10.00 g of lead

You may have noticed that when lead and sulfur combine to form lead sulfide, certain
patterns are apparent. The amount of lead sulfide produced remains the same, even when
more reactant is available. Experiments with different combinations of substances led
scientists to conclude that when elements combine to form compounds, they tend to do
so in predictable proportions.
For example, scientists noticed that when metals were burned in air, the metals always
combined with a proportional amount of oxygen. If potassium burned in oxygen, every
39.1 g of potassium combined with 8.00 g of oxygen. If calcium burned, every 40.1 g of
calcium combined with 16.0 g of oxygen. These observations became known as the law
of definite proportions. Also known as the law of constant composition, this law states that
chemical compounds contain fixed, constant proportions of their constituent elements.
The table shows the composition of water by mass. Consider how these data support the
law of definite proportions.

Composiiton of Water by Mass
Mass of water

Mass of oxygen

Mass of hydrogen

18 g

16 g

2g

36 g

32 g

4g

54 g

48 g

6g

72 g

64 g

8g
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EXPLAIN Write an explanation for how the data in the table support the law of definite
proportions.

Although the ratio by mass of oxygen to hydrogen in water is 8:1, a water molecule does
not have eight oxygen atoms and one hydrogen atom. We observe this 8:1 ratio because
an oxygen atom is about 16 times more massive than a hydrogen atom. The masses of
different elements might need to be considered when comparing numbers of atoms. You
will explore this concept further in another part of this lesson.
Scientists also observed that when elements combined to form different compounds, the
ratios of the masses of elements in all compounds were reducible
FIGURE 2: Models of carbon monoxide and
to small, whole numbers. This is known as the law of multiple
carbon
dioxide molecules
proportions. For example, carbon monoxide contains a different
proportion of carbon and oxygen atoms than carbon dioxide.
However, both compounds have ratios of carbon to oxygen that
are reducible to small, whole number ratios. Scientists concluded
that in chemical reactions, combinations of atoms simply
CO
CO2
rearrange. The atoms themselves, however, don’t break apart.

Evidence Notebook To launch a rocket, liquid oxygen and liquid hydrogen are combined

inside the rocket engine to react explosively. How do you think scientists take into account the law
of conservation of mass when they calculate the amount of fuel needed for a rocket launch?
Lesson 2 Cycles of Matter in Chemical Reactions
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EXPLORATION 2

Hands-On Lab

Analyzing Chemical Reactions
How can you quantify changes in matter that happen in chemical reactions? Observable
evidence that a chemical change has occurred include a color change, the formation of a
new solid or gas, and the release of energy in the form of light, sound, or heat. Chemical
reactions may also absorb energy and feel cold to the touch. But how do you quantify the
amount of matter consumed and produced by a chemical reaction? In this lab, you will
develop procedures for analyzing both qualitative and quantitative changes in matter.
You will perform two reactions, and each will occur in a different type of system. In the
first reaction, you will burn magnesium in an open system (your classroom). In an open
system, matter is able to enter and exit the system. The second reaction will take place in
a closed system, where matter is not able to enter or exit. This reaction produces a gas, so
you must develop a way to trap the gas using the materials provided. For each reaction,
you should record both qualitative and quantitative data. These include evidence that a
chemical reaction has occurred, as well as the masses of the reactants and products.
Research Question: How does the type of system in which a reaction occurs affect the
measurement of reactants and products?
MAKE A CLAIM

How do you think the results will differ between a reaction completed in a closed system
and a reaction completed in an open system? Write a prediction in your Evidence
Notebook, and explain your thinking.

• indirectly vented chemical
splash goggles, nonlatex
apron, nonlatex gloves
• balance
• balloon
• Bunsen burner
• calcium chloride, 5–10 g

• Erlenmeyer flask, 250 mL

• spoons or spatulas (2)

• funnel

• tongs

• graduated cylinder, 25 mL

• water

• magnesium ribbon, 5 cm

• weighing boats or
weighing paper (4)

• resealable plastic bag
• sodium bicarbonate, 5–10 g

SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles, a nonlatex apron, and nonlatex gloves
during the setup, hands-on, and takedown segments of the activity.
• Use caution when working with Bunsen burners. This heat source can seriously burn skin
and clothing. Secure loose clothing and tie back hair.
• Use tongs to handle magnesium. Never look directly at magnesium when it is burning.
• Immediately wipe up spilled liquids so they do not become a slip/fall hazard, and keep
liquids away from electrical equipment to prevent shock.
indirectly vented
chemical splash
goggles
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• Use caution when working with glassware, which can shatter if dropped and cut skin.
• Wash your hands with soap and water immediately after completing this activity.
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POSSIBLE MATERIALS

Plan the Investigation: Part I
In your Evidence Notebook, develop a procedure for your investigation. In your data
table, you should record qualitative observations, including signs that a chemical reaction
occurred, and quantitative observations (masses of reactants and products). Make sure
your teacher approves your plans and safety precautions before proceeding.
ANALYZE

1. What evidence is there that a chemical reaction occurred in Part I? How does this
evidence relate to changes that occurred at the molecular level?

2. When magnesium metal burns, it reacts with oxygen gas in the air to form a
compound called magnesium oxide. How did the mass of the magnesium strip you
started with compare to the mass of the magnesium oxide that was produced?

3. According to the law of conservation of mass, matter cannot be created or destroyed.
With this in mind, how would you explain any changes in mass you observed? How did
these changes compare to what you expected to observe?
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Plan the Investigation: Part II
The reaction in Part I took place in an open system. For Part II, your task is to design a
closed system that will contain all of the products, including carbon dioxide gas. The
challenge comes not only from containing the gas, but also in accounting for the mass of
the container in which the products are stored.
The reactants you will combine are water, calcium chloride, and sodium bicarbonate. The
mass of water can be calculated indirectly by measuring its volume because the density
of water is 1.00 g/mL. For example, 30.0 mL of water has a mass of 30.0 g. The products of
this reaction are calcium carbonate, sodium chloride, water, and carbon dioxide.
In your Evidence Notebook, develop a procedure and safety plan for your investigation.
When you write your procedure, think about how you will obtain and record the masses
of the reactants and products. In addition, consider how you will account for the mass of
the container when analyzing your data. Draw a diagram showing how you will carry out
the reaction in a closed system. Remember to record both qualitative and quantitative
data, including evidence that a chemical reaction occurred and the masses of both the
reactants and products. Ask your teacher to approve your procedure and safety plan
before proceeding.

Lesson 2 Cycles of Matter in Chemical Reactions
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ANALYZE

1. What evidence is there that a chemical reaction occurred in Part II of this lab?

2. How does the total mass of the reactants in Part II compare to the total mass of the
products? How well did your system contain all the matter that was produced?

3. What changes would you make to the system you designed to make it more effective
at containing all the matter produced by this chemical reaction?

DRAW CONCLUSIONS

Claim How do the masses of the reactants and products compare for the reaction
completed in the closed system and the reaction completed in the open system?
Evidence Describe evidence from both experiments to support your claim.
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Reasoning Explain how the evidence you cited supports your claim. In addition, discuss
the law of conservation of mass and its relationship to these experiments. If matter is not
created or destroyed, why does the total mass of the products sometimes appear to be
different than the total mass of the reactants?

Evidence Notebook If a piece of metal is left outside in the rain, it may start to rust. If you

measured the mass of the metal before and after it rusted, you would find that its mass increased.
In your Evidence Notebook, explain why the mass of the metal appears to increase, even though
atoms are not created or destroyed. How would the mass of a metal before and after rusting
compare to the mass of a log before and after it was burned? Explain your reasoning.
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EXPLORATION 3

Modeling Chemical Reactions
If you are able to predict patterns in chemical reactions, you can perform a
reaction more efficiently and minimize waste. Imagine you own a company
that makes ready-to-eat foods. You want to buy exactly the right amounts of
ingredients to make a certain number of turkey and cheese sandwiches. For
the most efficient process, you would have to know the proportions in which
the ingredients combine, and to do this, you would need to model the recipe.

FIGURE 3: Making sandwiches
with exact proportions of
ingredients

2 pieces of bread + 4 slices turkey + 1 piece cheese → 1 sandwich
Collaborate If you needed to make 1350 sandwiches, how many pieces of
turkey would you need? Explain to a partner how you determined your answer.

Writing Chemical Equations

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (tr) ©Wicki58/Getty Images

Chemical reactions can also be modeled in order to make predictions about
how much product is expected to form. Consider the burning of magnesium.
Magnesium is an element, so it can be represented by its chemical symbol
from the periodic table, Mg. Oxygen is also an element, but it is in a unique
group of elements called diatomic elements that form molecules made up of
two atoms. Therefore, the chemical formula for a molecule of oxygen is O2.
Mg and O2 combine to yield a product called magnesium oxide, MgO.
In a chemical equation, the reactants and products are separated with
plus signs and the production of a new substance is shown with an arrow.
The ratio of magnesium atoms to oxygen atoms in magnesium oxide is 1:1
because a magnesium atom loses two electrons to form a 2+ charge, and
an oxygen atom gains two electrons to form a 2− charge.
Mg + O2 → MgO

Explore Online

Hands-On Activity
Modeling Chemical Reactions

Model the conservation of mass and
relationships between reactants and
products in a chemical reaction.

MODEL Draw a model illustrating this reaction at the molecular level. Use
circles or other shapes to represent atoms. Then, use labels to show whether the reaction,
as shown here, obeys the law of conservation of mass.

Chemical equations also may indicate the reactant or product’s physical state. These
appear as a small letter in parenthesis, such as (g) for gas, (l) for liquid, (s) for solid, and (aq)
for aqueous, meaning dissolved in water. For this magnesium reaction, the equation is
Mg(s) + O2(g) → MgO(s)
Lesson 2 Cycles of Matter in Chemical Reactions
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Problem Solving

Balancing Chemical Equations
FIGURE 4: Burning a

magnesium ribbon

The chemical equation you saw for the burning of magnesium is not yet complete.
In the unfinished equation, there are two oxygen atoms in the reactants and only
one in the product. But, the law of conservation of mass states that matter cannot
be destroyed. The equation must be balanced to show the true ratios in which the
reactants combine. A balanced equation follows the law of conservation of mass.
To balance a chemical equation, you use coefficients. These are numbers placed in
front of each reactant or product to indicate their amounts. When a coefficient is
placed before a chemical formula with subscripts, you multiply those subscripts by
the coefficient to determine the numbers of atoms. Remember that subscripts are
based on patterns in the periodic table and represent ratios of atoms. So, they do
not change when a chemical equation is balanced. One way to balance a chemical
equation is to list each element on both sides of the equation and write the number
of atoms present before and after the reaction. Then, adjust the coefficients until
the number of each type of of atom is the same on both sides of the equation.
Begin by listing the number of atoms
of each element on both sides of the
equation. Then, look for numbers of
atoms that are not equal on both sides,
such as the oxygen in this equation.
Insert coefficients to balance the number
of atoms, and update the list as you go.
Often, it is best to balance oxygen and
hydrogen atoms last. Polyatomic ions,
2−
such as SO 4 , can be listed as complete
ions if it makes balancing easier.
Note that the ratio of coefficients for this
equation is 2:1:2. When no coefficient or
subscript is shown, it is assumed to be 1.

PRACTICE
PROBLEM

FIGURE 5: Balancing a chemical equation

Mg

+
Mg: 1
O: 2

O2

→

MgO
Mg: 1
O: 1

Mg

+
Mg: 1
O: 2

O2

→

2MgO
Mg: 1 2
O: 1 2

2Mg

+
O2
Mg: 1 2
O: 2

→

2MgO
Mg: 1 2
O: 1 2

SOLVE Write the coefficients necessary to balance each chemical equation.
1. _____ H2O → _____ H2 + _____ O2

2. _____ Al2O3 → _____ Al + _____ O2

3. ____ Na3PO4 + ____ CaCl2 → ____ NaCl + ____ Ca3(PO4)2

Evidence Notebook In your evidence notebook, balance the following chemical
equation and write an explanation for how you balanced it: P + O2 → P2O5
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SAMPLE
PROBLEM

Patterns in Types of Reactions
Grouping reactions into categories makes it easier to understand them. The five general
types of chemical reactions are shown in Figure 6. In a synthesis reaction, two or more
reactants combine to form one product. In a decomposition reaction, one reactant breaks
down to form two or more products. Single and double displacement reactions are those
in which one or two elements, respectively, in compounds are exchanged. Combustion
reactions involve the burning of typically carbon-based molecules in oxygen. The
products of a complete combustion reaction are always carbon dioxide and water.
FIGURE 6: Five main types of chemical reactions

Type of Reaction

General Format

Example

Synthesis

A + B → AB

2Mg + O2 → 2MgO

Decomposition

AB → A + B

2Ag2O → 4Ag + O2

Single displacement

A + BD → AD + B

Mg + 2HCl → H2 + MgCl2

Double displacement

AC + BD → AD + BC

FeS + 2HCl → H2S + FeCl2

CxHx + O2 → CO2 + H2O

C3H8 + 5O2 → 3CO2 + 4H2O

Combustion

EXPLAIN How would you explain the difference between single displacement and
double displacement reactions to someone who was unfamiliar with chemical equations?
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In the single displacement reaction shown in Figure 7a, a copper wire is placed in a
solution of silver nitrate. In the double displacement reaction shown in 7b, two aqueous
solutions are combined, resulting in a solid product.
FIGURE 7: Single and double-displacement reactions

a

Single Displacement A copper wire is placed in
a solution of silver nitrate. The products are solid
silver and aqueous copper(II) nitrate.
Cu(s) + 2AgNO3(aq) → 2Ag(s) + Cu(NO3)2(aq)

b

Double Displacement Solutions of lead(II) nitrate and
potassium iodide are combined, producing solid lead(II)
iodide and aqueous potassium nitrate.
Pb(NO3)2(aq) + 2KI(aq) → PbI2(s) + 2KNO3(aq)

Lesson 2 Cycles of Matter in Chemical Reactions
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The five types of reactions commonly occur in daily life. Have you ever left a bike or metal
tool outside for a long period of time? If so, you may have observed rust forming. Rusting
is a synthesis reaction in which iron metal combines with oxygen gas and water to form
iron oxide. Single displacement reactions can be used to electroplate auto parts. A double
displacement reaction takes place when an antacid neutralizes stomach acid.
Hydrogen can be obtained through a decomposition reaction that breaks water molecules
into hydrogen and oxygen. This can be achieved through a method called electrolysis,
but it is relatively expensive. Therefore, scientists and engineers are continually working
to improve methods for obtaining hydrogen from water. Optimizing this process would
make hydrogen fuel a more viable option for use in vehicles.

Energy and Matter

Combustion Reactions
FIGURE 8: A balloon filled with hydrogen
explodes when ignited.

Combustion reactions are often used to provide heat
and light, as they do in fireplaces and bonfires. These
reactions also release large amounts of energy. You can
see the results of this energy when you ignite a balloon
filled with hydrogen gas and it explodes violently.

Combustion reactions provide power when compounds
containing carbon burn in engines. Most automobiles,
buses, and airplanes have internal combustion engines,
in which a fuel containing carbon burns in oxygen to
produce carbon dioxide, water, and energy. One effect
of using combustion engines is that large amounts
of carbon dioxide are produced and released into
Earth’s atmosphere. Carbon dioxide is a greenhouse
gas, meaning that it absorbs energy and raises Earth’s
temperature. As a result, scientists are looking for
alternative energy sources that do not contain carbon.
Hydrogen fuel might be an alternative; the end product
of its combustion is water, not carbon dioxide. One of the challenges with this fuel
source is that elemental hydrogen is not found in nature like the hydrocarbons of
petroleum and natural gas.
EXPLAIN How do energy and matter change form in a combustion reaction?
In a combustion reaction, thermal energy | chemical energy in the reactants is
converted to thermal energy | chemical energy when the fuel is ignited. The fuel
reacts with oxygen in the air to form the products carbon dioxide and water |
hydrogen. Carbon dioxide is a greenhouse gas, so using combustion engines leads
to a(n) decrease | increase in the amount of energy stored in Earth’s atmosphere.

Evidence Notebook Recall the reaction that takes place in a rocket engine, H2 + O2 → H2O.

In your Evidence Notebook, discuss this equation in terms of what you have learned in this lesson.
What type of reaction is this? How would you obtain the balanced form of this reaction? Why is it
necessary to balance a chemical equation when considering amounts of reactants and products?
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Explore Online

EXPLORATION 4

Quantifying Matter in Chemical Reactions
Think back to the ingredients needed to make sandwiches. You need four pieces of turkey
for each sandwich. If you had 288 pieces of turkey, how many sandwiches could you
make? You can use dimensional analysis to convert one quantity to another.
1 sandwich
288 pieces turkey × __ = 72 sandwiches
4 pieces turkey
Collaborate Show how you would use dimensional analysis to determine the number of

sandwiches you could make with 374 pieces of bread. Then compare answers with a partner.

Quantifying Moles in Chemical Reactions
Just as you can use a recipe to predict how many sandwiches you can make, you can use
a chemical equation to predict how much product will be made from a certain amount
of reactant. The process of calculating quantities of matter in chemical reactions is called
stoichiometry. In stoichiometric calculations, the proportions of reactants and products is
important. The coefficients in a balanced equation represent moles, the unit chemists use
to quantify matter in chemical reactions. In the reaction below, two moles of magnesium
combine with one mole of oxygen to produce two moles of magnesium oxide.
2Mg + O2 → 2MgO
Therefore, you can use the coefficients in this equation to make predictions about
amounts of reactants and products. To do this, you use a conversion factor that shows
the coefficients as mole quantities. A conversion factor is a ratio that by definition
always equals one, so either factor can be written as the numerator. Below are some
conversion factors that could be used to solve problems related to this chemical equation.
The components of the conversion factor depend on what is being compared. The
arrangement of the numerator and denominator depends on the needs of the problem.
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Comparing magnesium to magnesium oxide:
2 mol Mg
_
2 mol MgO

2 mol MgO
or _
2 mol Mg

Comparing oxygen to magnesium oxide:
1 mol O 2
_
2 mol MgO

2 mol MgO
or _
1 mol O 2

MODEL Use the balanced equation for the synthesis of magnesium oxide to write the
conversion factors you could use to compare moles of oxygen to moles of magnesium.

or

Lesson 2 Cycles of Matter in Chemical Reactions
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Problem Solving

Calculating Molar Amounts
SAMPLE PROBLEM

If 45.3 moles of oxygen were available, how many moles of magnesium
oxide would be produced when the magnesium was burned in oxygen?
2Mg + O2 → 2MgO

ANALYZE

Start with the given amount. Then, set up a conversion factor that will
allow you to cancel the given unit and convert to the requested unit.
mol ?
45.3 mol O 2 × _ = mol MgO
mol ?

SOLVE

Use the balanced equation to complete the conversion factor and solve.
2 mol MgO
45.3 mol O 2 × __ = 90.6 mol MgO
1 mol O 2

P R AC T I C E P R O B L E M S

SOLVE Use the balanced equation to complete these problems.
1. How many moles of MgO are made if 0.37 moles of O2 react with Mg?

Quantifying Particles in Chemical Reactions
The concept of the mole can be used to calculate how
many particles are in a certain amount of matter. Particles
can refer to atoms, molecules, or formula units, depending
on the substance. Figure 9 shows exactly one mole of five
substances. Starting from the left, they are: sugar, salt,
carbon, oxygen (pictured in a balloon), and copper.

FIGURE 9: One mole of several substances.

Collaborate The table below shows the number of

particles in one mole of each substance in the photo.
Discuss the patterns you notice with a partner. Does the
chemical formula affect the number of particles in one
mole of each substance? What is similar about one
mole of each substance, and what is different?

Substance
Particles in one mole
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Table sugar
(C12H22O11)

Salt
(NaCl)

6.02 × 10
molecules

6.02 × 10
formula units
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23

Carbon
(C)
23

Oxygen
(O2)

6.02 × 10
atoms

23

Copper
(Cu)

6.02 × 10
diatomic molecules
23

6.02 × 10
atoms

23

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (bl) ©Richard Megna/Fundamental
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2. If 8.2 moles of Mg are burned, how many moles of MgO are produced?

Problem Solving

Calculating Numbers of Particles
Knowing how many particles in are in one mole allows you to calculate the number of
particles that should be present before or after a reaction. To convert between moles
and particles, use a conversion factor that compares these two quantities. The number of
particles in one mole, or Avogodro’s number, is also known as “the chemist’s dozen.”
6.02 × 10 23 particles
1 mol
__
__
or
1 mol
6.02 × 10 23 particles
SAMPLE
PROBLEM

If 45.3 moles of oxygen react, how many formula units of magnesium oxide are
produced?
2Mg + O2 → 2MgO

ANALYZE

Plan out the conversion factors needed to solve for particles of MgO.
? mol MgO 6.02 × 10 particles
45.3 mol O2 × _ × __ = ? particles MgO
? mol O 2
1 mol MgO
23

SOLVE

Use coefficients from the balanced equation to complete the conversion factor and solve.
2 mol MgO 6.02 × 10 23 particles MgO
45.3 mol O2 × _ × ___ = 5.45 × 1025 particles MgO
1 mol O 2
1 mol MgO

P R AC T I C E
PROBLEM

You can also determine how many moles of a substance are produced if you are given
the number of particles. Consider this problem: How many moles of magnesium oxide
are produced when 7.94 × 1024 particles of magnesium are burned?
ANALYZE Place the quantities in the correct locations to solve the Practice Problem.
2 mol MgO
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1 mol Mg
×

2 mol Mg

7.94 × 1024 particles Mg

6.02 × 1023 particles Mg
×

SOLVE Use the equation you set up above to calculate the final answer.
If 7.94 × 1024 atoms of magnesium react,
moles of magnesium
oxide will be produced.

Evidence Notebook You can also convert from particles of one substance to particles of

another. In your Evidence Notebook, show how you would solve this problem and then
explain in words how you solved it: How many particles of magnesium oxide are produced
24
when 7.94 x 10 particles of magnesium are burned?
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Think back to the sandwich-making scenario. If you had to order sandwich supplies by
mass, how would you know how much food to buy? You would need to know the mass
of the ingredient you were working with. For example, if you purchased 1000.0 grams of
turkey and wanted to calculate how many sandwiches you could make, you would need
to know the mass of one piece of turkey. If one piece of turkey had a mass of 15.0 grams,
you could use dimensional analysis to determine how many sandwiches are possible.
1 piece turkey
1 sandwich
1000.0 g turkey × __ × __ = 16.7 sandwiches
15.0 g turkey
4 pieces turkey

Quantifying Mass in Chemical Reactions
In the same way that you must know the mass of each item when ordering food by
weight, you must consider the mass of different particles to make predictions about
the amount of product made in a chemical reaction. Moles allow you to convert from a
quantity that is difficult to measure, such as the number of molecules in a substance, to a
quantity that is easy to measure, such as mass in grams. You know you can measure mass
by putting a substance on a balance, but how do you determine the mass of one mole?
The following table shows the mass in grams of one mole of each substance.

Substance
Mass of one mole in grams

Table sugar
(C12H22O11)

Salt
(NaCl)

Carbon
(C)

Oxygen
(O2)

Copper
(Cu)

342.3 g

58.44 g

12.01 g

32.00 g

63.55 g

EXPLAIN Complete this statement based on the data shown in the table.
One mole of sugar has the same | a different mass than one mole of salt. This indicates
that the mass of one mole of a substance depends | does not depend on the chemical
makeup of the substance. However, the number of particles in one mole depends |

FIGURE 10: Molecular models of oxygen and sucrose

molecules show how the molecular structure of these
substances differs.

oxygen, O2
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sucrose, C12H22O11
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Why does the mass of one mole differ from one
substance to another, but the number of particles
in one mole does not? Consider the structure of
each of the substances presented in the table. Figure
10 shows models of two of these substances—a
diatomic oxygen molecule and a sucrose (sugar)
molecule.
PREDICT What differences do you notice when
looking at the models of an oxygen molecule and a
sucrose molecule? How do you think the mass of one
mole of these substances is related to their molecular
structure?
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does not depend on the identity of the substance.

The mass in grams of one mole of an element or compound is called its molar mass. The
molar mass of a single element, such as carbon, is equivalent to its atomic mass, as listed
on the periodic table, expressed in grams. So, the mole is a unit that allows you to convert
from grams, which you can measure on a balance, to individual molecules or atoms.
molar mass in grams = 1 mole = 6.02 × 10 particles
23

The molar mass of a compound depends on the atomic masses of the elements that make
it up and how many atoms of each element are present. For example, copper has a higher
molar mass than oxygen, even though an oxygen molecule is made up of two atoms. This
is because a copper atom has more protons and neutrons than an oxygen atom, so its
atomic mass on the periodic table is much higher than oxygen’s. Large molecules, such
as sucrose, tend to have high molar masses because so many atoms are present in one
particle. In the case of sucrose, one molecule contains 45 atoms!
To calculate molar mass, you first use the periodic table to find the atomic masses of the
elements. Then, you multiply each atomic mass by the number of atoms indicated by
the subscripts, and add the values you obtain. For example, the molar mass of sucrose,
C12H22O11 is calculated as follows:
C: 12.011 u × 12 atoms
H: 1.008 u × 22 atoms
O: 15.999 u × 11 atoms
So, the final molar mass is: (12.011 × 12) + (1.008 × 22) + (15.999 × 11) = 342.3 g/mol
SOLVE Use a periodic table to calculate the following molar masses.
1. The molar mass of of CaCl2

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (br) ©7postman/E+/Getty Images

2. The molar mass of Mg3(PO4)2 is

g/mol.
g/mol.

Suppose you wanted to obtain one molar mass of a substance to use in a chemical
reaction. You would have to measure out that mass in grams on a balance. The precision
of your balance can make a big difference in your final outcome

Scale, Proportion, and Quantity

Molar Mass at an Industrial Scale
Correctly calculating the molar mass of a substance and correctly measuring
that mass on a balance are two requirements for large-scale industrial
processes. Imagine, for example, a chemical process for manufacturing a
product such as aspirin tablets on an industrial scale. If a chemical engineer
either miscalculated the molar mass of the ingredients or made in error in
measuring their mass, the aspirin tablets would contain either too much or
too little of the active ingredient. Too much aspirin might be dangerous to a
person’s health, and too little aspirin might be ineffective.

FIGURE 11: This worker is
manufacturing a product
on an industrial scale.

Language Arts Connection Research the chemical formula of aspirin

and calculate its molar mass. Then write an explanation for why a small error in
rounding or measuring could affect the production of an industrial-scale product
such as medicine.
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Problem Solving

Calculating Mass
SAMPLE
PROBLEM

If you burn 3.06 g of magnesium, how many grams of MgO will be produced?

ANALYZE

To convert from grams of magnesium to grams of magnesium oxide, you need to know
the molar masses of both. You do not consider the coefficients when calculating molar
mass because they will be included in another step of the solving process.

2Mg + O2 → 2MgO

Mg: 24.3 g/mol
MgO: (24.3 u × 1) + (15.99 u × 1) = 40.29 g/mol
SOLVE

Now, you start with the given quantity and set up conversion factors in a way that allows
all the units to cancel except for the unit on your final answer.
1 mol Mg 2 mol MgO 40.29 g MgO
3.06 g Mg × _ × _ × __ = 5.07 g MgO
24.3 g Mg
2 mol Mg
1 mol MgO
Notice that the mole-to-mole ratio, shown in the middle of the three conversion factors,
is always present in a stoichiometry problem. Other conversion factors can be placed
before and after it, but the comparison of moles of one substance to moles of another
based on the chemical reaction is vital to any stoichiometry problem.

P R AC T I C E
PROBLEM

Most metallic elements are found in nature in the form of oxides. Removing oxygen is
necessary to obtain the pure element as used in products like aluminum foil. How many
grams of aluminum are produced in this reaction if 100.4 grams of aluminum oxide are
supplied?
2Al2O3 → 4Al + 3O2

SOLVE Start with the given from the question, and set up the conversion factors in a
way that will allow units to cancel out, leaving only the unit required for the final answer.

Evidence Notebook The balanced reaction for the burning of hydrogen gas in a rocket

engine is:
2H2 + O2 → 2H2O
In your Evidence Notebook, calculate how many particles of water will be produced if 85.2 grams
of oxygen are consumed in the reaction. Show your work, and then write a general plan
explaining how to solve this problem.
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ANALYZE Calculate the molar masses of aluminum and aluminum oxide.

EXPLORATION 5

Limiting and Excess Matter
Consider again the reaction between magnesium and oxygen, only now imagine two
different scenarios. In one, the reaction between the magnesium ribbon and oxygen takes
place in the open air. In the second, the reaction occurs in a glass chamber that prevents
the magnesium from reacting with any more oxygen than what happens to be present in
the chamber.
FIGURE 12: When magnesium is ignited in an open system, the mass of the products is different
from when it is ignited in a closed system.

a

Magnesium is ignited in the open air.

b

Magnesium is ignited inside a jar.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (l, cl, cr, r) ©HMH

PREDICT Why do you think the mass of magnesium oxide produced in this reaction
differs in an open system and in a closed system? How does this relate to the amount of
reactants available in each scenario?

Quantifying Limiting and Excess Matter
Think about making sandwiches using this recipe.
2 pieces of bread + 4 slices turkey + 1 piece cheese → 1 sandwich
When following a recipe, it is often the case that you purchase too much of one ingredient
or too little of another. In chemistry, having too much or too little reactant also occurs. If
there is too little of one reactant compared to another, the reactant that runs out first is
called the limiting reactant. The reactant that has extra left over after the reaction ends is
called the excess reactant.
ANALYZE Select the correct terms to complete the statement.
Imagine you had 75 pieces of bread, 200 slices of turkey, and plenty of cheese to
make sandwiches with. You would run out of turkey | bread | cheese first, so it is the
limiting | excess ingredient. There would be cheese and turkey | bread left over when
all the sandwiches are made, so these are the limiting | excess ingredients.
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Problem Solving

Determining Limiting
and Excess Reactants
EXAMPLE
PROBLEM

To determine the limiting and excess reactant for a reaction, you must first know the
quantity of each reactant that is available. Consider this problem:
If you burn 48.6 grams of magnesium in 39.0 grams of oxygen:
1. How much magnesium oxide is produced?
2. Which reactant is the limiting reactant?
3. Which is the excess reactant?
2Mg + O2 → 2MgO

ANALYZE

To determine how much product will actually be made, we must determine how much
product each amount of reactant would produce. This means we will calculate two
quantities.
1 mol Mg 2 mol MgO 40.29 g MgO
48.6 g Mg × _ × _ ×__ = 80.6 g MgO
24.3 g Mg
2 mol Mg
1 mol MgO
1 mol O
2 mol MgO 40.29 g MgO
39.0 g O 2 × _2 × _ × __ = 98.2 g MgO
32.0 g O 2
1 mol O 2
1 mol MgO

SOLVE

The amount of product that can be made is equal to the lesser amount from the two
calculations. Therefore:
1. The amount of product made is equal to 80.6 g MgO.
2. Magnesium is the limiting reactant.
3. Oxygen is the excess reactant.
ANALYZE If a sample of magnesium with a mass of 35.0 grams reacts with 35.0 grams of
oxygen, how much magnesium oxide will be produced?

SOLVE In this reaction, the amount of magnesium oxide produced is
The limiting reactant is

and the excess reactant is

.
.

Evidence Notebook In the Example Problem, the reactant that was present in a

greater amount was actually the limiting reactant. Explain why this is, citing evidence from
the balanced chemical equation to support your claim.
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P R AC T I C E
PROBLEM

Determining Percent Yield
In the real world, chemical reactions do not always produce the expected amount of a
product. Often, unpredictable side reactions take place. For example, if you ignite 0.972 g
of Mg metal, you may get only 0.988 g of MgO, not the expected 1.61 g. The possible
reasons for this include the fact that hot Mg metal will react with nitrogen in the air to
produce magnesium nitride, Mg3N2. Also, the hot magnesium can react with any water
vapor that might be present to give magnesium hydroxide, Mg(OH)2. The products of
these side reactions are called byproducts.
The amount of product that should be produced from given amounts of reactants is
called the theoretical yield of a reaction. As you just learned, many reactions do not yield
the theoretical amount of products. The amount of product that actually results from
a reaction is called the actual yield. If the actual yield of a reaction is the same as the
theoretical yield, the reaction is said to be 100% efficient. With some exceptions, reactions
are not 100% efficient. The efficiency of a reaction is measured by calculating percent yield.
The percent yield is the ratio of the actual yield to the theoretical yield, multiplied by 100.
actual yield
Percent yield = __ × 100%
theoretical yield
EXPLAIN How could the sandwich analogy be applied to the concept of percent yield?
Write your own scenario related to the making of sandwiches that describes the concept
of percent yield.

© Houghton Mifflin Harcourt Publishing Company

Percent yield isn’t important just in making sandwiches. It is also important when trying
to determine how much product will actually be produced in a chemical reaction. When
a chemist is considering a reaction, he or she needs to know whether the expectations
about the amount of product formed is realistic.

Data Analysis
SOLVE Returning to a previous example, suppose you burn magnesium in a limiting
amount of oxygen, expecting to get 1.61 g MgO. But, you find only 0.988 g MgO after
the reaction. The percent yield of this reaction is _______%

Chemical reactions take place in the real world, so the actual yield of a reaction is never
quite equal to the theoretical yield. Thus, reactions are almost never 100% efficient.
The factors that reduce actual yield include side reactions, reactions of a product with
other substances in the surroundings, and impurities in the reactants. Even inaccurate
measurements can affect the percent yield of a reaction.
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Engineering

Energy Calculations
FIGURE 13: Hydrogen can be made from
wood chips.

Maximizing Percent Yield
Hydrogen is the cleanest-burning fuel, producing only water
vapor when it is burned. But, it is not widely used at this time
because it does not occur in any significant concentrations as a
pure element on Earth. However, it can be chemically removed
from a wide variety of abundant, naturally occurring hydrogencontaining compounds.

One solution to producing low-cost hydrogen in quantity is to stockpile and distribute
biomass such as plant material, converting it to hydrogen as needed. Unlike fossil fuels,
plant material such as wood, leaves, and stalks are renewable. Chemists and chemical
engineers are collaborating to develop a process that produces hydrogen from sugars
in wood. Enzymes convert the sugars to hydrogen gas with a yield of two hydrogen
molecules per carbon atom, the maximum possible yield. The hydrogen can then be
easily separated from aqueous substances in the reaction chamber. Wood that would
have normally been discarded can be used for this process.
PREDICT Describe some of the solutions that engineers might propose for
maximizing the production of hydrogen from discarded wood.

ANALYZE What types of criteria and constraints might engineers consider when
evaluating competing solutions? Discuss issues related to technology, science,
affordability, and environmental impacts.

Evidence Notebook Write a short paragraph explaining how the proportional relationships

between mass and moles can be used to increase the yield of a chemical reaction in the real world.
For example, the NASA space launch rocket depends on very careful control of the proportions of
fuel to oxygen to maximize the thrust of the rocket.
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Hydrogen is used to power a small number of buses and
automobiles as well as rocket engines. If these vehicles
become more numerous, a large amount of hydrogen fuel
will be needed. How will it be produced and where will it be
stored? There are many problems associated with the production and storage of large
amounts of hydrogen.

TAKE IT FURTHER

Hands-On Activity
Modeling Chemical Reactions
In this activity, you will develop a model to demonstrate how matter is conserved in a
chemical reaction. Then, you will use your model to determine how much product is made
when different amounts of reactant are available.
POSSIBLE MATERIALS

• indirectly vented chemical
• nuts and bolts
splash goggles, nonlatex apron
• paper clips, assorted sizes
• beads, assorted colors
and colors

• scissors

• chemical modeling kit

• paper, white and
assorted colors

• tape

• polystyrene-foam balls,
assorted sizes and colors

• toothpicks

• computer
• glue

• snap-together blocks
• string
• trays, plastic (2)

SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles and a nonlatex apron during the setup,
hands-on, and takedown segments of the activity
• Use caution when using sharp tools, which can cut or puncture skin.
DEVELOP A MODEL

1. Consider the reaction in which propane is burned in oxygen to produce carbon
dioxide and water. Balance the chemical equation.

indirectly vented
chemical splash
goggles

© Houghton Mifflin Harcourt Publishing Company

C3H8 + O2 → CO2 + H2O
2. Write a plan describing which type of model you will use to illustrate the conservation
of mass in this reaction. Think about what would work best for demonstrating
proportional relationships between the reactants and products. You may use a
physical, mathematical, or computer model. You will use your model to show how the
amounts of reactants available affect the amounts of products that are made. If you
need other materials, ask your teacher if they can be provided.
3. Have your teacher approve your balanced equation and your plan.
4. Construct your model according to your plan. Then, use your model to investigate and
record what happens when different amounts of reactants are available.
5. Present your model to your classmates. Explain how it demonstrates the conservation
of mass, and use it to show how changing the amount of available reactants affects
the amount of carbon dioxide and water produced.
6. Clean up your workstation, dispose of waste, and wash your hands.

GRAVIMETRIC
ANALYSIS

MORE PRACTICE WITH
STOICHIOMETRY

EXPLAINING
STOICHIOMETRY

Go online to choose one
of these other paths.
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EVALUATE

Lesson Self-Check
CAN YOU EXPLAIN IT?

How did engineers know how large to make the tanks that hold the liquid hydrogen and
oxygen in the rocket and how much fuel they would need? A thorough knowledge of
the chemical reaction that will boost the rocket into space was needed. Carrying excess
reactant would create extra weight without extra thrust, decreasing efficiency and
increasing cost. In this lesson, you learned that hydrogen burns in the presence of oxygen
to produce water. How do you think you could determine the amount of hydrogen
needed for a space flight? Think about the ways stoichiometry is used to solve problems
such as this one.
Evidence Notebook Refer to your notes in your Evidence Notebook to explain how you

could determine the amount of hydrogen needed for a space flight. Using this information,
answer the following questions:
1. What is the equation for the reaction that takes place in the rocket engine?
2. How and why should this equation be balanced?
3. Given a certain quantity of liquid oxygen, how could you determine the amount of liquid
hydrogen needed to react completely with the oxygen?
4. From these quantities, how could you determine how much water is produced?
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FIGURE 14: Tanks aboard NASA’s Space Launch System rocket hold liquid hydrogen fuel and
liquid oxygen oxidizer.

Name

Date

CHECKPOINTS
Check Your Understanding

1. Select all correct answers for how the law of
conservation of mass is met in a balanced
equation.
a. The same number of atoms of each element
appears on both sides of the equation.
b. Subscripts are added to balance the
number of atoms of each element.
c. Formulas of reactants are changed to ensure
that the mass of elements is conserved.
d. Coefficients are added to balance the
number of atoms of each element.
e. Formulas of products are changed to ensure
that the mass of elements is conserved.
2. Write the coefficients necessary to balance
the equation for the reaction between aluminum
and hydrochloric acid.
Al +
HCl →
AlCl3 +
H2
3. Match the correct description of a chemical
reaction in column A with events in a model
sandwich shop in Column B.
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Column A:

Column B:

Simpler substances are
made from a complex
substance.

Lettuce is substituted
for cheese when making sandwiches.

A new compound is
made.

Turkey is put into
sandwiches labeled
“cheese” and cheese
is put into sandwiches
labeled “turkey.”

One element
replaces another.

A new kind of sandwich—turkey and
avocado—is made.

Two elements are
exchanged.

A sandwich is broken
apart into lettuce,
meat, and bread.

Sodium chloride is produced from its elements
through a synthesis reaction. Use this chemical
equation to answer Questions 4-7:
Na + Cl2 → NaCl
4. What is the correct ratio of coefficients for the
balanced equation?
a. 2:2:1
b. 1:1:2
c. 2:1:1
d. 2:1:2
5. What mass of sodium would be required to
produce 25.0 mol of sodium chloride?
a. 288 g Na
b. 575 g Na
c. 1150 g Na
d. 1460 g Na
6. What mass of chlorine would be required to
produce 25.0 mol of sodium chloride?
a. 222 g Cl2
b. 443 g Cl2
c. 886 g Cl2
d. 1772 g Cl2
7. How many formula units are present in 25.0 mol of
sodium chloride?
a. 1.51 × 1025 formula units NaCl
b. 1.60 × 1023 formula units NaCl
c. 0.428 × 1023 formula units NaCl
d. 3.52 × 1025 formula units NaCl
8. A chemist mixed sodium sulfide and cadmium
nitrate solutions in a test tube. The equation is
Na2S(aq) + Cd(NO3)2(aq) → 2NaNO3(aq) + CdS(s)
Sodium sulfide is the limiting reactant. Select the
substances that are found in the test tube after the
reaction has ended.
a. Na2S
b. Cd(NO3)2
c. NaNO3
d. CdS
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EVALUATE

CHECKPOINTS (continued)
9. Explain why, when performing stoichiometric calculations, it is important to use a
balanced equation and consider the coefficients in the equation when converting
from one quantity to another.

10. The first step in the industrial manufacture of nitric acid is the catalytic oxidation
of ammonia: NH3(g) + O2(g) → NO(g) + H2O(g).
The equation is unbalanced. The reaction is run using 824 g NH3 and excess
oxygen. How many moles of NO are formed? How many moles of H2O are formed?

11. Answer the following questions about theoretical yield and actual yield in
stoichiometric calculations: How does one determine the theoretical yield and
the actual yield? How does the value of the theoretical yield generally compare
with the value of the actual yield? How can you compare the two values
mathematically and why would you make this comparison?

In your Evidence Notebook, design a study guide that supports the main ideas from this lesson:
The law of conservation of mass is the basis for writing balanced equations and applies to
all chemical reactions.
The mole is the basic unit for all calculations used to determine the expected amount of product
or reactant for a chemical reaction.
Reactants might be limiting or in excess.
Remember to include the following information in your study guide:
• Use examples that model main ideas.
• Record explanations for the phenomena you investigated.
• Use evidence to support your explanations. Your support can include drawings, data, graphs,
laboratory conclusions, and other evidence recorded throughout the lesson.
Consider how the methods you have developed in this lesson can be used to show that the total
amount of matter in all closed systems is conserved.
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MAKE YOUR OWN STUDY GUIDE

4.3

Intermolecular Forces
in Mixtures

A solution of sodium acetate is poured onto a few crystals
of sodium acetate on the table.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (all) ©HMH

CAN YOU EXPLAIN IT?
Sodium acetate is a chemical that has a variety of uses, including
as a food seasoning, a concrete sealant, and as an active ingredient
in heating packs. The beaker contains a solution of sodium acetate
at room temperature. On the table are a few small sodium acetate
crystals. The clear solution flows smoothly like water when poured
from the beaker. However, instead of forming a pool of liquid, as
you might expect, it forms a tall, white column of solid material.

Explore Online

FIGURE 1: As the sodium acetate solution
is poured onto the table, a white column
forms instead of a pool of liquid.

The temperature of the liquid has not changed, so why would
it become solid? It remains a liquid in the beaker and while it
is poured toward the table. It only solidifies once it comes into
contact with the crystals. What could be happening within the
liquid that causes it to change from one state to another?
PREDICT Why do you think the sodium acetate solution changes
to a solid when it is poured out of the beaker?

Evidence Notebook As you explore the lesson, gather evidence about the unique

properties of substances in solution and how a solution of a substance can quickly crystallize
under the right conditions.
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EXPLORATION 1

Hands-On Lab

Measuring the Electrical
Conductivity of Mixtures
In this investigation, you will explore the electrical conductivity of various solutions.
A solution is a homogeneous mixture in which two or more substances are uniformly
dispersed at the molecular level. Research Question: Why might some solutions be better
conductors of electrical charge than others?
MAKE A CLAIM

In your Evidence Notebook, make a claim about which of the test solutions you think
will conduct electricity well. Which do you think will not conduct electricity? Justify your
predictions.
MATERIALS

• indirectly vented chemical Test Substances
splash goggles, nonlatex
• 0.05 M aluminum chloride
apron, nitrile gloves
(AlCl3) solution, 50 mL
• beaker, 100 mL (10)
• 0.05 M calcium chloride
• conductivity tester
(CaCl2) solution, 50 mL
• paper towels

• ethanol (C2H5OH), 50 mL
• 0.05 M sodium chloride
(NaCl) solution, 50 mL
• sugar water, 50 mL
• tap water, 50 mL

• distilled water, 300 mL

• wash bottle
SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles, a nonlatex apron, and nitrile gloves
during the setup, hands-on, and takedown segments of the activity.
• Never pour chemicals, either used or unused, back into their original container. Dispose
of chemicals according to your teacher’s instructions.

• Tell your teacher immediately if you spill chemicals on yourself, the work surface, or floor.
indirectly vented
chemical splash
goggles

PLAN THE INVESTIGATION

Write a procedure to test the electrical conductivity of the seven test solutions. Consider
the accuracy you could achieve based on the limitations of your materials. Your procedure
should also include safety considerations and any additional materials you may need. Have
your procedure and safety plans checked by your teacher before you begin.
COLLECT DATA

Decide what data to record for each solution, the conditions for the measurements, and how
many trials you will need to complete. Develop a data table in your Evidence Notebook.
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• Use caution when working with glassware, which can shatter if dropped and cut skin.

ANALYZE

Answer the following questions in your Evidence Notebook.
1. Did the result you found for distilled water match your result for tap water? Explain
why the results do or do not make sense.
2. Compare the results you found for NaCl solution and sugar water. Why do you think
the results were the same or different?
3. Compare your results for AlCl3, CaCl2, and NaCl. Why do you think the results were the
same or different?
DRAW CONCLUSIONS

Write a conclusion that addresses each of the points below.
Claim Compare how well each of the solutions you tested conducted electricity. What
about their physical or chemical properties could influence this ability?
Evidence Give specific examples from your data to support your claim.
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Reasoning Explain how the evidence you have supports your claim. Describe, in detail,
the connections between the evidence you cited and the argument you are making.

Evidence Notebook Recall what you know about valence electrons, atomic structure,

bonding, and electrical charge. How might these relate to the conductivity of solutions?
Lesson 3 Intermolecular Forces in Mixtures
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EXPLORATION 2

Describing Solutions
FIGURE 2: Cooking oil being

poured into water

If you’ve ever looked at a bottle of oil and vinegar dressing, you probably
noticed that the oil settles in a layer above the vinegar. You can mix the oil
and vinegar by shaking the bottle, but they quickly settle into layers again.
Regardless of how hard you try, oil and vinegar will not mix for long.
Other substances, however, mix easily. For example, both salt and sugar
readily mix with water. In fact, both salt and sugar water solutions play an
important role in many living things and in Earth’s systems. Heating and
cooling the water can often have a strong effect on each of the materials that
will go into solution and the speed at which they dissolve.
Collaborate Discuss with a partner why some substances dissolve easily

while others require shaking or stirring, or may not dissolve at all. Why
might heating affect the rate and amount of substance that can dissolve?

The Solution Process
If you’ve ever looked closely enough at particles of salt, you may have seen that it is made
of tiny crystals. When stirred into water, however, it does not keep this crystal shape. The
crystals quickly begin to break apart. The smaller the crystals are to begin with, the easier
it is to dissolve the salt in the water.
APPLY Model how the interaction of solvent particles with a large block of solute is
different from the interaction of solvent particles with finely powdered solute.
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Solutions contain both a solvent and a solute. The solvent is the substance in which
the solute dissolves. The solvent usually makes up the greatest amount of the solution.
Solutions are described as being homogeneous because, at the molecular level, the solute
particles are evenly distributed throughout the solvent. Solute particles may be atoms,
molecules, or ions. They are so small that they maintain their even distribution without
settling. One substance is soluble in another if it can dissolve in that substance.

Think about what happens to a single crystal of salt when placed into a volume of water.
As the salt dissolves, only the particles on the surface of the crystal touch the water. The
rate of dissolving depends on the surface area of the crystal. If you were to break the
single salt crystal into smaller crystals before mixing, the salt will dissolve faster. The
separate crystals have a greater surface area that can interact with the water.
PREDICT How might stirring, shaking, or heating a mixture help make the solute dissolve
more quickly?

Suppose you stir salt into water and watch it dissolve. Then you stir in more
salt, and it too dissolves. At some point, however, no more salt will dissolve.
Any more that you add will remain as solid crystals in the water. There is a
limit to how much of a particular solute can dissolve in a particular solvent
at a certain temperature. If the system involves gases, both pressure and
temperature limit the amount of solute that can dissolve in a solvent.

Explore Online

Hands-On Lab
Temperature and Solubility

Investigate how temperature affects
the solubility of a substance.

Let’s consider more closely what happens when crystals of salt are mixed with water.
Gradually the salt molecules begin to move from the crystals into the water. This is known
as dissolution. Once dissolved by the water, however, the molecules are colliding with each
other. Some of these collisions will form crystals again. This is known as recrystallization.
Both processes are constantly occurring within the solution at the same time. Eventually,
both will occur at the same rate. They will reach an equilibrium as shown in Figure 3.
FIGURE 3: When the rate of dissolution is greater than the rate of recrystallization, the solution
is dissolving. When the rates are equal, the solution is at equilibrium.
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Dissolving

Equilibrium

Adding more solute to a solution that is in equilibrium at a given temperature will not
increase the amount that is dissolved in the solvent. The amount of solute that a solvent
can dissolve depends on the volume of the solvent. A solution that contains the maximum
amount of dissolved solute is saturated. If you increase the amount of solvent in a
saturated solution, the solution becomes unsaturated and you can dissolve more solute.
Each solution has a given ratio of solvent to solute at a given temperature.
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Keep in mind, however, that the amount of solute that can dissolve depends on the
temperature of the solution. For gases, it also depends on pressure. Solubility is the ability
of a solute to dissolve in a solvent at a given temperature and pressure. Increasing the
temperature of a solution generally increases the solubility of a solute in the solvent.
Decreasing the temperature decreases the solubility, so some of the dissolved solute
might come out of solution and form a solid.
Explore Online

FIGURE 4: Solute in this supersaturated
sodium acetate solution crystallized when a
sodium acetate crystal was added.

A supersaturated solution contains more solute than its solubility
limit. Honey, for example, is a naturally occurring supersaturated
solution. Under certain conditions, you can dissolve more solute
in a saturated solution by heating it, adding the extra solute, and
then slowly cooling it. A supersaturated solution, however, is not
stable. It will remain supersaturated only as long as it remains
undisturbed. This principle explains why honey crystallizes at
colder temperatures.
EXPLAIN When a small crystal of sodium acetate was added to a
supersaturated solution of sodium acetate, solute in the solution
crystallized, as shown in Figure 4. Why do think this happened?

Factors Affecting Solubility
The solvent and solute of a solution can be either a solid, a liquid, or a gas. The same
is true for the solute. The table below describes examples of solute and solvent
combinations in familiar solutions.
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Example

Solute State

Solvent State

oxygen in nitrogen

gas

gas

carbon dioxide in water

gas

liquid

alcohol in water

liquid

liquid

mercury in silver and tin

liquid

solid

sugar in water

solid

liquid

copper in nickel

solid

solid
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Any increase in temperature, tapping the solution, or even dropping a single crystal of
solute into the solution, called seeding, can disturb the solution and cause crystals to form.
The formation of one crystal disturbs the solution more, and a process of crystallization
begins throughout the solution.

Most solutions used in chemistry have liquid solvents. A solution in which the solvent
is water is called an aqueous solution. Chemical formulas are sometimes labeled (aq) to
identify aqueous solutions. Aqueous solutions are particularly important because water
is able to dissolve many substances, which is why water is known as the universal solvent.
Nearly 71% of Earth’s surface is covered by water, and water is also a key component of
the atmosphere. Water also accounts for about 70% of the mass of cells, so the chemistry
of water is critical to all life.

Solubility and Polarity
Recall that water molecules are polar. Oxygen atoms have a slightly stronger attraction for
electrons than hydrogen atoms do. The oxygen part of a water molecule therefore has a partial
−
negative charge, labeled δ in Figure 5, and the hydrogen part has a partial positive charge,
+
labeled δ . When crystals of an ionic solid, such as sodium chloride, NaCl, dissolve in water,
these positive and negative ends separate the sodium and chloride ions. The negatively
charged parts of water molecules attract and surround the positive ions of the ionic solid. The
positively charged parts of water molecules attract and surround the negative ions of the ionic
solid. This process is called hydration and is how ionic compounds dissolve.

δ+
H

δ+
H

O
δwater molecule

ClNa+

H

FIGURE 5: Water’s polarity
allows it to hydrate positive
and negative ions of an ionic
solid. This conceptual model
shows that the partial negative
charge of water is attracted
to the positive ion. The partial
positive charge of water is
attracted to the negative ion.

H

O
δ
δ-Na+δδ- δhydrated sodium ion
H O
H
+
δ+ δ δ+
δ+ Cl δ+
δ+ δ+

sodium chloride crystal
hydrated chloride ion
INFER Complete the statement about the behavior of nonpolar solvents.
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Ionic compounds would be generally soluble | not soluble in nonpolar solvents. The
nonpolar solvents have | do not have the charges necessary to draw the ions out of
the crystal and into solution.
Nonpolar substances, such as fats, oils, and greases, do not easily dissolve in polar
liquids, because the forces between the polar molecules are stronger. This is why oil
and water form layers instead of mixing. Liquids that are not soluble in each other are
called immiscible. Nonpolar substances generally do dissolve in nonpolar liquids, such
as gasoline and carbon tetrachloride. The intermolecular forces are weak in nonpolar
solvents, so both solvent and solute particles can mix freely. Liquids that dissolve freely in
one another in any proportion are called miscible.
Collaborate A common way to remember the relationship between polarity and solubility

is “like dissolves like.” With a partner, explain how this description is useful for determining
the solubility of substances.
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Solubility and Pressure
Because the particles in liquids and solids are already very close together, pressure has
little effect on the solubility of substances in these states. Changes in pressure, however,
do affect the solubility of gases. Imagine you have a closed container containing a liquid
and a gas, as shown in Figure 6. The liquid is the solvent and the gas above it is the solute.
When the pressure on the system is increased, the gas and liquid particles collide more
often than they did at the original pressure. As a result, more gas dissolves in the liquid.
FIGURE 6:

A change in
pressure affects
the rate at which
gas particles
encounter the
liquid’s surface.

dissolved
gas
a

Initialinitial
pressure
pressure

pressure
is is
Pressure
increased
increased

b

more
gas is
c More gas is
dissolved
dissolved

APPLY An opened bottle of carbonated water may appear “flat,” but when you open it,
the water fizzes. How can this observation be explained using solubility and pressure?

Carbonated beverages, those with dissolved CO2 gas, demonstrate how pressure affects
the solubility of a gas. During production of the beverage, CO2 gas is forced into the
liquid under high pressures. When the bottle is opened, the pressure of the gas suddenly
decreases. The carbon dioxide can now escape from the liquid, causing the drink to fizz.

FIGURE 7: Effect of temperature on the solubility of a solid in a liquid
Solubility of Solids

Solubility (g solute/100 g H2O)
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NaNO3
CaCl2
Pb(NO3)2
NaCl
KCl
KNO3
K2Cr2O7
KClO3
Ce2(SO4)3

0

20

40
60
Temperature (˚C)
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100

Increasing temperature has a different
effect on the solubility of liquids and gases.
Figures 7 and 8 show how the solubility of
different gases and liquids change when
the temperature is increased.
ANALYZE Based on Figure 7, what effect
does temperature have on the solubility of
a solid in a liquid?
a. Solubility always increases with an
increase in temperature.
b. Solubility always decreases with an
increase in temperature.
c. Solubility generally increases with
an increase in temperature, but
sometimes decreases.
d. Solubility generally decreases with
an increase in temperature, but
sometimes increases.
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Solubility and Temperature

Solubility of Solids in Liquid

The effect of temperature on solubility is
different for a gas dissolved in a liquid. As
shown in Figure 8, as temperature increases,
the gas particles have more kinetic energy
and are better able to escape from the
liquid solvent. For all gases, increasing
temperature decreases the solubility of the
gas. As in liquids and solids, polarity also
affects the solubility of the gas particles.

Solubility of Gases in Liquid
Solubility
of solubility
Gases
FIGURE 8: Effect of temperature
on the
of a gas in a liquid
10
Solubility (mg solute/100 g H2O)

For a solid dissolved in a liquid, increasing
the temperature generally increases the
solubility as well. When the temperature
is increased, the particles of the solution
have more kinetic energy. The increased
movement allows the solvent particles to
surround and dissolve the solute particles
more effectively.

NO
O2
CO
CH4
N2

8
6
4
2
0

0

10

20
30
Temperature (˚C)

40

INFER Would you expect an opened can of carbonated water to go “flat” quicker if it was
cold or warm? Use evidence to support your claim.
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Patterns

Colloids and Suspensions
When you add a solid to a liquid, the solid might dissolve,
forming a solution. A solution, however, is not the only
possible result of adding a solid to a liquid. Suspensions are
heterogeneous mixtures in which the solute particles are very
large and settle out of the solution. An example of a suspension
is a jar of muddy water. When you mix the jar, the water appears
uniform and cloudy. But if left undisturbed, the soil particles will
settle to the bottom of the container.

FIGURE 9: The Tyndall Effect

Colloids have particles that are smaller than the particles in a
suspension but larger than those in a solution. In a jar of muddy
water, when the large soil particles settle to the bottom, the
water can still appear cloudy. This is because there are colloidal particles in the water.
Many other colloids appear homogeneous, but the particles are actually large enough
to scatter light. This effect, known as the Tyndall effect, is shown in Figure 9. This effect
is not seen in true solutions because only the small, randomly moving particles in a
colloid can scatter light.
Collaborate Fog is an example of a colloid—liquid water particles dispersed in air. When
driving in foggy conditions, experts say that drivers should use low-beam or fog lights but never
high-beam lights. With a partner, argue whether this is good or bad advice.
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Problem Solving

Measuring Solution Composition
The concentration of a solution is the amount of solute in a given amount of solvent.
Some medications are solutions—a one-teaspoon dose at the correct concentration might
cure the patient, while the same dose in the wrong concentration might kill the patient.
Scientists can determine the concentration of a solution by finding the molarity of the
solution. Molarity (M) is the number of moles of solute in one liter of solution.
amount of solute (mol)
Molarity (M) = __
volume of solution (L)
For example, a one-molar solution of sodium hydroxide, NaOH, contains one mole of
NaOH in every liter of solution. The concentration of a one-molar solution of sodium
hydroxide is written as 1 M NaOH.
SAMPLE
PROBLEM

An IV saline solution commonly found in hospitals contains 9.00 grams of NaCl dissolved
in enough solvent to form a solution with a volume of 1.00 L. What is the molarity of the
saline solution?

ANALYZE

Given:

solute mass = 9.00 g NaCl
solution volume = 1.00 L

Unknown:
SOLVE

molarity of NaCl solution

Use the periodic table to compute the molar mass of NaCl as 58.44 g/mol. Calculate the
molarity using the molar mass of NaCl as a conversion factor.
9.00 g NaCl
1 mol NaCl = 0.154 M NaCl
__
× __
1.00 L solution
58.44 g NaCl
SOLVE A scientist wants to test the effects of different potassium chloride, KCl, solution
concentrations. Potassium chloride is sometimes used to treat conditions that
result from potassium depletion, such as cardiac or kidney disease. The scientist dissolves
255 g KCl to make a 3.20 L solution. Use the space provided to calculate the molarity of
the potassium chloride solution.

M KCl
You may have heard of solutions being referred to as dilute or concentrated, but these are
not very definite terms. Dilute means that there is a relatively small amount of solute in a
solvent. Concentrated, on the other hand, means that there is a relatively large amount of
solute in a solvent. It is important to note that these terms are unrelated to the degree to
which a solution is saturated. A saturated solution of a substance that is not very soluble
might be very dilute.
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P R AC T I C E
PROBLEM

If a scientist dilutes 1.00 L of a 0.500 M NaOH solution to 2.00 L, she could find the new
concentration simply by using the ratio M1V1 = M2V2.
(0.500 M)(1.00 L)
__
= 0.250 M
(2.00 L)
Solutions are often diluted just before use because those of greater molarity take up less
lab space. Chemists can have solutions of greater molarity and lower volume in stock and
then dilute them to ones of higher volume and lower molarity for use.
Note that a 1 M solution is not made by adding 1 mol of solute to 1 L of solvent. Instead,
1 mole of solute is first dissolved in less than 1 L of solvent. The resulting solution is
carefully diluted with more solvent to bring the total volume to 1 L.
SAMPLE
PROBLEM

A 21.7 g sample of potassium chromate is needed to carry out a reaction in an aqueous
solution of potassium chromate. All you have on hand is 5.00 L of a 6.00 M K2CrO4
solution. What volume of the solution is needed to give you the 21.7 g K2CrO4 needed for
the reaction?

ANALYZE

Given:

volume of solution = 5.00 L
concentration of solution = 6.00 M K2CrO4

Unknown:
PLAN

volume of K2CrO4 solution in L

The molarity indicates the moles of solute that are in 1.00 L of solution. Given the mass
of solute needed, the amount in moles of solute can be found. Use the molarity and the
amount, in moles, of K2CrO4 to determine the volume of K2CrO4 that will provide 21.7 g.
grams of solute → moles solute

moles solute and molarity → liters of solution needed

© Houghton Mifflin Harcourt Publishing Company

S O LV E

To get the moles of solute, you’ll need to calculate the molar mass of K2CrO4.
1 mol K2CrO4 = 194.2 g K2CrO4
1 mol K2CrO4
21.7 g K2CrO4 × __
= 0.112 mol K2CrO4
194.2 g K2CrO4
Now use the moles of solute and the molarity to find the liters of solution needed:
0.120 mol K 2CrO 4
6.00 M K2CrO4 = __
x L K 2CrO 4 solution
x = 0.019 L K2CrO4 of solution

P R AC T I C E
PROBLEM

SOLVE To prepare a 4.20 M HCl solution that contains 655 g HCl, the volume of the
solution must be

L.

Evidence Notebook Review the demonstration of sodium acetate forming a crystal column as

it is poured. In your Evidence Notebook, describe this solution on a molecular scale. How does the
microscopic arrangement of particles affect the macroscopic behavior of the solution?
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EXPLORATION 3

Analyzing the Behavior of Solutions
Ionic and covalent substances often behave differently when dissolved in an aqueous
solution. Suppose you dissolve an ionic substance, such as sodium chloride, in a polar
solvent, such as water. Sodium chloride contains ionic bonds, which means sodium ions
and chlorine ions already exist before the substance is added to the water. The ionic
compound dissolves as the polar water molecules surround and separate the ions in a
process called dissociation.
Some covalent compounds, such as hydrochloric acid, also dissolve in polar solvents.
Hydrogen chloride is a polar covalent bond that forms ions when dissolved in a polar
compound. When dissolved in water, these ions constitute the acid hydrochloric acid.
The process in which some polar covalent solute molecules from ions in solution is
called ionization.
MODEL In the space provided, develop a model that explains the difference between
dissociation and ionization. How can your model help you remember these differences?

Modeling the Dissociation of Ionic Compounds
When dissolved in a solvent, ionic compounds dissociate completely into their separate
ions. For example, if you dissolve silver nitrate, AgNO3, in water, the water does not
−
+
actually contain AgNO3. It contains only Ag and NO 3 ions. For each mole of AgNO3 that
+
you dissolve, the solution will contain a total of two moles of ions, one mole of Ag ions
−
and one mole of NO 3 ions.
−

1 mole

1 mole

1 mole
2+

−

Similarly, a solution of manganese bromide, MnBr2 contains the ions Mn and Br . The
balanced equation shows that a total of three moles of ions are produced
2+
−
for each mole of MnBr2, one mole of Mn ions and two moles of Br ions.
−

MnBr2(s) → Mn (aq) + 2Br (aq)
2+

1 mole

1 mole

2 moles

APPLY Explain how matter is conserved on a molecular scale when ionic compounds
dissociate in solution.
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+

AgNO3(s) → Ag (aq) + NO 3 (aq)

Even though ionic compounds dissociate completely, if the amount of
compound exceeds its solubility in the solution, some of the compound will
not dissociate. Some ionic compounds’ solubilities are so low that they are
considered insoluble. Through a lot of observation, chemists have developed
rules that describe some general patterns of solubility for ionic compounds.
Using these patterns, we can predict whether a compound made of a certain
combination of ions is soluble. For example, almost all compounds containing
sodium are soluble, while most sulfides are insoluble. If a solution contains
several different ions, the solubility rules help predict which combination of
ions will be the first to become insoluble as their concentrations increase.

Explore Online

Hands-On Lab
Reacting Ionic Species in
Aqueous Solution

Mix ionic compounds in aqueous
solution to determine the solubility of
the products.

PREDICT Sodium nitrate and ammonium chloride are soluble in water. Sodium chloride
and ammonium nitrate are also soluble in water. On a molecular scale, describe the
solution that results when solutions of sodium nitrate and ammonium chloride are mixed.
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If the mixing results in a combination of ions that forms an insoluble
compound, a precipitation reaction will occur. Precipitation occurs when
the attraction between the ions is greater than the attraction between the
ions and surrounding water molecules. Precipitation reactions can be used
for making pigments, removing salts from water in water treatment, and in
classical chemical analysis.

FIGURE 10: A precipitation
reaction of aqueous lead nitrate
and aqueous potassium iodide

Patterns in solubility help predict what precipitate will form when two
compounds are mixed. Suppose you mix an aqueous solution of potassium
iodide with an aqueous solution of lead nitrate. Both solutions are colorless,
but when you mix them, a bright yellow solid forms. The precipitate could be
either potassium nitrate or lead iodide. Using patterns of solubility, scientists
can determine that lead iodide is insoluble, and it is therefore the yellow
precipitate shown in Figure 10.
Scientific Knowledge Assumes an Order and Consistency
in Natural Systems

Recycling Palladium
Dental fixtures often include precious metals because of their low reactivity.
If the fixtures are removed, the metal can be recovered by dissolving
the scrap in a carefully chosen solvent in which the metal precipitates.
Palladium in dental scrap can be retrieved by dissolving the scrap in
hydrochloric acid and using a reagent to precipitate out the palladium
from the solution. This kind of recycling saves energy compared to mining
and processing new raw palladium ore. It also conserves a limited valuable
resource from going to a landfill.

FIGURE 11: Palladium can be
re-used from dental scraps.

Language Arts Connection Research other precipitation reactions that

are used to recycle rare materials. How do these reactions offset the impacts of
mining? Write a short newspaper article describing your findings.
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Modeling the Ionization of Molecular Compounds
FIGURE 12: HCl completely ionizes in water.

HC2H3O2 partially ionizes in water.

chloride
ion (1–)

hydronium
ion (1+)

Water is able to ionize some polar molecular compounds. The
extent to which the ionization occurs depends on the difference
in strength of the solute’s molecular bond and the attraction
of the water molecules. If water’s attraction is stronger, the
acetic acid
covalent bond of the solute molecule breaks apart and forms
molecule
ions. Hydrogen chloride completely ionizes in water because the
attraction of the water molecules breaks the H–Cl bond, forming a
+
−
hydrogen ion, H , and a chloride ion, Cl .
+

–

HCl → H (aq) + Cl (aq)

HCl

e
)

hydronium
ion (1+)

acetic acid
molecule

Molecular acetate
compounds such as HCl that have a hydrogen atom
ion (1–)
covalently bonded to a highly electronegative atom can release
+
+
hydronium
H ions in an aqueous solution. An H ion, however, is so strongly
HC2H3O2 ion (1+)
attracted to other charged particles that it readily bonds covalently
with a water molecule.
+

–

H2O(l) + HCl(g) → H3O (aq) + Cl (aq)
+

H3O is known as a hydronium ion. The ionization of a compound
+
in which an H ion forms a hydronium ion is described as donating
+
a proton (that is, an H ion) to a water molecule.
acetate
ion (1–)
hydronium
HC2H3O2 ion (1+)

HCl

Some molecular compounds have stronger bonds to their hydrogen
atoms. Acetic acid (household vinegar), HC2H3O2 , ionizes less readily
because hydrogen bonds more strongly to the molecule. Some
acetic acid molecules ionize in water, but most remain molecules,
so that both exist in solution. Some molecular compounds, such as
sugar, dissolve in water but do not form ions.

Strong and Weak Electrolytes
You previously tested the conductivity of different solutions. An electrolyte is a substance
that conducts an electric current when dissolved in solution because it yields ions. A
nonelectrolyte is a substance that does not conduct an electric current when dissolved in
solution because it does not yield ions. You likely found that some electrolytes conduct
electricity better than others. The strength with which substances conduct an electric
current is related to their ability to form ions in solution.
APPLY Complete the statement by selecting the correct terms.
A substance such as sodium chloride dissociates completely in water. Sodium
chloride conducts electricity poorly | well because all | some | none of the dissolved
compound forms ions. A substance such as acetic acid only partially ionizes in water.
Acetic acid would conduct electricity poorly | well because all | some | none of the
dissolved compound forms ions.

272

Unit 4 Chemical Attractions

© Houghton Mifflin Harcourt Publishing Company

EXPLAIN What determines whether a molecular compound will ionize in water?

Matter and Energy Your body needs electrolytes to help send the electrical impulses

that tell your muscles to contract. When you work out, your body loses electrolytes through
sweat. Sports drinks supply your body with additional water as well as electrolytes to replace
what you’ve lost. Research why these drinks are so popular with athletes. Would your body
replace the lost electrolytes without a sports drink?
All soluble ionic compounds are considered strong electrolytes. A strong electrolyte is any
compound whose dilute aqueous solutions conduct electricity well. A limited number of
molecular compounds, such as HCl, also yield only ions when they dissolve and are also
strong electrolytes. A weak electrolyte forms only a few ions in water, so it is not a good
conductor of electric current. Ammonia, NH3, is an example of a weak electrolyte. When
ammonia is dissolved in water, only about one out of every hundred ammonia molecules
will interact with water molecules to produce ions.
Evidence Notebook Review your data from the electrical conductivity investigation. In

your Evidence Notebook, use your conductivity measurements to classify each compound as a
strong electrolyte, a weak electrolyte, or a nonelectrolyte.

Colligative Properties
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Pure water cannot conduct electricity, freezes at 0 °C, and boils at 100 °C. Salt water does
conduct electricity, freezes at a slightly lower temperature than pure water, and boils at a
slightly higher temperature than pure water. What could cause the differences between
these two liquids? A solution made by dissolving a solute in a liquid will have physical and
chemical properties that the solvent alone did not have.
Salt can be added to icy sidewalks to melt the ice. The salt actually lowers the freezing
point of the water. Therefore, ice is able to melt at a lower temperature than it normally
would. This change is called freezing-point depression. The addition of salt also raises the
boiling point of the solvent. This change is called the boiling-point elevation.
INFER Imagine what would happen if ocean water froze each time the temperature
reached the freezing point of pure water, 0 °C. Tides and the constant movement of
the water partly explain why the ocean water remains liquid. How does freezing-point
depression also explain the behavior of ocean water?
FIGURE 13: Ocean water remains liquid

The boiling point and freezing point of a solution differ from
those of the pure solvent. A nonvolatile solute, which is a
substance that has little tendency to become a gas under existing
conditions, raises the boiling point and lowers the freezing
point of a solution. For example, adding glycol to a car’s radiator
increases the boiling point of water in the radiator, which prevents
overheating. Adding glycol also lowers the freezing point,
preventing freezing in cold weather.
Lesson 3 Intermolecular Forces in Mixtures
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The presence of solutes (either molecules or ions) affects the properties of solutions.
Colligative properties are dependent on the concentration of solute particles, but are not
dependent on the identity of the solute particles. The greater the concentration of solute
particles in a certain mass of solvent, the greater the change in the colligative property.
APPLY When added to water, would you expect sodium chloride, NaCl, or calcium
chloride, CaCl2, to have a greater effect on the boiling-point elevation of the solution?
One mole of NaCl dissolves to give one | two | three dissolved particles per mole.
One mole of CaCl2 dissolves to give one | two | three dissolved particles per mole.
Therefore, NaCl will have a lesser | greater effect than CaCl2 when added to water.
Vapor pressure is the pressure caused by molecules in the gas phase that are in
equilibrium with the liquid phase. Vapor pressure is a colligative property. Increasing the
concentration of solute particles means fewer solvent particles are able to escape from
the liquid to enter the gas phase, lowering the vapor pressure. The solution remains liquid
over a larger temperature range. The change in vapor pressure affects the boiling and
freezing points of the solution, making these colligative properties as well.
Figure 14 shows a U-tube containing sucrose solutions of different concentrations. The
solutions are separated by a semipermeable membrane that blocks the passage of certain
particles but allows others to pass through. In this case, the larger sucrose molecules are
blocked, but the smaller water molecules can pass through freely. Over time, the level of
the more highly concentrated sucrose solution will rise.
Collaborate With a partner, discuss what is happening in the U-tube that would cause the

level of solution to change. Why did only the more highly concentrated solution change, and
not the lower? Use evidence from Figure 14 to support your ideas.

lower
concentration
solute

higher
concentration
solute

same concentration
solute
osmosis

H2O

selectively
permeable
membrane

A higher concentration of solute particles in the solution allows fewer water molecules
to strike the membrane than on the side with the lower solute concentration. The rate
of water molecules moving into the higher concentration solution is greater than the
rate moving in the opposite direction. Osmosis is the diffusion of a solvent through a
semipermeable membrane to the side of higher solute concentration.
As the difference in the heights of the solutions increases, an increasing pressure
difference will develop. Eventually, the rate of solvent molecules moving each way across
the membrane will become equal. Osmotic pressure is the external pressure that must be
applied to stop osmosis. Osmotic pressure is dependent on the concentration of solute
particles, not on the type of solute particles, so it is also a colligative property.
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FIGURE 14:

Osmosis is the
movement of
solvent molecules
from the solution
with lower solute
concentration to
the solution with
higher solute
concentration.

Stability and Change

Osmosis in Living Systems
Cells are surrounded by a semipermeable membrane that regulates the
movement of water and other substances into and out of the cell. Biological
cells depend on the proper functioning of osmosis. Osmoregulation is the
feedback mechanism by which cells control osmotic pressure.

Explore Online

Hands-On Lab
Diffusion and Cell Membranes

Investigate osmosis across a
semipermeable membrane.

A cell is said to be isotonic if the concentration of solute is the same both
inside and outside the cell. If the concentration of solute decreases inside the
cell, it becomes hypertonic and water will start to move out of the cell, causing
it to shrink. If the concentration of solute increases inside the cell, it becomes hypotonic
and water will start to move into the cell, causing it to swell. IV solutions given to hospital
patients need to be isotonic with respect to the patients’ blood for this reason.

© Houghton Mifflin Harcourt Publishing Company

MODEL Blood cells in three different solutions are shown below. Label each cell as either
isotonic, hypertonic, or hypotonic. Then add arrows to the cells at the bottom to model
the movement of water into and out of the cell.

In plants, hypotonic cells enable plants to maintain an upright structure. The cell walls
of plants constrain the expansion of the cells resulting in the buildup of water pressure
inside the cell. This pressure causes the rigidity the plant needs to stand upright.
APPLY Complete the statement by selecting the correct terms.
A plant wilts when the cells become isotonic | hypertonic | hypotonic relative to the
environment. As water flows into | out of the cell, the cell loses | gains pressure,
causing it to wilt.

Evidence Notebook Sodium acetate is the sodium salt of acetic acid. Research the properties

of sodium acetate, CH3CO2Na. What kind of solution is sodium acetate and what is it used for?
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TAKE IT FURTHER

Careers in Engineering
Water Supply Engineer
When you turn on a faucet, you expect a flow of clean,
drinkable water. If you are confident in the purity
of your water supply, you can thank a water supply
engineer. Water supply engineers identify and develop
water sources, produce and maintain water purification
systems, and develop water distribution systems.

FIGURE 15: A water supply engineer collecting a sample.

One of the main challenges is developing steps for
water purification. The water you drink may originate
in a lake or a river, or it may come from groundwater.
The water is usually pumped to the surface from drilled
wells that are sometimes hundreds of feet deep.
Regardless of its source, the water must be cleaned
and purified before it can be sent to homes, schools,
and businesses. A water supply engineer develops the
water purification processes, designs the equipment,
and plans the methods for testing the water to make
sure it is fit for consumption. California maintains over
24 000 water quality testing sites to obtain these data.

After screening, the water still contains smaller
particles, so it next flows into large sedimentation
pools where this solid material settles. Often, the water
contains particles so small that they will not settle out in
a reasonable amount of time. Adding chemicals such as
aluminum sulfate, Al2(SO4)3, or soluble iron salts can result
in a precipitate that settles out along with the particles.
Unwanted ions, such as magnesium ions that cause hard
water, are also precipitated out. The precipitates are
removed through different filtration processes.

Screening is the first step in the process. During
screening, water passes through a screen to remove
larger objects such as trash, leaves, twigs, and even
fish. The fish are returned to the stream beyond the
intake location for the water purification plant.
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Water from rivers and lakes is likely to be contaminated
with bacteria and so must be disinfected. This is usually
the last step in water treatment before the water is
piped to consumers. Chlorine gas is the cheapest and
most common substance used to disinfect water on
a large scale. However, it can react to form chlorinecontaining organic byproducts that may cause cancer.
As a result, chlorine treatment is minimized and
supplemented by treatment with chloramine,
NH2Cl (g). Chloramine is also an effective disinfectant
that does not form harmful byproducts.
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INFER What do you think would happen if water was
not purified before it was used by people?
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California has had several major droughts in the last
century in which low precipitation levels caused
decreases in surface water runoff that supplies water
for basic needs. Water supply engineers must monitor
water supply levels and the demand on these supplies
and find ways to mitigate the stress on water resources.
Figure 16 shows areas in California that are at risk of
stressing water supplies.
ANALYZE What areas in California are at most risk of
low water supplies? How could these areas lower their
demand for water? How might a water supply engineer
help reduce this stress?
© Houghton Mifflin Harcourt Publishing Company
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Source: National Resources
Defense Council Water Facts
Report, Climate Change, Water,
and Risk, 2010.

After humans use water for a variety of domestic,
agricultural, and industrials purposes, the used water
needs to be cleansed before it can be released back
into rivers. Cleansing of water sources helps prevent
waterborne diseases, which have been a primary cause
of death for more than a million people per year.
Earth has a limited supply of water that is continually
recycled through natural and human-designed
purification systems. Modern sanitation systems and
water treatment plants have saved more lives than
nearly any other improvement in our health care
system. Water chemists and engineers play an essential
societal role in this process.

Water supply engineers monitor water supplies to
predict when they will be insufficient. This data helps
address the problem of developing and maintaining
water retrieval systems from dwindling supplies.
SEPARATING SALT
MIXTURES

FIGURE 16: Some areas in
California are at extreme
risk of stressing their water
supply. Water supply
engineers must design
ways to maintain freshwater
distribution, even though
water supplies will become
more stressed in the
coming years.

TESTING WATER
FOR IONS

Chemistry in Your Community Imagine you
are a water supply engineer. Your task is to develop a
water treatment plant for a community located away from
developed areas. Write a report describing questions you would
ask and steps you would take to identify and develop a suitable
source of water for this community. How will the diverse needs
of the community influence the water treatment system you
develop? How will you address their demand for water while
keeping the stress on the water resource low?

REVERSE OSMOSIS

Go online to choose one
of these other paths.
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EVALUATE

Lesson Self-Check
CAN YOU EXPLAIN IT?

A solution consists of a solute dissolved in a solvent. The sodium acetate solution in the
beaker consists of the ionic compound sodium acetate, CH3CO2Na, dissolved in water. In
the beaker, the solution is a clear liquid. Figure 17 demonstrates that when the solution is
poured on top of a few crystals of sodium acetate, it forms a column of crystalline solid.
Evidence Notebook Refer to your notes in your Evidence Notebook to explain why

the sodium acetate forms a crystalline solid when it is poured instead of remaining in
liquid form. Your explanation should include a discussion of the following:
1. Make a claim about the impact of solubility on the sodium acetate experiment.
2. What evidence supports your claim? Why is the seed crystal required for this phenomenon
to occur?
3. Suppose you changed the temperature of the sodium acetate solution before pouring it
from the beaker. Would you observe the same result if it were cooled first? Would you
observe the same result if it were heated? Explain why or why not.
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FIGURE 17: A column of crystallized sodium acetate forms when an aqueous solution of sodium
acetate is poured over a seed crystal.

Name

Date

CHECKPOINTS
Check Your Understanding

1. Solutions are produced from each of these
compounds. Which would most likely produce a
solution that would conduct an electrical current?
Select all correct answers.
a. aluminum chloride, AlCl3
b. chromium trioxide, CrO3
c. ethanol, C2H5OH
d. glucose, C6H12O6
e. sodium azide, NaN3
2. Which statement correctly describes the effect of
an increase in temperature on the solubility of a
solid dissolved in a liquid?
a. Solubility increases for all solids.
b. Solubility decreases for all solids.
c. Solubility increases for most solids but
decreases for some.
d. Solubility decreases for most solids
but increases for some.
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3. Which statement correctly describes the effect of
an increase in temperature on the solubility of a
gas dissolved in a liquid?
a. Solubility increases for all gases.
b. Solubility decreases for all gases.
c. Solubility increases for most gases but
decreases for some.
d. Solubility decreases for most gases
but increases for some.
4. Which statement correctly describes the effect of
pressure on the solubility of a substance?
a. A decrease in pressure increases the solubility
of most liquids.
b. Solids experience the greatest effect from
changes in pressure.
c. Changes in pressure cannot increase
solubility.
d. Increased pressure causes more gas
particles to dissolve in liquids.

5. Complete the statement.
The freezing point of pure water is higher | lower
than the freezing point when a solute is dissolved
in the water. The change in the freezing point
occurs because the vapor pressure of the solution
is higher | lower than that of the pure water. This
change in vapor pressure also causes the boiling
point of the solution to be higher | lower than
the vapor pressure of pure water. The change in
boiling point is directly proportional to the grams |
molarity of the solution.
6. Which of the following types of compounds is
most likely to be a strong electrolyte?
a. a polar compound
b. a nonpolar compound
c. a covalent compound
d. an ionic compound
7. Which statement best explains why oil and water
do not mix?
a. Water is carbon-based and oil is not.
b. Water is polar and oil is nonpolar.
c. Oil is polar and water is nonpolar.
d. Oil and water both have covalent
bonds and repel one another.
8. A 3.25 L solution is prepared by dissolving
285 g BaBr2 in water. Use the space provided to
determine the molarity.

M BaBr2
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EVALUATE

CHECKPOINTS (continued)
9. A student makes a solution by dissolving CaBr2 in water. Describe what happens
at the particle level as the CaBr2 dissolves.

MAKE YOUR OWN STUDY GUIDE
In your Evidence Notebook, design a study guide that supports the main ideas from this lesson:
A solution is a homogeneous mixture of two or more solutes dispersed throughout
a solvent. Solutions in which solutes consist of charged particles can conduct an
electrical current.
Remember to include the following information in your study guide:
• Use examples that model main ideas.
• Record explanations for the phenomena you investigated.
• Use evidence to support your explanations. Your support can include drawings, data, graphs,
laboratory conclusions, and other evidence recorded throughout the lesson.
How do patterns of conductivity of solutions relate to the concentration of ions in the solution?
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10. Three beakers filled with liquids are sitting on a table. One liquid is a solution,
one is a suspension, and one is a colloid. Describe how you can use the Tyndall
effect to distinguish which type of mixture is in each beaker, and explain how the
particles that each beaker contains produces this effect.

UNIT CONNECTIONS

Earth Science Connection
Cycling Matter The law of conservation of matter implies that
atoms on Earth are continually recycled. Carbon, nitrogen, and
other elements and compounds cycle through Earth’s biosphere,
geosphere, atmosphere, and hydrosphere. Because chemical
changes are involved in the cycling of matter, an element can be
transferred between different compounds throughout a cycle.

FIGURE 1: Changes in the carbon cycle
occur from the interaction of chemical,
geological, and biological processes .

CO2

Develop a model describing the cycling of one type of matter, such
as nitrogen, oxygen, or carbon, through Earth’s systems. Construct
an explanation of chemical reactions that are involved in the cycle and that
the total amount of matter in the system is conserved. Explain the ways
large-scale chemical manufacturing and consumer habits can negatively
impact the natural recycling systems and efforts to restore this balance.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (cr) ©dpa picture alliance archive/
Alamy; (br) ©Andrew Syred/Science Source

Art Connection

FIGURE 2: A conservator examines a
painting for restoration.

Restoration Natural physical and chemical changes can degrade
the original quality of artwork. A person trained in preserving
and restoring paintings is called a conservator. Conservators
evaluate paints and the surfaces on which they are applied.
They must understand how paints age and how exposure to
various chemicals and light affect the paints. Conservators must
ensure that materials used in preserving and restoring paintings
are compatible with the original painting and do not cause
unintended reactions.

Research the ways conservators restore and preserve paintings and
other works of art. Produce a multimedia presentation describing
the job of a conservator and different ways they use chemistry to restore
and preserve paintings.

Technology Connection
Barnacle Glue Barnacles attach to docks, boats, and anything they
come across. Their glue sets in salt water and stays set, as anyone
who has cleaned the bottom of a boat can tell you. Engineers are
developing ways to make similar glues that work underwater.
They’re investigating using barnacle glue as a medical adhesive.

FIGURE 3: This SEM shows the glue threads
of an acorn barnacle. These allow it to
adhere to surfaces, even underwater.

Research the properties of barnacle glue, what makes it so strong,
and its ability to work underwater. How does the ability to work
underwater make it useful as biomedical glue? Develop an informational
pamphlet with images and diagrams about the uses of barnacle glue.
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THE WATER IN
OUR BODIES

A BOOK EXPLAINING
COMPLEX IDEAS USING
ONLY THE 1,000 MOST
COMMON WORDS

Blood and other kinds of
watery stuff inside us
RANDALL MUNR
OE
XKCD.COM
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Plasma, the liquid part of blood, is made up of water, salts,
and protein. Blood also contains some solids, such as red
blood cells, white blood cells, and platelets. What makes up
the other watery substances our bodies produce?
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MOSTLY WATER
People often say that our bodies are mostly water,
which is true. By weight, our bodies are about
three parts water to two parts everything else. This
water has all kinds of other things added to it. Your
blood, the wet stuff in your mouth, the stuff that
comes out of your eyes when you cry, and the stuff
in your nose are almost all water; there’s just a little
other stuff in there too, and that stuff makes those
kinds of water different from the normal clear water
that you drink.
Since so much of our bodies are made of water,
you might think that if you got a hole in your body,
all your water would run out. It’s true that your
blood could come out—which is why people try

not to get holes in them—but blood makes up
only a small part of a human body’s water. Most of
the water is locked up in other parts of our body.
Almost all the pieces we’re made of have water in
them—even our bones!
Most of our body parts, like all living things, are
made of very tiny bags. Some of these bags hang
around in our blood, while others stick together to
make body parts like our hearts and skin. These
bags are full of all kinds of things, but they’re also
full of water. If you get a hole in your body, a lot
of the water is stuck in those bags—or in small
spaces in between them—and won’t go anywhere
unless all the tiny bags break up.

WHERE IS ALL THE WATERY STUFF?
Here’s what the different kinds of water in your bodies would look
like if you put it in large bottles. (These are the size of bottles that
people bring to parties to fill lots of people’s cups from. They’re
often full of colorful drinks that make young people stay up all night.)
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WATER IN OUR
BLOOD BAGS
This is water that’s locked
inside the tiny bags in our
body. Some of the bags are
free to move around, like
the red ones in our blood,
but a lot of them are stuck
together in certain shapes
to make up body parts.

WATER OUTSIDE OUR
BLOOD BAGS
This is the water that’s not locked
inside the tiny bags that make up
our bodies. Some of it makes up
the stuff in our blood, stomach, and
eyes, but most of it is found in the
tiny spaces between our bags. It
helps the moving parts of our body
move, keeps things from drying
out, and acts like a road or river
between different bags, carrying
in the stuff they need and carrying
away the stuff they’re done with.

BLOOD
Most people have
enough blood
to fill between
two and three of
these bottles.

WATER IN THE RED BAGS
IN OUR BLOOD
These bags are free to move
around in our blood, and are
what gives it that red color.

THE REST OF OUR BLOOD
This stuff is yellow-colored
and almost all water. It’s
what things in our blood
move around in.
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BLOOD
WATER INSIDE OUR BAGS
This is the water that’s inside the red bags in our blood. These bags are red
because they have a lot of metal in them.
A big plastic bottle, the kind
used to fill smaller cups

RED STUFF
This stuff is full of metal,
and it’s what makes our
blood look red.
The metal in our blood
turns red when we breathe
for the same reason metal
things turns red-brown
when you leave them
outside for a long time.

STUFF THAT STICKS TOGETHER TO
COVER HOLES
If something makes a hole in your body, all
your blood can fall out, which is bad. This
stuff tries to fill those holes before you lose
too much blood.
The hole-filling stuff is made of tiny flat circleshaped bags. When they get near a hole,
they stick together, making a thick layer that’s
strong enough to hold in your blood while
your skin grows back over the hole.
BODY GUARDS
Some of the bags in your blood are there
to keep you safe from attacks by tiny living
things. Things that get into your body can
make you sick. To stop them, these guards are
always traveling around your body, looking
for anything that’s not supposed to be there.
When they find something they don’t like, they
have all kinds of ways to mark it, attack it, and
get rid of it.

WATER OUTSIDE OF OUR BAGS
This is the part of our blood that’s not locked up in the red
bags. It’s almost all water, and is kind of yellow in color if you
take out all the red stuff.
WATER

STUFF TO PUT ON CHIPS
This part of blood has the
same stuff as on chips or in
the sea.
METAL CARRIER
This stuff carries red
metal in the blood. It can
pick up metal and carry it
into a bag.
WHITE STUFF
This is like the stuff in egg
whites. Lots of things stick
to it, and it carries them
around the body.
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SMALL-SIZE BOTTLES
These bottles are the
largest size that you’re
allowed to carry on a flight
in the US.
STRONG STUFF
This is made of lots
of long, thin pieces
shaped like hairs.
When the sticky bags in
your blood are coming
together to stop up a
hole, these hairs help
make them strong.
ROUND STUFF
This is like the white
stuff, but made of
bigger pieces. It does
a lot of things , like
carrying stuff around
the body and sticking
to things that shouldn’t
be there so your body
guards can find and get
rid of them.
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WATER

OTHER WATERY STUFF

Go online for more
about Thing Explainer.

SKIN WATER
This is the water that comes out of your skin when you get
too hot. As your skin dries, the water carries away heat.
This water comes from the clear part of your blood.
A normal person might make this much of it in a day, but
they might make a lot more if they spend time in the heat.
KINDS OF SKIN WATER
One kind of skin water keeps you cool.
It comes out of your skin all over your body,
and it doesn’t smell like much. It’s mostly
water, with just a little bit of stuff in it that
makes it like the sea.
Another kind of water only comes out of
certain parts of the body with hair on them,
like under your arms. Your body makes it when
you’re worried or afraid, and it’s thicker and
less watery than the other kind. And after it’s
been there for a while, it starts to smell.

This is about
how much
yellow water a
person makes
in a day.

A drink bottle for
one person
A tiny glass, the
kind that holds
drinks that you
drink all at once
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MOUTH WATER
The water in your mouth
helps food slide down
your throat. It’s also full of
stuff that starts breaking
down food as you eat it.

YELLOW WATER
This stuff holds all the watery things
your body is getting rid of.
It’s mostly water. The main other thing
in it—which got its name because it’s
found in yellow water—carries stuff out
of the body. It’s full of the kind of stuff
that makes trees and grass grow.

BRAIN WATER
This is the layer of water that goes around
the brain. It’s very much like the yellow stuff
in your blood, but it’s more clean and clear,
so nothing gets in the brain and hurts it.
When you hit your head, this water holds
your brain in place and tries to keep it from
running into the bone around it.

STOMACH WATER
This is the stuff in your stomach.

A normal
person’s mouth
makes about
this much water
every day.

When you eat
dinner, your
stomach might
fill with about this
much stomach
water to break
down the food.

If you have a
cold, this is how
much of this
stuff can fit in
your nose.

NOSE STUFF
This is the stuff that comes out of
your nose sometimes. It’s mostly
water and is a lot like the stuff that
lines your throat and stomach.
It helps keep the layers under
it from drying out and breaking
open, and catches and stops dust
and things that you breathe in.
THE STUFF INSIDE YOUR EYE
This is almost completely water,
but it’s full of thin hairlike stuff, too
small to see, which makes it thicker
than water and helps the eye keep
its shape.
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UNIT PERFORMANCE TASK

Testing Water-Repellent Fabrics
You are working for a company that
makes water-resistant materials.
Water-repellent fabrics are often used
in tents, garments such as coats and
shoes, and tarps that protect valuable
materials. Your challenge is to develop
a procedure to test a fabric that repels
water. Not only should the material keep
water out, but it should be breathable,
or allow air to flow through.

FIGURE 4: Water-repellent fabrics resist water but let air flow through.

1. D E F I N E T H E P R O B L E M

2. C O N D U C T R E S E A R C H
Research water-repellent fabrics and methods used
for testing them. What is meant by the term waterrepellent, and how is this different from waterproof?
How do the adhesive and cohesive properties of water
influence the way water-repellent fabrics are designed?
Consider examples of plants that can also repel water
and how these have influenced human-made designs.
3. C A R R Y O U T A N I N V E S T I G A T I O N
Develop a plan for testing water-repellent fabric.
Consider what materials and technology you will need,
how you will safely collect and analyze data, and how
you will properly dispose of waste materials.
Explore Online

Hands-On Lab
Water Repellent Fabrics Plan an investigation to test
a water-repellent fabric. Develop procedures for assessing the
repellency of fabric, as well as its breathability.
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4. E V A L U A T E D A T A
Explain which parts of your testing procedure worked
well and which could be improved. How might the
testing procedure differ if the tests were conducted in
a facility with more advanced equipment? How would
you use the results of your tests to suggest further
improvements to water-repellent fabrics?

5. C O M M U N I C A T E
With your team, develop a presentation including
the problem you defined, your research on waterrepellent fabrics, and the results of your tests. Explain
how intermolecular forces are related to the results you
obtained, and suggest areas for further research.

CHECK YOUR WORK
A complete presentation should include
the following information:

• a clearly defined problem that was addressed
during the course of the investigation
• a description of water repellent fabrics and how
they work
• an analysis of your test results
• a description of possible improvements that could
be made to the testing procedure
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Describe the problem you will address
in this activity. Include criteria and any
constraints that you will consider in your
design. How will you determine how
well your design repels water and how
breathable it is?

UNIT PRACTICE AND REVIEW

Name

Date

SYNTHESIZE THE UNIT

DRIVING QUESTIONS

In your Evidence Notebook, make a concept map, other graphic
organizer, or outline using the Study Guides you made for each
lesson in this unit. Be sure to use evidence to support your claims.
When synthesizing individual information, remember to follow these
general steps:
• Find the central idea of each piece of information.
• Think about the relationships among the central ideas.
• Combine the ideas to come up with a new understanding.

Look back to the Driving Questions from
the opening section of this unit. In your
Evidence Notebook, review and revise
your previous answers to those questions.
Use the evidence you gathered and other
observations you made throughout the
unit to support your claims.

PRACTICE AND REVIEW
1. A company wants to develop a plastic with certain
properties. Select the correct terms to compare
different types of polymers they could use.

Linear polymers stack together neatly, whereas
branched polymers do not. Therefore, linear
polymers are held together less | more tightly by
intermolecular forces. As a result, linear polymers
typically have lower | higher melting points than
branched polymers do.
2. Consider the following unbalanced chemical
equation:

Al + Br2 → AlBr3
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What mass of bromine is required to produce
125 g AlBr3?

a. 12.6 g
b. 56.2 g
c. 74.9 g
d. 112 g
3. Which of these compounds would likely conduct
an electrical current if dissolved in water? Select all
correct answers.

a. sulfur dioxide, SO2
b. magnesium bromide, MgBr2
c. gallium(III) nitrite, Ga(NO2)3
d. carbon tetrabromide, CBr4
e. dinitrogen tetroxide, N2O4

4. Which statement correctly describes the effect an
increase in pressure would have on the solubility of
a substance?

a. It would increase the solubility of a gas but
have little effect on a solid or a liquid.
b. It would increase the solubility of a gas and a
liquid but have little effect on a solid.
c. It would decrease the solubility of a solid but
have little effect on a liquid or a gas.
d. It would decrease the solubility of a solid and
a liquid but have little effect on a gas.
5. A substance is dissolved in pure water, and both the
freezing point and the boiling point of the liquid
change. Which of these statements are true? Select
all correct answers.

a. The change in boiling point is directly
proportional to the molarity of the solution.
b. The freezing point of the pure water is higher
than the freezing point of the solution.
c. The change in the freezing point occurs
because the vapor pressure of the solution is
higher than that of the pure water.
d. The change in vapor pressure causes the
boiling point of the solution to be higher than
the boiling point of the pure water.

Unit 4 Chemical Attractions

287

UNIT PRACTICE AND REVIEW
6. A 3.28 L solution is prepared by dissolving 535 g CaCl2 in water. What is the
molarity of the solution? Though more expensive than NaCl, CaCl2 can prevent
water from freezing and melt ice at lower temperatures than standard road salt.
Explain why this happens.

7. Explain how hydrogen bonding is related to the properties of materials, such as
water. Why is hydrogen bonding so important to biochemistry?

8. Use the concept of a mole to explain why a chemical reaction may not consume
all of the reactants. Why is this idea so important in chemical manufacturing?

UNIT PROJECT
Return to your unit project. Prepare your research
and materials into a presentation to share with
the class. In your final presentation, evaluate the
strength of your hypothesis, data, analysis, and
conclusions.
Remember these tips while evaluating:
• What structural features are common to all
detergents, and how do they affect the properties
of detergents?
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• How can you model detergent structure to help
illustrate their function?
• Why might different detergents be used for
different applications?
• How do intermolecular forces facilitate the
usefulness of detergents?
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9. Explain why chemical equations must be balanced and how this relates to the law
of conservation of mass.

