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Properties of Matter
Introduction to Chapter 16

What do a silver necklace, a glass of orange juice, a helium-filled balloon, and a star
have in common? All of these objects are made of matter. In this chapter, you will
learn how matter is classified and how it undergoes changes of state. All matter can
exist as a solid, liquid, or gas. Changes in temperature and atmospheric pressure can
cause changes in state.

Investigations for Chapter 16

In this Investigation, you will use a technique called paper chromatography to
separate water-soluble ink (a homogeneous mixture) into its components. 

In this Investigation, you will demonstrate your ability to measure the mass and
volume of liquids, and of regular and irregular solids using a variety of techniques. 

In this Investigation, you will attempt to influence the rate at which 15 milliliters of
water changes from solid to liquid. Next, you will measure the average kinetic
energy of water molecules as they undergo a change of state and analyze the transfer
of energy that occurred.

16.1 Classifying Matter How can a homogeneous mixture be
separated?

16.2 Measuring Matter How is matter measured?

16.3 States of Matter How fast can you melt an ice cube?

Chapter 16
What is
Matter?

6
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Learning Goals

In this chapter, you will:

! Classify samples of matter from everyday life as heterogeneous mixtures, homogeneous mixtures, 
compounds, or elements. 

! Measure volume using the displacement technique.

! Measure mass with scales and balances.

! Use an indirect technique to infer mass from density measurements.

! Identify the states of matter.

! Classify the states of matter in order of energy.

! Recognize changes in state as a physical change in matter.

! Explain the states of matter in terms of molecular motion. 

! Identify and investigate the law of conservation of mass. 

Vocabulary

atom heterogeneous mixture matter substances
compounds homogeneous mixture mixtures
elements law of conservation of mass molecule
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16.1 Classifying Matter

  

Figure 16.1:  Carbonated soft 
drinks are homogeneous mixtures.

Figure 16.2: Chicken noodle soup 
is a heterogeneous mixture.

16.1 Classifying Matter
What is matter? Matter is easier to describe than to define. Your book, your desk, your lunch, the air
that you breathe and the water you drink are all made of matter. Matter is a term used to describe
anything that has mass and takes up space. Different kinds of matter have different characteristics, such
as boiling and melting temperatures, hardness, and elasticity. In this section, you will learn how matter
is classified. By the end of the section, you should be able to define mixture, homogeneous mixture,
heterogeneous mixture, substance, element, and compound. 

How do scientists classify matter?

Mixtures contain
more than one
kind of matter

Matter can be divided into two categories: mixtures and substances. Mixtures
contain more than one kind of matter. For example, cola is a mixture that can be
separated into carbonated water, corn syrup, caramel color, phosphoric acid,
natural flavors, and caffeine.

Homogeneous
mixture is
the same

throughout

A homogeneous mixture is the same throughout. In other words, all samples of a
homogeneous mixture are the same. For example, an unopened can of cola is a
homogeneous mixture. The cola in the top of the unopened bottle is the same as
the cola at the bottom. Once you open the can, however, carbon dioxide will
escape from the cola making the first sip a little different from your last sip. Brass
is another example of a homogeneous mixture. It is made of 70 percent copper and
30 percent zinc. If you cut a brass candlestick into ten pieces, each piece would
contain the same percentage of copper and zinc. 

Two samples of a
heterogeneous

mixture could be
different

A heterogeneous mixture is one in which different samples are not necessarily
made up of exactly the same proportions of matter. One common heterogeneous
mixture is chicken noodle soup: One spoonful might contain broth, noodles, and
chicken, while another contains only broth. 
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Mixtures can be
separated by

physical means

All mixtures, whether homogeneous or heterogeneous, share one common
property: They can be separated into different types of matter by physical means
such as sorting, filtering, heating, or cooling. Chicken noodle soup, for example,
could be separated into its components by using strainers and filters of different
sizes. The separation process does not
change the characteristics of each
component. You still have broth, noodles,
and chicken.

Substances cannot
be separated by
physical means

Substances, on the other hand, cannot be
separated into different kinds of matter by
physical means such as sorting, filtering,
heating, or cooling. Some substances, like
silver, contain only one kind of matter.
These substances are called elements.
Other substances contain more than one
kind of matter, but the different kinds
cannot be separated without changing the
substance. For example, table salt is made
up of two elements, sodium and chlorine.
If you could separate table salt into its two
elements, you would no longer have a
crystallized substance that you sprinkle
onto french fries and other foods. Instead,
you would have sodium, a soft metal that
can cause an explosion if dropped into
water, and chlorine, a yellowish,
poisonous gas.

All substances are
either elements or

compounds

Table salt and other substances that are
made of two or more elements that cannot
be separated by physical means are called
compounds. Figure 16.3 shows some
examples of compounds.

Figure 16.3: Sodium, a soft metal, 
and chlorine, a toxic gas, react to 
form the very edible and useful 
compound table salt (NaCl).
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16.1 Classifying Matter

!Petroleum is a 
heterogeneous mixture

Petroleum is a very old and 
complex mixture that we 
extract from the Earth. 
Formed millions of years 
ago, petroleum contains 
100,000 to 1,000,000 
different molecules! A use 
has been found for just about 
every component of this 
heterogeneous mixture. 
Important petroleum 
products include fuel, oils, 
asphalt, and waxes. Refining 
petroleum is a process that 
is used to separate the 
specific components to make 
each product. Refining 
includes physical processes 
(like distillation) and 
chemical reactions to isolate 
the components of 
petroleum.

How can you
separate mixtures
into substances?

Separating mixtures into substances is a very important part of scientific work.
Medical researchers try to isolate the substances in plants that may help heal
diseases. Forensic scientists try to match evidence from the scene of a crime with
substances found with a suspect. Nutritionists evaluate the amount of
carbohydrates, fats, proteins, vitamins, and minerals in various foods.

Separating mixtures is not always an easy task. In this unit you will learn about a
variety of physical properties that can be used to identify substances in a mixture.
Later, you will learn how chemists work to break down substances even further, so
that they can separate compounds into elements. 

Table 16.1: Summary of the types of matter

Type of matter Definition Examples

Homogeneous mixture A mixture that contains 
more than one type of 
matter and is the same 

throughout.

soda pop, air, 
chocolate ice cream

Heterogeneous mixture A mixture that contains 
more than one type of 

matter and is not the same 
throughout.

chicken soup, soil, 
fudge ripple ice cream

Element A substance that contains 
only one type of atom.

copper metal, oxygen gas, 
liquid nitrogen

Compound A substance that contains 
more than one type of 

atom.

table salt, rust (iron oxide), 
carbon dioxide gas
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Figure 16.4: The meniscus of 
water curves downward. Read the 
mark at the bottom of the curve.

Figure 16.5: The meniscus of 
mercury curves upward. Read the 
mark at the top of the curve.

16.2 Measuring Matter
How many gallons of gasoline do I need to fill the tank of this car? Do I have enough sugar to make a
batch of brownies? Will this suitcase fit in the airplane’s overhead compartment? Every day, people
need to measure various amounts of matter. In this section, you will review how to measure the mass
and volume of matter, and become proficient at using the displacement method to find the volume of
irregular objects.

Measuring volume and mass

Read volume
marks at eye level

for accuracy

Measuring the volume of liquid matter is easy. You simply pour it into a marked
container such as a measuring cup, graduated cylinder, or beaker, and read the
volume mark. To get the greatest accuracy, there are two things to keep in mind.
First, read the mark at eye level. Second, you may notice that the surface of the
liquid forms a curve (like a hill or a valley), rather than a straight line. This curve
is called the meniscus. If the surface curves downward, (liquid water does this)
read the volume at the bottom of the curve. A few liquids, like mercury, will form
an upward curve. In this case, read the volume mark at the top of the curve.

You can calculate
the volume of
solids using a

formula

You have probably already learned to measure the volume of some solid shapes.
The volume of a rectangular solid (a shoebox shape), for example, is found by
multiplying length times width times height. Some common volume formulas are
shown in table 16.2.

Table 16.2: Volume Formulas

Shape Formula in words Formula in symbols
rectangular solid and 

cube length ! width ! height l ! w ! h

cylinder "pi !radius2 ! height #r2 ! h
cone 1/3 ! pi ! radius2 ! height 1/3 ! #r2 ! h

sphere 4/3 ! pi ! radius3 4/3 ! #r3
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16.2 Measuring Matter

The displacement
method

We can find the volume of an irregular shape using a technique called
displacement. To displace means to “take the place of” or to “push aside.” You can
find the volume of an irregularly shaped object by submerging it in water and
measuring how much water the object displaces or pushes aside. 

How you make
the measurement

You can use this method to find the volume of an ordinary item like a house key.
Fill a 100-milliliter graduated cylinder with 50 milliliters of water (Figure 16.6).
Gently slide the key into the water. The water level in the container will rise,
because the key displaced, or pushed aside, some water. If the level now reads
53.0 milliliters, you know that the key displaced 3.0 milliliters of water. The
volume of the key, or of any object you measured in this way, is equal to the
volume of the water it displaced. The key has a volume of 3.0 milliliters, or 3.0
cubic centimeters (cm3).

Mass is the
amount of matter

in an object

Sometimes we are more concerned about the quantity of matter we have, rather
than the space it takes up. Breakfast cereal, for example, isn’t sold by volume. As
boxes of cereal are shipped from plant to warehouse to store, the contents “settle.”
By the time the cereal is purchased by the consumer, the container may appear
only three-fourths full. For this reason, cereal is measured in grams. An equal
mass of cereal is placed into each container at the factory.

How does a scale
work?

A scale measures the gravitational force between an object and Earth. This means
that a scale that reads in grams or kilograms has actually measured weight and
calculated the mass from the weight.

How does a
balance work?

A balance measures the mass of an object (like
a quantity of cereal) by comparing it with
objects whose masses are known. Since a
balance measures by comparing standard
masses, it is not affected by changes in gravity.

 Would a balance function correctly on the
moon? Why or why not? 

Figure 16.6: The key displaced 
3.0 milliliters of water. 
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Figure 16.7: When the old tennis 
court asphalt is removed, a child’s 
playground can be built in its place.

Measuring very large or very small quantities of matter

How could you measure a quantity of matter that is too large for a balance or
displacement tank? Read on to find out how a citizen’s group solved this problem.

How could you
measure the mass

of an asphalt
tennis court?

After years of watching a tennis court fall into disrepair at a local park, a group of
neighbors got together to discuss what could be done with the site. They voted to
approach the town council to see if a children’s play structure could be built there.
The town council asked the group to provide a budget for the renovation. It was
easy for the group to find prices for new play structures; but first, the tennis court
would have to be taken down and the asphalt removed. The group learned that the
fee for disposing of construction or demolition debris was 5 cents per kilogram.
How did they figure out the cost of asphalt disposal?

Indirect
measurement

The group used a technique called indirect measurement to estimate the disposal
cost. First, they picked up a palm-sized chunk of loose asphalt from the tennis
court. They used displacement to find its volume: 1,687 cubic centimeters. Using
a balance, they found that the chunk had a mass of 1.94 kilograms.
Next, they measured the tennis court: 36.51 meters by 18.29 meters. They
estimated the asphalt to be 0.075 meters thick. By multiplying length ! width !
depth, they found that the court contained 50.08 cubic meters of asphalt.

Set up a
proportion

Now they could set up a proportion: 

The volume of the chunk was converted to cubic meters so that the units would
match. The group solved their equation for the mass of the court, and found that
the asphalt had a mass of 57,590.5 kilograms.
At 5 cents per kilogram, the disposal fee came to $2,879.52.

How to measure
very small objects

Indirect measurement can also be used to measure very small quantities. If you put
one sunflower seed on a balance, the balance still reads 0.0 grams. This means that
the mass of the seed is less than 0.1 gram! It might be 0.04 grams or 0.00964
grams, but how could you find out? Use indirect measurement by finding the mass
of 100 sunflower seeds and then dividing it by 100.

mass of chunk
volume of chunk
------------------------------------ mass of court

volume of court
-----------------------------------=
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16.3 States of Matter

Figure 16.8: A single crystal of 
sodium chloride (table salt) is a cube. 
The molecules are arranged in the 
crystal so that each sodium atom is 
surrounded by six chlorine atoms, and 
six sodium atoms surround each 
chlorine atom.

16.3 States of Matter
Suppose your teacher gave each student a teaspoon of salt and offered a reward to the person who could
separate out the smallest piece. How would you do it? You might start by sprinkling a few grains onto a
piece of dark paper. Perhaps you could isolate one grain. Next, you might try to smash that grain into
smaller particles with a hammer. If you were able finally to divide the grain of salt into particles as
small as a speck of dust, you might have won the contest, but your bit of salt would still be about 
100 trillion times as large as the smallest possible piece! In this section, you will learn about the
smallest whole particles of matter, atoms and molecules. By the end of the section, you should be able
to describe how those particles move in solids, liquids, and gases.

Atoms and molecules

Molecules and
atoms

Scientists call the smallest possible particle of a compound that retains the
properties of the compound a molecule. The smallest possible particle of an
element is called an atom. Atoms and molecules are more than a trillion times
smaller than a human cell, a bacterium, and everything else that can be seen with
an optical microscope. We know they exist because we can describe and predict
how they will act in various substances and mixtures. 

Movement of
molecules

Let’s examine a very common compound, water. Water is one of the most
important substances on the planet. It covers more than 70 percent of the Earth’s
surface. Without it, life would not be possible. We need water for our bodies to
function properly and for plants to grow. We use ice to preserve food. Steam-
powered turbines and hydroelectric dams provide electricity for homes and
businesses.

Atoms and
molecules are

always in motion

Each tiny water molecule contains one oxygen atom and two hydrogen atoms. A
single drop of water is made up of more than 3 x 1021 molecules. These molecules
are always in motion. At higher temperatures, they move faster and bump into one
another with more force. At lower temperatures, they move with less energy. 
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Changes of state

Molecules in
solids, liquids and

gases vibrate
differently

At temperatures below 0°C, water is a solid called ice. In the solid state, molecules
constantly vibrate, but cannot switch places with other molecules (Figure 16.9,
top). Between zero and 100°C, water is a liquid. Molecules in a liquid move faster
and slip out of position (Figure 16.9, middle). Liquids flow because the molecules
can move. At temperatures above 100°C, water becomes a gas. At this high
temperature molecules move so fast that they bounce out of the liquid state and
become a gas. In the gaseous state, molecules are widely separated (Figure 16.9,
bottom).

What is
temperature?

Temperature influences changes of state. Temperature measures the average
energy of a certain amount of molecules, and is related to the average velocity of
the molecules. The higher the temperature, the faster (on average) the molecules
move.

Melting and
boiling

The temperature at which the water changed from solid to liquid is called its
melting point. The temperature at which it changed from liquid to gas is called the
boiling point. Different substances change from solid to liquid and from liquid to
gas at different temperatures. Iron, for example, melts at 1538°C (2800°F) and
boils at 2861°C (5182 °F). These changes are called changes of state.

What is
evaporation?

Fast-moving molecules in a liquid can escape to become a gas. The word
evaporation describes the transformation from the liquid to gas. Evaporation is a
cooling process. For example, when you step out of a shower, you often feel cold.
The reason is that when water evaporates from the surface of your skin, the
highest energy molecules are the ones that jump from liquid to gas. Lower energy
molecules are left behind. The high energy molecules that leave take away energy
so your body feels cooler! 

What is
condensation?

The evaporation of water is an important part of the Earth’s water cycle. Water in
the oceans, lakes, ponds, and rivers becomes part of the Earth’s atmosphere when
it evaporates. Once water vapor is part of the atmosphere, some molecules will
collect to form small droplets. Clouds are large formations of water droplets. The
process of transforming from a gas to a liquid is called condensation. When water
droplets in a cloud get too big, they fall back to the Earth as rain.

Figure 16.9: Molecules in the 
solid, liquid, and gas states.
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16.3 States of Matter

Figure 16.10: Steel nails are an 
example of a solid.

Figure 16.11: Liquids flow to 
take the shape of the container but 
keep their volume.

Figure 16.12: A gas expands to 
fill its container, such as a balloon.

A solid can
sometimes change
directly into a gas

Have you ever noticed that ice cubes sometimes seem to shrink when they have
been in the freezer for a long period of time? Sometimes a solid can change
directly to a gas when heat energy is added. This process is called sublimation.
Solid iodine is a substance that readily undergoes sublimation at room
temperature. This is evident by a the formation of a purple cloud above the
crystals.

States of matter

All substances can
exist as a solid,

liquid, or gas

On Earth, elements and compounds are usually found as solids, liquids, or gases.
These are called states of matter. Each substance can exist in each of the three
states, and each substance has a characteristic temperature and pressure at which it
will undergo a change of state.

A solid retains its
shape and size

Although we cannot easily see the molecules of a substance moving around, we
can describe the resulting characteristics of the matter in each state. When a
substance is in a solid state, the molecules vibrate, but they cannot change
position. As a result, a solid retains its shape and size. For example, steel nails do
not change shape so that you can fit more in a jar (Figure 16.10). 

A liquid has
definite size,
but not shape

In the liquid state, molecules of a substance can move over and around each other.
Therefore, the liquid has a definite volume, but no definite shape. Instead, it will
take on the shape of whatever container it is poured into (Figure 16.11).

Table 16.3:  Changes of state at 1 atm (normal atmospheric pressure)

Substance Melting/freezing point Boiling/condensing 
point

helium -272°C -269°C
oxygen -218°C -183°C
mercury -39°C 357°C

water 0°C 100°C
lead 327°C 1749°C

aluminum 660°C 2519°C
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A gas has
no definite shape

or size

In the gas state, molecules move around freely and separate from one another. In
this state, a substance has neither a definite size nor shape. It will spread out
evenly throughout its container. 

Change of state
and mass

When a substance undergoes a change of state, only the movement of the
molecules changes. The number of molecules does not change. The mass of the
substance remains the same whether it is in the solid, liquid, or gas state.

Plasma is a fourth
state of matter

The most common state of matter in the universe is a state rarely found on Earth:
plasma. Matter enters the plasma state when it is heated to such a high temperature
that some of the atoms actually begin to break apart. They lose their outer layer of
electrons. For most materials this requires temperatures of more than 
10,000 degrees.

Where do you find
plasma?

Our sun and other stars are made of plasma. Scientists believe the core of the sun
has a temperature of about 15 million degrees. The surface of the sun is about
5,000 degrees. A type of plasma is used on Earth to make neon and fluorescent
lights. Instead of heating the gases to an extremely high temperature, an electrical
current is passed through them. The current strips the electrons off the atoms,
producing plasma. You also see a plasma every time you see lighting. 

The four familiar
states of matter

Matter has four states that we experience. In order of increasing energy they are:
solid, liquid, gas, and plasma. Since temperature is a measure of energy, matter
changes from one phase to another as its temperature is increased.

Exotic super-hot
states of matter

If an atom of a substance keeps getting hotter, eventually even the nucleus of the
atom comes apart. Some very exotic states of matter exist in particle accelerators
that heat matter up to trillions of degrees and more.

!High-altitude cooking

Did you know that the 
freezing and boiling points of 
a substance change as the 
air pressure changes? At a 
lower air pressure, it is 
easier for water molecules to 
escape from liquid into the 
air. Therefore, water will boil 
at a lower temperature. This 
is why cake mixes often 
have high-altitude directions. 
The lower air pressure at 
high altitudes allows the 
water in the mix to begin to 
turn to gas at a lower 
temperature, so it leaves the 
mix earlier. To prevent the 
cake from drying out, extra 
water is added to the mix.
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Chapter 16 Review

Vocabulary Review

Match the following terms with the correct definition. There is one extra definition in the list that will not match any of the terms.

Concept review

1. What are the two major categories of matter? 

2. Name three foods that would be classified as heterogeneous
mixtures, and three foods that are homogeneous mixtures. 

3. Explain the difference between the two kinds of substances. 

4. Explain the difference between an atom and a molecule. 

5. Describe the movement of atoms or molecules in solid form. 

6. Describe the movement of atoms or molecules in liquid form. 

7. Describe the movement of atoms or molecules in gas form. 

8. A liquid takes the shape of its container, but why doesn’t a
liquid expand to fill the container completely? 

9. List at least two similarities between mass and volume and at
least two differences.

10. Evaporation and boiling can be referred to at the same time as
vaporization. Describe the difference between vaporization and
sublimation.

Set One Set Two
1. matter a. Two samples of this material might contain 

different kinds of matter
1. substance a. Very tiny; microscopic

2. homogeneous mixture b. A pure substance which contains only one kind 
of matter

2. mixture b. Calculating size of very large or small objects 
through use of proportional relationships

3. heterogeneous mixture c. Any material that contains at least two kinds of 
matter

3. meniscus c. Measuring volume by placing an object in 
water and recording the change in water level

4. element d. Anything that has mass and takes up space 4. displacement d. The curve formed by the surface of a liquid

5. compound e. Contains two or more kinds of matter that 
cannot be separated by physical means

5. indirect measurement e. A sample of matter that cannot be separated by 
physical means; may contain only one or 
several kinds of matter

f. Every sample of this material is the same f. A sample of matter that contains two or more 
kinds of particles that can be separated by 
physical means
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Problems

1. How could you use indirect measurement to find the mass of a
large boulder? 

2. How could you use indirect measurement to calculate the
thickness of one index card? 

3. As you know, the Earth is a watery planet. About 70 percent of
the Earth’s surface is covered by water. There is water
underground, and even in the atmosphere. What is water’s state
at each of the following temperatures?
a. temperatures below zero degrees Celsius
b. temperatures between zero and 100 degrees Celsius
c. temperatures above 100 degrees Celsius

"Applying your knowledge

1. Design a poster to illustrate the classification of matter.
Provide examples of everyday objects that belong in each
category. 

2. Construct a three-dimensional model that could be used in a
fourth-grade classroom to explain how molecules move in the
solid, liquid, and gaseous states. 

3. !Land surveyors measure and map land. One of their jobs is
to figure out the dimensions of land features and formations.
Interview a surveyor to learn how indirect measurement is used
to calculate precise distances. Prepare a five-minute report for
your class. 

4. Look around your classroom or home and name an object that
has a relatively large mass, but has a relatively small volume.
Name an object that has a relatively small mass, but has a
relatively large volume.

5. Write a brief procedure for determining:
a. the volume of a rock; and
b. the mass of a small amount of orange juice.

6. How could you determine the percentage of empty space in a
square cleaning sponge?

7. Design a poster or model to summarize for your classmates the
difference between a solid, liquid, gas, and plasma.

8. Create a chart that illustrates the state changes: melting,
boiling, freezing, evaporation, condensation, and sublimation.

9. Plasmas, or ionized gases as they are sometimes called, are of
great interest both physically and technologically. Do some
research to find out why plasmas are of great interest to
scientists and manufacturers. Describe at least two current uses
of plasmas, and describe one way scientists and engineers hope
to use plasmas in the future.



295

Chapter 17
Properties

of
Matter

Properties of Matter
Introduction to Chapter 17

In this chapter, you will learn how to describe matter—both solids and fluids. Solids
are characterized by their hardness or malleability, for example. Terms that apply to
fluids include buoyancy and viscosity. Density is a property of matter that can
change with temperature.

Investigations for Chapter 17

In this Investigation, you will measure the mass and volume as a means to
determine the density of a set of objects. Using your understanding of density, you
will solve a historical problem—whether or not the U.S. Congress passed a law to
change the metal composition of a penny. 

In this Investigation, you will use a density column to estimate the density of a few
solids. You then will use this estimate to predict the density of rubber. 

In this Investigation, you will discover how the shape of an object influences
whether it sinks or floats. You will explore the relationship between the weight of an
object and the weight of the water the object displaces. 

In this Investigation, you will learn how to measure the viscosity of fluids. You will
set up a “viscometer” to measure the velocity of a marble as it travels through fluids
of different viscosities.

17.1 Properties of Solids How can you find the density of a solid?

17.2 Density of Fluids Can you create a stack of liquids?

17.3 Buoyancy of Fluids Can you make a clay boat float?

17.4 Viscosity of Fluids How can viscosity be measured?

6
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Learning Goals

In this chapter, you will:

! Learn the definitions of terms used to describe properties of matter.

! Learn how to calculate the density of solids. 

! Learn how to find the density of liquids and use your understanding to make a density column.

! Use a density column to predict the density of a solid.

! Investigate how the shape of an object can determine whether it floats or sinks.

! Compare the weight of an object with the weight of the water it displaces.

! Learn why certain fluids are more viscous than others.

! Measure the viscosity of fluids using a viscometer.

! Compare the properties of fluids: viscosity and density.

Vocabulary

Archimedes’ principle Charles’ law hardness pressure
Boyle’s law density malleability tensile strength
brittleness elasticity pascal viscosity
buoyancy
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17.1 Properties of Solids

Figure 17.1: Elasticity and 
brittleness are properties of solids
.

What is a cubic 
centimeter?

The formula for the 
volume of a rectangular solid 
or a cube is length times width 
times height. If all the sides 
were measured in 
centimeters, the unit for this 
volume would be in cubic 
centimeters. A shorthand way 
of writing cubic centimeters is 

“cm3.” One cubic centimeter 
will hold 1 milliliter of liquid. In 
other words, one cubic 

centimeter = 1 cm3 = 1 
milliliter.

17.1 Properties of Solids
Different types of matter have different characteristics. They melt and boil at different temperatures.
They might be different colors or have different odors. Some can stretch without breaking, while others
shatter easily. These and other properties help us distinguish one kind of matter from another. They also
help us choose which kind of material to use for a specific purpose. In this section, we will concentrate
on the properties of matter in its solid form. By the end of this section, you should be able to understand
and explain these terms: density, hardness, elasticity, brittleness, and malleability.

Density

What is density? Earlier in this unit, you learned two different ways to measure matter: You can
find its mass or its volume. Density is a property that describes the relationship
between these two measurements. If the matter is a homogeneous mixture or a
substance, each cubic centimeter (cm3) or milliliter will have the same mass. For
example, one cubic centimeter of silver has a mass of 10.5 grams. Three cubic
centimeters of silver have a mass of 10.5 + 10.5 + 10.5 grams, or 31.5 grams. Ten
cubic centimeters of silver have a mass of 105 grams. 

Density can be
found by dividing

mass by volume

The density of a homogeneous material or substance is expressed as a ratio of
grams per cubic centimeter. The density will stay the same no matter how large or
small the sample of material. For example, a steel paper clip and a steel bicycle
brake cable have the same density.

Mass Volume Density
paper clip 0.36 grams 0.046 cm3 7.8 g/cm3

 bicycle brake 
cable 19.8 grams 2.53 cm3 7.8 g/cm3
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Samples of heterogeneous mixtures will not always have the same density.
Suppose you divide a chocolate chip cookie into three pieces and find the density
of each. Why might one piece have a greater density than the others?

Density describes
how tightly

packed the atoms
or molecules are

in a substance

Density gives us information about how tightly the atoms or molecules of a
particular material are “packed.” Lead, for example, has many atoms squeezed
very close together in one cubic centimeter of space. This gives it a relatively high
density of 11.3 g/cm3. Paraffin, or wax, doesn’t have nearly as many molecules
packed into each cubic centimeter. Its density is a much lower: 0.87 g/cm3. 

Hardness

What is hardness? Hardness measures a solid’s resistance to scratching. Diamond is the hardest
natural substance found on Earth. Geologists sometimes classify rocks based on
hardness. Given six different kinds of rock, how could you line them up in order of
increasing hardness?

Elasticity

What is elasticity? If you pull on a rubber band, its shape changes. If you let it go, the rubber band
returns to its original shape. The ability of rubber bands to stretch around things
and hold them together is due to the property of elasticity. Elasticity is the measure
of a solid’s ability to be stretched and then return to its original size. This property
also gives objects the ability to bounce and to withstand impact without breaking.
Based on the property of elasticity, which would you rather play basketball with: a
bowling ball or a volleyball? 

Figure 17.2: Why do pieces of a 
chocolate chip cookie have different 
densities?

Figure 17.3: Which ball would 
you rather play basketball with?
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17.1 Properties of Solids

Brittleness

What is
brittleness?

Brittleness measures a material’s tendency to shatter upon impact. Brittleness is
considered a hazardous property in the automobile industry, where, for instance,
shattering glass can cause serious injuries. 

Safety glass The first “safety glass,” designed to reduce the brittle tendencies of regular glass,
was discovered by accident. In 1903, a French chemist named Edouard Benedictus
dropped a glass flask in the lab. The flask was full of cracks, but surprisingly, the
pieces did not scatter across the floor. The shape of the flask remained intact.

The glass had been used to store a chemical called cellulose nitrate. Although the
chemical had evaporated, it left a plastic film on the inside of the glass.

Initially, Benedictus had a hard time selling his shatter-resistant glass to
automobile manufacturers. During World War I, he did sell it for use in gas mask
lenses. Soon after the war, the auto industry began using his glass.

Enhanced
Protective Glass

is shatter-resistant

Materials scientists have continued to seek better materials for safety glass.
Solutia Inc. of St. Louis, Missouri, recently began marketing a new glass product
called enhanced protective glass (EPG) with Saflex. It consists of a sheet of a
material called polyvinyl butyral (PVB) sandwiched between two pieces of glass
under high heat and pressure. EPG with Saflex is so shatter-resistant that it can
prevent occupants from being ejected from a vehicle in a collision. Because it is so
hard to shatter, it is marketed as a deterrent to thieves as well. The material has
another significant benefit: It is a sound insulator, reducing highway noise by
about six decibels, resulting in a noticeably quieter ride. 

Cellulose nitrate

Cellulose is a polymer made 
by plants. Wood, paper, 
cotton, and plant fibers are all 
made of cellulose. When 
cellulose reacts with nitric 
acid, cellulose nitrate is 
produced. 

In addition to being used to 
make safety glass, cellulose 
nitrate has been used to 
make billiard balls. Billiard 
balls used to be made of 
ivory from African elephants’ 
tusks. The invention of 
cellulose nitrate created an 
excellent substitute for ivory. 
Elephants are now a 
protected species. Ivory is 
rare and it is no longer used 
to make billiard balls.
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Malleability

What is
malleability?

Malleability measures a solid’s ability to be pounded into thin sheets. Aluminum is
a highly malleable metal. Aluminum foil and beverage cans are two good
examples of how manufacturers take advantage of the malleability of aluminum.

Tensile strength

What is tensile
strength?

Tensile strength is a measure of how much pulling, or tension, a material can
withstand before breaking. It is an important property of fibers, as it determines
the strength of ropes and fabrics. It is also crucial to the manufacture of cables and
girders used to support bridges.

!Inventing new materials: DuPont KEVLAR® brand fiber

What has five times the tensile strength of steel on an equal weight basis, and can 
be used to make canoe hulls, windsurfer sails, tennis racquets, and, of a lifesaving 
nature, motorcycle helmets, cut-resistant gloves, and bullet-resistant vests?

It’s KEVLAR® brand fiber, a synthetic fiber manufactured by the DuPont Company. 
It was invented in 1964 by Stephanie Kwolek, a chemist who was trying to dissolve 
polymers, which are chains of molecules that are hooked together like the boxcars 
of a train. Kwolek found that when the polymers were placed in certain solvents, 
they formed liquid crystal fluids. This means that the chains of polymers were lined 

up in neat, repeating patterns. 

She decided to spin one of her solutions to see if a fiber would form—and it did! She tested the 
tensile strength and stiffness of her new fiber and found that, although the fiber was very lightweight, 
it was extremely strong.

Kwolek and a team of researchers studied the properties of this new fiber, enabling them to modify 
the chains of molecules in order to make them even stronger. Kwolek has been the author or 
coauthor of 17 U.S. patents on polymers, polycondensation processes, liquid crystalline solutions, 
and fibers. 

Figure 17.4: Bullet-resistant vests 
and tennis racquets are often made 
from KEVLAR®. This product is used 
when manufactured goods need to be 
strong, lightweight, and long-lasting.

KEVLAR® is a registered trademark 
of E.I. du Pont de Nemours and 
Company.
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17.2 Density of Fluids

Figure 17.5: The density of pure 
silver is the same, whether in the form 
of a ring or a candlestick.   
Decorative “silver” items are often 
made of sterling silver, which is a 
mixture of 93 percent silver and 
7 percent copper. Adding the copper 
creates a harder, more durable metal.

Figure 17.6: Toy blocks arranged 
in a tight, repeating pattern take up 
less space than those in a random 
arrangement.

17.2 Density of Fluids
What is a fluid? A fluid is defined as any matter that is able to flow. Liquids, as you know, can be
poured from one container to another. They flow. Gases exhibit this property as well. You may have
noticed cool air flow into a room when a window was opened, or a waft of perfume drifting your way.
In this section, we will investigate the first of three important properties of fluids: density. 

Density

How could you
find the density of

liquid silver?

A piece of pure silver in the shape of a candlestick has the same density as a pure
silver ring. Size and shape do not change a material’s density (Figure 17.5). But
what if you heated the silver until it completely melted? Could you measure its
density in liquid form? Would the density change?

Measuring mass You could find the mass of your liquid silver using a balance. The amount of silver
would not change when the candlestick melted. Therefore, the mass should not
have changed. 

Atoms in liquid
form tend to take

up more space

The volume of the liquid silver, however, is greater than the volume of the solid
silver! The atoms or molecules in a solid, as you remember, are fixed in position.
Although the silver atoms in the candlestick were constantly vibrating, they could
not switch places with another atom. They were neatly stacked in a repeating
pattern. The atoms in the liquid silver are less rigidly organized. They can slide
over and around each other. Because they are not as neatly stacked, they tend to
take up more space. 

Why liquids are
less dense than

solids

The silver atoms in solid form could be compared to a brand-new box of children’s
wooden blocks. When you open the box, the blocks are tightly packed in an
organized, repeating pattern. Now imagine that you empty the box of blocks into a
large container, and then try to pour them back into their original box. Although
the blocks would still be touching one another, they would not fit entirely inside
the box. The blocks would now resemble the arrangement of silver atoms in liquid
form (Figure 17.6).
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The density of
liquid silver

How does the density of the silver in liquid form compare with its density in solid
form? Remember, the mass stayed the same but the volume increased. The same
mass divided by a larger volume results in a smaller value for density. Therefore,
liquid silver is less dense than solid silver.

Temperature and
solid density

The density of solids usually decreases slightly as temperature increases because
solids expand when heated. As the temperature of the solid silver increases, the
volume increases slightly, even before the silver melts. This is due to the increased
vibration of the silver molecules.

Water is less dense
in solid form

Most materials are more dense in their solid phase than in their liquid phase. Water
is a notable exception. Ice is less dense than liquid water! When water molecules
freeze into ice crystals, they form a pattern that has an unusually large amount of
empty space (Figure 17.7). The molecules are more tightly packed in water’s
liquid form! 

Because ice is less dense than liquid water, it floats on the surface in winter
(Figure 17.8). If the ice were denser than the liquid, it would sink to the bottom. If
you woke up one morning, and ice were denser than water, there would be serious
consequences for life on Earth.

What would
happen if solid

water was more
dense?

For example, each winter, more ice would sink to the bottom of rivers, lakes, or
oceans. In some places, the water would be too deep for the sun’s rays to reach the
ice. Consequently, the ice would not melt in the summer. Many aquatic plants
could no longer grow. Frogs and turtles that burrow in the mud at the bottom of
ponds could not complete their life cycles. The climate of cities along the
Mississippi River, the Great Lakes, and other large bodies of water would become
much cooler.

Table 17.1:  Density of solid and liquid silver

Mass Volume Density
Candle holder
(at 20°C) 1313 g 125 cm3 10.5 g/ cm3

Melted candle holder 
(962°C) 1313 g 141 ml 9.31 g/ml

Figure 17.7: Because of the 
spacing, ice forms hexagonal crystals 
which give us the beautiful six-pointed 
shapes of snowflakes.

Figure 17.8: Ice floats keeping the 
water below from reaching freezing 
temperatures.
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17.3 Buoyancy of Fluids

Figure 17.9: Measuring the 
weight of a rock in newtons (N). When 
the rock is suspended in air, it weighs 
2.25 N. In water, it weighs 1.8 N.

Figure 17.10: When the rock is 
suspended in glycerin, it weighs 
1.72 N.

17.3 Buoyancy of Fluids
Have you ever noticed how easy it is to do a push-up to lift yourself up and out of a swimming pool?
It’s much easier than doing push-ups on land. That’s because the water is exerting an upward force on
you. In this section, you will learn more about the force that fluids exert on an object. By the end of the
section, you should be able to define buoyancy and explain Archimedes’ principle. You should also be
able to explain how gases exert forces when they are confined in a container.

What is buoyancy?

A simple experiment can be used to demonstrate the upward force of water you can feel in a swimming
pool. A piece of string is tied to a rock, and its weight is measured with a spring scale. The rock weighs
2.25 newtons. Next, the rock is immersed in water, but not allowed to touch the bottom or sides of the
container. Now the spring scale measures 1.8 newtons. The water has exerted a force of 0.45 newtons
on the rock. We call this force buoyancy. Buoyancy is a measure of the upward force a fluid exerts on an
object, which is created by the pressure differences.

What is
Archimedes’

principle?

In the third century BC, a Greek mathematician named Archimedes made an
important discovery about the buoyant force. He realized that the force exerted on
an object in a liquid is equal to the weight of the fluid displaced by the object. We
call this relationship Archimedes’ principle. 

Archimedes’ principle tells us that the water displaced by the rock in the
experiment above had a weight of 0.45 newtons.

Do all fluids exert
the same buoyant

force on an
object?

Archimedes’ principle can be used to find the buoyant force of liquids other than
water. For example, we could immerse the rock from the previous experiment in
glycerin, which has a density of 1.26 g/cm3. 

The rock will always displace the same volume of liquid, in this case, about
43 milliliters. Forty-three milliliters of glycerin weigh 0.53 newtons. Therefore,
the glycerin exerts a buoyant force of 0.53 newtons on the rock.



304

 Chapter 17

Why objects sink
and float

Buoyancy helps explain why some objects sink and others float. If the buoyant
force is greater than its weight, the object floats. In the example above, we would
need a buoyant force greater than 2.25 newtons to make our rock float. 

If the buoyant force is less than its weight, then the object will sink. Neutral
buoyancy occurs when the buoyant force is equal to the weight of the object.
When an object is neutrally buoyant, it will stay immersed in the liquid at the level
where it was placed. Scuba divers use weights and a buoyancy control device
(BCD) to help them maintain neutral buoyancy. When a scuba diver is neutrally
buoyant he or she can swim and move underwater without rising to the top or
sinking.

Why does a block
of steel sink, but a

steel boat float?

Archimedes’ principle explains why a substance in one shape will float and in
another shape will sink. A cubic meter of steel has a weight of 76,400 newtons.
When placed in water, the block would displace one cubic meter of water. The
water would have a weight of 9,800 newtons. The weight of the steel block is
much greater than the weight of the displaced water. As expected, the block sinks
(Figure 17.11).

Why a steel boat
floats

Imagine the same block of steel flattened into a thin sheet, its sides bent up into the
shape of a boat. That original block of steel, now shaped to be hollow inside,
might occupy 10 cubic meters of space instead of one. Ten cubic meters of
displaced water has a weight of 98,000 newtons. Now the displaced water weighs
more than the steel, which still weighs 76,400 newtons (Figure 17.12). 

When placed in the water, your steel boat would settle in the water until it reached
a level where it displaced 76,400 newtons of water. Then the upward force exerted
by the water would equal the downward force exerted by the boat (Figure 17.13). 

Can you make a
clay boat float?

You can try a similar experiment with a stick of clay and a bucket of water. Drop
the stick of modeling clay into the bucket and observe what happens. Now mold
the clay into a boat shape. Can you make a clay boat float?

Figure 17.11:  A solid cubic 
meter of steel weighs 76,400 N. It 
displaces 9,800 N of water.

Figure 17.12: The same amount 
of steel, shaped into a 10-cubic-meter 
boat, is held just under the surface by 
an elephant. Now it displaces 98,000 
N of water.

Figure 17.13: When the boat 
floats, it displaces 76,400 N of 
water—which is equal to the boat’s 
own weight.
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17.3 Buoyancy of Fluids

Buoyancy and gases

Why do hot air
balloons float?

Buoyancy is a property of gases as well as liquids. A helium balloon floats
because it displaces a very large volume of air. This volume of air weighs more
than the total weight of the balloon, the gondola (the basket that the balloon
carries), and the people in the gondola. The hot-air balloon floats because it
weighs less than the volume of air displaced.

The relationship
between the

temperature and
volume of a gas

So how can you get a hot-air balloon to take up a lot of space? You probably know
the answer to this question. “Hot air” is important. To get their balloons to take
flight, balloonists use a torch to heat the air molecules inside the balloon. Heated
molecules move with greater energy. As they collide with each other and the sides
of the balloon, they take up more space. In effect, the air in the balloon expands.
This illustrates an important relationship, known as Charles’ law, which was
discovered by Jacques Charles in 1787. According to Charles’ law, the volume of
a gas increases with increasing temperature. The volume of a gas shrinks with
decreasing temperature.

Charles’ law The volume of a gas increases with increasing 
temperature proportionately. 
The volume of a gas decreases with decreasing 
temperature proportionately.

The buoyancy of
hot air

Charles’ law helps explain why the air inside the balloon becomes much less
dense than the air outside the balloon. Because it is less dense, a hot-air balloon
will rise in the atmosphere until the density of the air displaced by the balloon
matches the average density of the air inside the balloon and the matter of the
balloon itself. Stated another way, the weight of the air displaced by the balloon
provides buoyant force to keep the balloon in flight.

Figure 17.14: A balloon uses the 
buoyancy of hot air to lift off.

Figure 17.15: To help objects like 
hot-air balloons take up a lot of 
space, air is heated to make it much 
less dense than the surrounding air.
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Gases and pressure

What is pressure? Have you ever pumped up a bicycle tire? What is happening inside of the tire? As
you pump more air into the tire, more and more particles of air are pushed into the
tire, increasing the pressure inside. On a microscopic level, each particle of air
collides with the inside walls of the tire, exerting a force which pushes the inner
surface of the tire outward. As you pump more air into the tire, there are more
particles that can exert forces on the inside walls of the tire. The forces of all of the
particles of air inside the tire add together to create pressure (Figure 17.16). 

Units of pressure Pressure is the force acting on a unit area of surface. You may have noticed that
tire pressure is usually measured in units of pound per square inch (psi). A typical
bicycle tire should be inflated to about 60 psi. The SI unit for pressure is called a
pascal (Pa). One pascal is equal to one newton of force acting on one square meter
of surface area. 

What is
atmospheric

pressure?

The air you breathe is made of many different gases including carbon dioxide,
oxygen, and nitrogen. The Earth’s air, known as the atmosphere, is held in place
by the force of gravity on the air particles. Without the force of gravity, the air you
breathe would escape into space. At the Earth’s surface, the atmosphere exerts a
pressure of 101,300 pascals, or 101,300 newtons of force per square meter—about
the weight of an elephant! Atmospheric pressure decreases with altitude. This is
why the atmospheric pressure on top of a mountain is less than the atmospheric
pressure at sea level. Does this explain why your ears pop when you fly in a plane?

How are pressure
and volume

related?

Suppose you pump five liters of air into a beach ball. If you pump the same
amount of air into a basketball half the size of the beach ball, which has a greater
amount of pressure? Assuming that the temperature remains constant, the
basketball has twice as much pressure as the beach ball. This is because if you
squeeze the same amount of gas into a smaller container, the gas particles collide
with the walls of the container more often, increasing the pressure. On the other
hand, the gas particles inside of the beach ball occupy twice as much volume so
they collide with the walls less often. This property of gases, called Boyle’s law,
was discovered by Robert Boyle in 1662.

Figure 17.16: The forces of all of 
the particles inside the tire add 
together to create pressure. The 
pressure inside the tire is what holds a 
car up.

Figure 17.17: The beach ball and 
basketball each contain the same 
amount of air. The basketball has 
greater pressure than the beach ball 
because the air particles are squeezed 
into a smaller space and collide with 
the walls more often.
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17.3 Buoyancy of Fluids

Boyle’s law As the pressure of a gas increases, its volume 
decreases proportionately.
As the pressure of a gas decreases, its volume 
increases proportionately.

Boyle’s law
equation

The relationship between pressure and volume for a gas, when temperature
remains constant, is evident in the graph in Figure 17.18. This relationship can
also be expressed by the following equation:

This equation shows that the product of the initial pressure and volume of a gas is
equal to the product of the final pressure and volume of a gas when either pressure
or volume is changed. The example below shows how to solve a problem using
the equation.

Example problem

A kit used to fix flat tires consists of an aerosol can containing compressed air and a patch to seal the
hole in the tire. Suppose 5 liters of air at atmospheric pressure (101.3 kilopascals) is compressed into a
0.5 liter aerosol can. What is the pressure of the compressed air in the can? 

What do you
know?

The equation for Boyle’s law is: P1V1 = P2V2
P1 = 101.3 kPa; V1 = 5 L; P2 = unknown; V2 = 0.5 L

Rearrange the
variables

Solve for P2 and the equation is: 

Plug in the
numbers

Solve the problem The pressure inside the aerosol can is 1,013 kPa.

P2
P1 V1$

V2
-------------=

P2
101.3 kPa 5.0 L!

0.5 L
---------------------------------------=

Figure 17.18: The graph shows 
the relationship between the pressure 
and volume of a gas when the 
temperature does not change.

Atmospheric pressure

The pressure exerted by the 
Earth’s atmosphere at sea 
level is 101,300 pascals (Pa). 
Since pascals are very small, 
other units of pressure are 
often used. The pressure of 
the Earth’s atmosphere at 
sea level is also equal to:

• 101.3 kilopascals (kPa)
• 1.00 atmosphere (atm)
• 14.7 pounds per inch2 

(psi)
• 760 millimeters of 

mercury (mm Hg)
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Figure 17.19: Water is less 
viscous than ketchup.

Figure 17.20: Numbers on the 
side of a quart of motor oil are based 
on a scale established by the Society 
of Automotive Engineers (SAE). The 
first number indicates the lowest 
temperature at which the oil will work 
well (-10°F in this case). The “W” 
means the oil works well in cold 
weather. The second number is a 
grade for the oil: “50” is best for 
summer driving, “30” for winter 
driving, and “40” for mild weather 
temperatures.    

17.4 Viscosity of Fluids
Viscosity is another important property of fluids. It is a measure of the material’s resistance to flow.
High-viscosity fluids take longer to pour from their containers than low-viscosity fluids. Ketchup, for
example, has a higher viscosity than tomato juice. Tomato juice has a higher viscosity than water. In
this section, you will learn how the size and shape of a molecule influences a liquid’s viscosity, and how
an increase in temperature changes the viscosity of a fluid.

Why does viscosity matter? 

Thick substances
are very viscous

Viscosity is an important consideration in food production. Fast-food restaurants
advertise that their chocolate shakes are thicker than the competitor’s. Special
ingredients such as carrageenan, which is made from seaweed, are used to bring
yogurts, puddings, and pasta sauces to the viscosity that consumers prefer. One
company even based a large advertising campaign on the fact that its brand of
ketchup was so viscous, a spoon would stand up in a cupful. 

Substances like
motor oil need to

have the right
viscosity to work

effectively

Viscosity is also an important property of motor oils. If an oil is too thick, it may
not flow quickly to the parts of an engine, leaving them vulnerable to excess wear.
However, if the oil is too thin, it may not provide enough “cushion” to protect any
part of the engine from the effects of friction. A motor oil must function properly
when the engine is started on a very cold day, and when the engine is operating at
high temperature. As a result, manufacturers make very careful choices about
which types of molecules will be included in their formulas for motor oil.

Large, bumpy
molecules create

more friction than
small, smooth

molecules

Viscosity is determined in large part by the shape of the molecules in a liquid. If
the molecules are large and have bumpy surfaces, a great deal of friction will be
created as they slide past each other. The liquid will flow at a slower rate than
liquids made up of small molecules with a smoother surface.
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How does temperature effect viscosity?

As a liquid
gets warmer,
its viscosity

decreases

As the temperature of a liquid is raised, the viscosity of the liquid decreases. In
other words, warm liquids have less viscosity than cold liquids. Warmed maple
syrup or hot fudge, for example, is much easier to pour than the same syrup
chilled. Why does this happen? Remember from your study of states of matter that
when energy is added to a liquid, the movement of the molecules increases. The
increasing speed allows the molecules to slide past each other with greater ease.
As a result, the viscosity decreases.

The viscosity of a
liquid is related to

its temperature

The viscosity of some liquids changes a great deal as the temperature increases.
Olive oil, for example, is more viscous at 20°C than 60°C. The oleic acid
molecules that are in olive oil are made up of carbon, hydrogen, and oxygen
atoms. At lower temperatures, the hydrogen atoms in the oleic acid molecules tend
to form loose connections called “hydrogen bonds” with oxygen atoms in other
oleic molecules. These connections make it hard for the individual oleic acid
molecules to slide around. However, as molecular speed increases with an
increase in temperature, some of the hydrogen-oxygen connections between
neighboring molecules break apart. As a result, the oil’s viscosity decreases
significantly.

As a gas gets
warmer, its

viscosity
increases

It is interesting to note that gases exhibit the opposite property. As you raise the
temperature of a gas, it becomes more resistant to flow. This is due to the fact that
gas molecules are spaced far apart, so they do not have to slide over one another
very often in order to flow. Increasing the temperature increases the number of
collisions between the molecules. Therefore, the net effect is an increase in
friction and a corresponding increase in viscosity.

Figure 17.21: Heating fudge 
makes it easier to pour. The viscosity 
of the fudge decreases with increased 
temperature.
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Fun with Physical Science: Silly Putty®— Solid or Liquid?

Silly Putty—it’s been a popular party favor for more than fifty years. Your parents probably played
with it when they were kids. Some people call it America’s longest lasting fad. It’s easy to
understand why people like Silly Putty. Roll it into a ball, and you can bounce it around the room.
Pull on it slowly and it will stretch out like a long lazy snake. Give it a quick yank and it will break
with a satisfying snap. Have you ever tried to smash a ball of Silly Putty with a hammer? It keeps its
shape every time. However, if you gently press on it with your thumb, you can flatten it easily. If
you leave a ball of Silly Putty on your dresser overnight, in the morning you’ll see that it flattened
out by itself while you were sleeping.

Silly Putty isn’t easy to categorize. It holds it shape when hammered, yet flows into a puddle when
left alone overnight. No wonder the people who make Silly Putty call it “a real solid liquid.”
Rheologists (scientists who study how matter flows and/or deforms) have another term for Silly
Putty: it’s a viscoelastic liquid. 

Viscoelastic is a compound word (like snowman). The visco- part comes from the word viscous,
which means “resistant to flow.” Thick, gooey, slow-flowing liquids like hot fudge sauce are
viscous. Silly Putty is like that. You’re probably already familiar with the second half of the word.
Elastic, in physics terms, describes a material that returns to its original shape when deformed. So,
rheologists describe Silly Putty as a slow-flowing, elastic liquid.

It’s not too surprising that Silly Putty bounces,
because it was accidentally invented by a chemist looking for a substitute for rubber. In
1943, James Wright, a researcher for General Electric, dropped some boric acid into
silicone oil, creating a gooey compound.  This compound, first called “nutty putty,” was
sent to engineers around the world—but no practical uses were found. In 1949, a man
named Peter Hodgson decided to sell it as a toy. He borrowed $147 to buy a batch from
General Electric, divided the batch into one-ounce lumps, and placed each lump into a
plastic egg. He renamed the compound “Silly Putty” after the main ingredient, silicone. A
New Yorker magazine reporter wrote an article about Silly Putty in 1950, and afterward
Hodgson received 250,000 orders in three days. Silly Putty was a hit!
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The silicone oil used to make Silly Putty is known to chemists as polydimethylsiloxane, or PDMS. PDMS is a polymer, which means
each molecule is made up of long chain of identical smaller molecules.

When boric acid is added to the long chains of PDMS, boron crosslinks begin to form. This means that the boron hooks chains of
PDMS molecules together like this:

These boron crosslinks are not very strong. Remember that molecules in solids and liquids are always in motion. This motion breaks
boron crosslinks, but over time new crosslinks form. This action is called dynamic (changing) crosslinking. Because of this dynamic
crosslinking, Silly Putty reacts one way to quick forces and another way to long-acting forces.

When you strike Silly Putty with a hammer, the Silly Putty reacts like
an elastic solid: it bounces back. That’s because most of the boron
crosslinks remain in place during the split second of the hammer’s
strike. When you leave a ball of Silly Putty untouched overnight, the
boron crosslinks that help Silly Putty hold its shape have about eight
hours to break down. Over that time, molecular motion breaks many
of the original crosslinks. Gravitational force constantly pulls the
PDMS molecules downward, and in the morning you’re left with a
Silly Putty puddle. 
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Vocabulary review

Match the following terms with the correct definition. There is one extra definition in the list that will not match any of the terms.

Concept review

1. A wooden baseball bat and an aluminum bat have the exact
same shape, size and mass. Aluminum is much denser than
wood. Explain how the two bats could be the same size and
mass. 

2. At 20°C, the density of copper is 8.9 g/cm3. The density of
platinum is 21.4 g/cm3. What does this tell you about how the
atoms are “packed” in each material? 

3. You are an engineer who must choose a type of plastic to use
for the infant car seat that you are designing. Name two
properties of solids that would help you decide, and explain
why each is important. 

4. Would a cube of solid silver sink or float in liquid silver? How
do you know?

Set One Set Two
1. density a. A measurement of how easily a solid can be 

pounded into thin sheets
1. tensile strength a. The upward force of a liquid or gas upon an 

object immersed in it
2. hardness b. A measurement of the “compactness” of a 

substance; the ratio of its mass to volume
2. fluid b. Any material that flows; commonly refers to 

matter in the liquid or gas state
3. brittleness c. A measure of a solid’s ability to return to its 

original shape after it is stretched or squeezed
3. buoyancy c. A measure of a fluid’s resistance to flow

4. elasticity d. A measurement of how easily a solid will shatter 4. Archimedes’ principle d. A measurement of how well a solid resists 
breaking when it is pulled on

5. malleability e. A measurement of how easily a solid can be 
scratched

5. viscosity e. The force exerted on an object in a fluid is equal 
to the volume of the displaced fluid

f. A measurement of how well a solid resists 
breaking when it is under tension

f. The force exerted on an object in a fluid is equal 
to the weight of the displaced fluid
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5. The Dead Sea is a body of water that lies between Israel and
Jordan. It is so salty that almost no organisms other than a few
types of bacteria can survive in it. The density of its surface
water is 1.166 g/ml. Would you find it easier to float in the Dead
Sea or in a freshwater lake? Give a reason for your answer. 

6. You pump your soccer ball up with a certain volume of air the
night before a game. The next morning, you wake up and go
outside to get your ball. You notice that it is much colder outside
than the night before. When you pick up the ball, you notice that
it appears to need more air. Assuming that the ball does not have
a leak, can you explain why it appears that the volume of air in
the ball may have decreased?

Problems

1. The density of gasoline at 20°C is 0.7 g/ml. What is the mass of
4 liters of gasoline? 

2. Your teacher gives you two stainless steel ball bearings. The
larger has a mass of 25 g and a volume of 3.2 cm3.   The smaller
has a mass of 10 g. Calculate the volume of the smaller ball
bearing. 

3. Ice has a density of 0.92 g/cm3. What is the volume of 100
grams of ice? If the ice completely melted, what would the
volume of the water be? (The density of water is 1.00 g/ml).

4. A chunk of pure gold weighs 2.00 N. Its volume is 10.6 cm3.
a. If the gold is immersed in water at 20°C, find the weight of

the displaced water. Hints: 1 cm3 of water = 1 g; 
1 g = 0.0098 N.    

b. If the gold were attached to a spring scale and suspended in
the water, how much would it appear to weigh? 

5. Six liters of helium gas held at 2,500 kilopascals are pumped
into a balloon that holds 1 liter. What is the pressure inside the
balloon? Assume that the temperature does not change.

"Applying your knowledge

1. Ancient peoples learned to make tools out of bronze before they
learned to make iron. Bronze is harder than copper, but not as
hard as iron. Bronze is a homogeneous mixture made up of 90
percent copper and 10 percent tin. At 20°C, the density of pure
copper is 8.9 g/cm3 and the density of tin is 7.3 g/cm3. What is
the density of bronze at 20°C? 

2. #Scientists believe that if the density of ice were greater than
that of water, the states of Michigan, Wisconsin, Ohio, and New
York would be much colder in the summer than they currently
are. Why? Research this phenomenon and create a poster
presentation to explain your findings.
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3. In the reading, you learned that the Earth’s atmosphere exerts a
pressure of about 101,300 newtons per square meter of
surface—about the weight of an elephant. Why doesn’t this
pressure crush you? What conditions need to exist so that
atmospheric pressure does not crush you? 
a. Research how humans (and other organisms that live on

land) are adapted to live in this atmospheric pressure.
Make a list of these adaptations and an explanation of
each.

b. Some organisms are adapted to life in the depths of the
ocean. Research the amount of pressure these organisms
need to be able to withstand. Make a list of their
adaptations to life under tremendous pressure, and explain
your findings.

4. Hardness is a property of matter that is easy to confuse with
toughness or durability. Look around your classroom, your
home, or outside, and name one object that has high hardness
but low durability and one object that has low hardness but
high durability.

5. Observe the world around you and find different objects or
materials that fit each of the following descriptions:
a. has both high elasticity and high tensile strength
b. has both high hardness and low malleability
c. has both high hardness and high brittleness
d. has some elasticity but low tensile strength

6. $The Roman architect Vitruvius (first
century B.C.) is the source of a story of
how Archimedes discovered that a golden
crown commissioned by Hiero II, the king
of Syracuse, wasn’t 100 percent gold! The
crown would have been in the form of a
wreath, like the picture at right. The crown/wreath would have
been placed on an important statue. Suspecting that the
goldsmith might have mixed silver with gold to make the
crown, Hiero asked Archimedes to determine whether the
wreath was pure gold without destroying the wreath in any
way. In other words, Archimedes had to perform
nondestructive test.

The way to test the wreath occurred to Archimedes when he
stepped into his bath and caused it to overflow. Based on his
observation, he decided to put a weight of gold equal to the
crown and known to be pure into a bowl that was filled with
water to the brim. Then the gold would be carefully removed
from the water and the king's crown put in its place. An alloy
of lighter silver would increase the bulk of the crown and cause
the bowl to overflow. However, if the wreath was pure gold,
the water would rise back to the level it was at when the pure
gold bar was in the water.

Explain whether you think Archimedes’ method would work in
identifying whether or not the crown was pure gold.

7. Quite a number of studies have been done on the viscosity of
lava from various volcanic eruptions around the world. Do
some research to find out how scientists determine the
viscosity of lava, and discover if there is much variation in the
viscosity of different lava flows.
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Chapter 18
Atoms

and
Elements

Properties of Matter
Introduction to Chapter 18

What does matter look like at its most basic level? This question has intrigued
people for thousands of years. In this chapter, you will learn about atoms, how they
are put together, how many kinds of atoms exist, and how people keep track of the
different kinds of atoms.

Investigations for Chapter 18

You will use indirect measurement to find the radius of a circle, and compare your
work with the classic experiment used to find the radius of an atomic nucleus. 

You will construct models of several kinds of atoms using the atom-building game.

You will learn how different kinds of atoms (the elements) are arranged in the
periodic table of elements. You will play Atomic Challenge, a game that will test
your skills in reading the periodic table. 

18.1 Atomic Structure How was the size of an atom’s nucleus
determined?

18.2 Comparing Atoms What are atoms and how are they put
together?

18.3 The Periodic Table of 
Elements

What does atomic structure have to do with
the periodic table?

6



Chapter 18: Atoms and Elements

316

Learning Goals

In this chapter, you will:

! Use indirect measurement to determine the radius of a circle.

! Build models of atoms.

! Research one of the historical atomic models.

! Understand how atoms of each element differ.

! Describe the forces that hold an atom together. 

! Use the concept of electron shells to arrange electrons in atomic models.

! Understand how elements are organized in the periodic table. 

! Use the periodic table to identify the atomic number and mass numbers of each element.

! Calculate the numbers of protons and neutrons in each stable isotope of an element.

Vocabulary

atomic mass electron mass number proton
atomic mass units energy levels neutron strong nuclear force
atomic number group of elements nucleus subatomic particles
atomic theory isotopes periodic table of elements valence electrons
chemical symbol
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18.1 Atomic Structure

Figure 18.1:  What do atoms look 
like? What are they made out of? 
These questions have been asked by 
scientists ever since 400 BC, when 
Democritus (a Greek philosopher) 
proposed the existence of atoms.

Figure 18.2: An atom has a 
nucleus with one or more protons and 
neutrons and one or more energy 
levels occupied by electrons. The 
shaded area around the outside of the 
atom represents the places the 
electrons might be. A good analogy is 
that electrons “buzz” around the 
nucleus in energy levels like bees 
around a hive.

18.1 Atomic Structure
All matter is formed from atoms. Atoms, by themselves or combined with other atoms in molecules,
make up everything that we see, hear, feel, smell, and touch. An individual atom is so small that one
cell in your body contains 100 trillion atoms, and a speck of dust contains many more atoms than that.
As small as they are, atoms and molecules are the building blocks of every type of matter. A few
hundred incredibly tiny atoms of gold have the same density as a bar of gold. A few hundred very tiny
molecules of water have the same density as a cup of water. In this section you will find out about
atoms and learn about the historical experiments that helped scientists understand atomic structure.

Inside an atom

Protons, neutrons,
and electrons

Atoms and molecules are called the building blocks of matter because if you
attempt to break down an atom, you no longer have gold or water or any other
recognizable substance. If broken apart, almost all atoms contain three smaller
particles called protons, neutrons, and electrons. Because these particles are even
smaller than an atom, they are called subatomic particles. These three types of
particles are arranged in an atom as shown in Figure 18.2. 

How are protons,
neutrons, and

electrons arranged
within an atom?

Protons and neutrons cluster together in the atom’s center, called the nucleus. The
electrons move in the space around the nucleus. No one is able to say exactly
where an electron is at any one time. A useful analogy is that electrons buzz
around the nucleus much like bees around a hive. Some people describe each
electron as a wave; just as the vibration of a guitar string exists all along the string,
the electrons exist at all the shaded points in Figure 18.2.

Subatomic
particles

Protons, neutrons, and electrons are called subatomic particles. The proton is
positive, the electron is negative, and the neutron is electrically neutral. Protons
and neutrons have about the same mass. Each is about 2,000 times the mass of an
electron. Since protons and neutrons exist in the nucleus, almost all the mass of an
atom is concentrated there. These properties helped scientists figure out the atomic
structure.
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How big are atoms?

Atoms are very
small

An atom and its parts are much smaller than a meter. The diameter of an atom is
10-10 (0.0000000001) meter, whereas an electron is smaller than 10-18

(0.000000000000000001) meter. Comparatively, this means that an electron is 10
million times smaller than an atom! The diameter of a nucleon (a proton or
neutron) is a distance that is equal to one fermi. This unit (equal to 10-15 meter) is
named for Enrico Fermi, an Italian-born physicist who studied the nucleus of the
atom. For his work with neutrons, he received the Nobel Prize for physics in 1938.

Most of the atom
is empty space

You may be surprised to learn that most of the atom is actually empty space: If the
atom was the size of your classroom, then the nucleus would be the size of a grain
of sand in the center of the room.

John Dalton and the atomic theory

As early as 400 BC, Greek philosophers proposed the atomic theory. This theory
states that all matter is composed of tiny particles called atoms. Many centuries later,
English chemist and physicist John Dalton (1766-1844) was one of the first scientists
to set out to gather evidence for the idea. Dalton was a remarkable person. Born into a
family too poor to send him to school, young John educated himself and, at age 12,
became a schoolteacher. He grew to be one of the leading scientists of his time.

In 1808, Dalton published a detailed atomic theory that contained the following
important points:

1 Each element is composed of extremely small particles called atoms.
2 All atoms of a given element are identical.
3 Atoms of different elements have different properties, including mass and chemical reactivity.
4 Atoms are not changed by chemical reactions, but merely rearranged into different compounds. 
5 Compounds are formed when atoms of more than one element combine.
6 A compound is defined by the number, type (element), and proportion of the constituent atoms.
Dalton’s atomic theory laid the groundwork for later atomic models, and over time, his original theory
has been expanded and updated.

Figure 18.3: Diameters of an 
atom and its subatomic particles.

Particle Diameter 
(meters)

atom 10-10

nucleus 10-14

proton 10-15

neutron 10-15

electron 10-18

Weather & atomic theory

One of John Dalton’s interests 
was weather (he kept detailed 
records for 57 years), and that 
led him to study gases. He 
studied the evaporation of 
water into the air and was 
able to understand that the 
process increased gas 
pressure. From these 
observations of pressure, and 
from other experiments, he 
gathered evidence about the 
structure of matter. 
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18.1 Atomic Structure

%The changing model of the atom

The current model of the atom represents our current understanding of atomic structure. This model is
one of a series of models constructed by people as they learned new information about atoms. New
information enabled people to update and change their ideas about how the atom is constructed.

The name atom comes from Democritus, a Greek philosopher (circa 460-370 BC) who
proposed that matter is made up of small particles, which he called atoms (from the
Greek word atomos, or indivisible). His model describes atoms as small particles that
differ in size and shape, that combine in different configurations, and that are constantly
in motion. Many of Democritus’ ideas were based on logical thinking.

The idea that theories need to be supported by evidence—often gathered in carefully controlled
experiments—became important in the 1600s. Then scientists began to design experiments to support
or disprove ideas proposed by earlier thinkers such as Democritus. John Dalton (see previous page) was
a chemist who experimented with different gases. His careful measurements gave him repeatable
evidence that matter is made up of atoms. His model of the atom is a tiny hard sphere.

The idea that atoms might contain smaller particles came about through a series of observations of
cathode ray tubes, devices that were early versions of fluorescent and neon lights. Julius Plucker, a
German physicist (1801-1868), and William Crooks, an English physicist and chemist (1832-1919),
and his countryman and fellow physicist Joseph John Thomson (1856-1940) conducted many of these
experiments. They showed that different gases placed in the tubes generated streams of particles and
conducted current. 

From these experiments Thomson identified the electron, which carries a negative
charge. Thomson knew that atoms were electrically neutral, so he proposed that the
atom was a positive sphere with negative electrons embedded in it like raisins in a
roll or bun (Figure 18.4). The positive sphere and the negative electrons had an equal
and opposite amount of charge, so the atom was neutral.

In 1911 in England, physicists Ernest Rutherford (1871-1937), Hans Geiger (1882-
1945), and Ernest Marsden (1889-1970), used high-speed, lightweight atoms called
alpha particles (generated by radioactive material), to bombard very thin pieces of gold foil. Most of the
alpha particles passed through the foil and hit a screen behind it. But surprisingly, some of them
bounced back ((Figure 18.5). They must have hit areas of the foil with greater density!

Figure 18.4: The Thomson model 
of the atom. The atom is a positive 
sphere with negative electrons 
embedded in it.

Figure 18.5: An illustration of 
Rutherford’s experiment.
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Rutherford hypothesized that an atom must be made up of mostly empty space,
allowing most of the alpha particles to pass through the foil. In the center of the
atom, he suggested, was a tiny core called a nucleus, which contained positively-
charged protons. This is where most of the mass must be found. The lighter electrons
occupied the area between the nucleus and the edge of the atom. However,
Rutherford did not have enough information to describe the electrons’ location more
fully. 

Danish physicist Niels Bohr (1885-1962) used information about the nature of the
emission of light by heated objects to update Rutherford’s model. He described
electrons as moving around the nucleus in fixed orbits that have a set amount of
energy (Figure 18.6). Bohr’s model of the electron orbits is still used in many
analyses of the atom. However, other 20th century experiments have shown that
radiating waves can behave like particles in motion, and particles in motion can
behave like waves (Figure 18.7). 

In 1923, Louis de Broglie (1892-1987), a French physicist, showed how to analyze a moving particle as
a wave. In 1926, Austrian physicist Erwin Schrödinger (1887-1961) built on de Broglie’s work and
treated electrons as three-dimensional waves. He developed a mathematical description of electrons in
atoms that is called the quantum mechanical model of the atom. It is also called the electron cloud
model, because his mathematical description cannot be described easily either in words or pictures, so a
cloud represents the probability of electron position. 

There still remained a serious problem with the atomic model, a problem Rutherford
had identified so many years earlier: missing mass. In 1932, James Chadwick, an
English physicist working in Rutherford’s laboratory, finally solved the problem. He
identified the third important subatomic particle, the neutron. Chadwick (1891-
1974) based his work on earlier experiments by French physicists Irene and Frederic
Joliot-Curie. 

Understanding what is inside an atom has motivated many thousands of scientists
and thinkers. What some of them discovered along the way changed the world, influencing not only
theoretical spheres such as many of the sciences, philosophy, logic, and other areas, but also those
subjects’ practical applications. So many new technological developments of the late 20th century have
been made possible by atomic research that the present era is often referred to as the “atomic age.” 

Figure 18.6: The Bohr model of 
the atom. Electrons move around the 
nucleus in fixed orbits.

Figure 18.7: Electrons in the 
Schrodinger model of the atom. This 
model is also called the electron cloud 
model. The cloud represents the 
probable location of an electron.
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18.2 Comparing Atoms

Figure 18.8: How does one kind 
of atom differ from another?

Figure 18.9: Look at the periodic 
table in the back cover of this book. 
The atomic number tells you the 
number of protons in an atom.

18.2 Comparing Atoms 
As you know, some substances are made up of only one kind of atom and these substances are called
elements. You already know something about a number of elements—you’ve heard of hydrogen,
helium, silver, gold, aluminum, copper, lead, and carbon, for example. 

Exactly how does one element differ from another? This information is important. Over the centuries
chemists, physicians, technologists, and inventors have used this knowledge to create everything from
better medicines to beautiful jewelry.

How people figured out why the elements are different from each other is one of the most fascinating
stories in science. It brings together the work of physicists, who studied the structure of the atom, and
chemists, who studied how elements react and combine.

Atomic number

The number of
protons

determines an
element

Remember that atoms are themselves composed of protons, electrons, and
neutrons. Through intense study of the structure of the atom, people discovered
that it is the number of protons that distinguishes an atom of one element from the
atom of another element. 

Can you change
the number of

protons?

All atoms of the same element will have the same number of protons, and atoms of
different elements will have different numbers of protons. Adding or removing a
proton from an atom usually takes (or releases) huge amounts of energy.
Therefore, most atoms are very stable. Even if atoms bond or break apart during
chemical reactions, the number of protons in each atom always remains the same.
The atoms themselves are only rearranged in different combinations.

What is the atomic
number?

Because the number of protons in an atom remains the same during physical and
chemical changes, we can refer to each element by the number of protons its
atoms contain. This unique number is called the atomic number.

Atomic numbers start at 1, with the element hydrogen, and go up by one until 111,
the element unununium. The heaviest elements (those with the highest atomic
numbers) have been created in a laboratory and have not been seen in nature.
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Atomic mass, mass number, and isotopes

Mass number In addition to the atomic number, every atomic nucleus can be described by its
mass number. The mass number is equal to the total number of protons plus
neutrons in the nucleus of an atom. Recall that atoms of the same element have the
same number of protons. Atoms of the same element can have different numbers
of neutrons.

What does the
atomic mass tell

you?

Chemists arrange the elements in a table called the periodic table of elements. If
you look at the periodic table in the back cover of this book, you will notice that
the atomic number increases by one whole number at a time. This is because you
add one proton at a time for each element. The atomic masses however, increase
by amounts greater than one (Figure 18.10). This difference is due to the neutrons
in the nucleus. Neutrons add mass to the atom, but do not change its atomic
number (or charge).

Mass number and
neutrons

The total number of protons and neutrons in the nucleus of an atom is called the
mass number. Sometimes, the mass number of an element is included in the
symbol. By convention, the mass number is written as a superscript above the
symbol and the atomic number as a subscript below the symbol (Figure 18.11).
You can find the number of neutrons by subtracting the atomic number from the
mass number. How many neutrons does the carbon atom in Figure 18.11 have?

What are
isotopes?

Many elements have atoms with different numbers of neutrons. These different
forms of the same element are called isotopes. Isotopes are atoms of the same
element that have different numbers of neutrons. Because of this, the notation
shown in Figure 18.11 is called isotope notation.

The three isotopes of hydrogen are shown here.

Figure 18.10: The difference 
between the atomic number and 
atomic mass is due to the number of 
neutrons.

Figure 18.11: The isotope 
notation for carbon-12.

Figure 18.12: This atom has 2 
protons and 2 neutrons. What is the 
element? What is its mass number?
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18.2 Comparing Atoms

Example: finding the number of neutrons

Example: How many neutrons are present in an atom of carbon that has a mass
number of 14?

Solution: The mass number is the number of protons plus the number of
neutrons. 

(1) You are asked for the number of neutrons.
(2) You are given that it is carbon-14. Carbon has 6 protons.
(3) The relationship is n + p = mass number
(4)  Solve for n

      n= mass number -p
(5) Plug in numbers and get answer

      n = 14 - 6 = 8
 There are 8 neutrons in a carbon-14 nucleus.

How many different elements are possible?

Why aren’t there
infinite numbers

of elements?

Why aren’t there infinite numbers of elements, each with an atomic number
greater than the one before it? The answer may lie in the forces that keep a nucleus
together. Remember that positive charges repel each other. In the nucleus,
however, positive protons and neutral neutrons sit side by side. Because the
protons are repelling each other, they (and the nucleus) should fly apart! 

What holds the
nucleus of an

atom together?

The nucleus stays together because there is another force acting that is stronger
than the repulsion of the protons for each other. Because it is stronger than the
electromagnetic force, scientists call it the strong nuclear force. Unlike gravity,
which can reach millions of miles, the strong force only acts on very short
distances. The effective distance for the strong force is so short, we do not feel it
outside the nucleus of an atom.

What holds the nucleus 
together?

Protons in the nucleus both 
repel and attract each other. 
The repulsions are due to 
electromagnetic force and 
the attractions are due to the 
strong nuclear force. The 
strong nuclear force only 
acts over very short 
distances, about the size of 
an atomic nucleus. Neutrons 
and protons also attract each 
other because of the strong 
nuclear force.
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How are electrons arranged in atoms?

Neutral atoms
have the same

number of
electrons as

protons

Atoms are electrically neutral. An atom of helium has an atomic number of 2 and
two protons in its nucleus. A neutral atom of helium would therefore have two
electrons, which stay close to the nucleus because the positive protons and the
negative electrons attract each other. An atom of silver has an atomic number of
47 and 47 protons in its nucleus. A neutral atom of silver would therefore have 47
electrons. Are these electrons randomly placed or are they organized in some way?

Electrons are
found in the

electron cloud

Electrons are never all in one place at the same time. Instead, they literally buzz
around the nucleus at a very fast rate, or frequency. Because of this behavior, we
can refer to the entire space that electrons occupy as the electron cloud
(Figure 18.13).

The electron cloud
is divided into
energy levels

The current model of the atom describes the area of the electron cloud that each
electron occupies as an energy state. The farther away from the nucleus the
electron is found, the higher its energy state. Therefore, the electron cloud is
divided into energy levels. The first energy level is closest to the nucleus and has
the lowest energy. Electrons that occupy this level are at a lower energy state than
electrons that occupy the second energy level, which is farther from the nucleus.
Each energy level can hold up to a certain number of electrons (Figure 18.14).
Sometimes, when an atom absorbs enough energy, some of its electrons “jump” to
a higher energy level. When they fall back to their normal energy level, light is
released with a frequency equal to the amount of energy the atom absorbed.

Like the layers of an onion, as the energy levels extend farther from the nucleus,
they get larger in diameter and can hold more electrons. The maximum number
the first four levels can hold is shown in Figure 18.14.

Energy levels can
overlap

It is important to note that some energy levels can overlap. In fact, each energy
level is subdivided into smaller regions called orbitals. Some orbitals in the third
energy level may have higher energy than some in the fourth and so on. Scientists
have found out exactly which orbitals are occupied, and by how many electrons, in
all 111 elements. You will explore this concept in greater detail in future chemistry
courses.

Figure 18.13: Electrons buzz 
around the nucleus at a very fast rate.

Figure 18.14: Electrons occupy 
energy levels around the nucleus. The 
farther away an electron is from the 
nucleus, the more energy it possesses.
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18.2 Comparing Atoms

!Fireworks and electron energy levels

Almost everyone enjoys the bright colors, noise, and drama of fireworks. The loud noises are 
caused by a black powder that explodes when burned. What causes the colors? The answer to this 
question is directly related to energy levels and the strict rules that govern how electrons act around 
a nucleus. 

Electrons will fill up the lowest energy level first, because they are attracted to the nucleus. But just 
as we can lift a marble to the top of a hill, energy can be used to move an electron farther away from 
the nucleus. When fireworks burn at a high heat, the energy provided by the heat is absorbed by 
the atoms and the electrons jump up to higher energy levels. This process is called electron 
excitation.

When an electron falls back down to its original position, energy is released in the form of 
electromagnetic radiation, including light. The release of electromagnetic energy that occurs when 
the electrons fall down into a lower-energy position is called emission. 

Because electromagnetic radiation is a wave, it comes in different frequencies. Some frequencies 
we can see with our eyes and we call those frequencies light. As you remember from the last unit, 
light of different frequencies we see as different colors.

Because of the arrangement of the energy levels surrounding an atom, excited electrons can 
release electromagnetic radiation in a range of frequencies. The trick in building fireworks is to find 
materials that release radiation at the right frequency for us to see. These materials are metal salts, 
which are combinations of metal ions with other ions. With energy input, these metal ions release 
electromagnetic radiation at wavelengths that we see as colors. The colors we see from different 
elements are listed in Figure 18.16.

The fact that different elements, when heated, can release different colors of light tells us that 
energy levels in an atom have specific amounts of energy. For example, the wavelengths for 
different colors are approximately: 610 nanometers for red; 579 for yellow; 546 for green; 436 for 
blue; and 405 for purple.

The discovery around 1900 that electrons exist at set energy levels changed the way people looked 
at the physical world. Before then, people believed that objects could have any amount of energy. 

The idea that electrons exist at set energy levels has redefined the field of physics and led us to a 
much deeper understanding of the way the physical universe works. This idea is known as quantum 
theory.

Figure 18.15: What causes all the 
different colors in fireworks? 
Electrons!

Figure 18.16: Metals used in 
fireworks.

 Metal Color
copper green
barium yellow-green
sodium yellow
calcium red-orange

strontium bright red
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JD Garcia
JD Garcia grew up 
in a small village 
called Alcalde in 
northern New 
Mexico. JD 
attended a boarding 
high school about 
30 miles from 

home, in Santa Fe. There he 
recognized the importance of 
learning new things—especially in 
math and science.

Garcia enrolled in New Mexico State 
University on a cooperative student 
scholarship. The scholarship 
required him to go to school for half 
the year and work in a job in his 
chosen field for the remaining six 
months. The combination worked 
well for Garcia and he excelled in 
school and at work. After graduation, 
Garcia went to Germany for a year 
as a Fulbright scholar. He enjoyed 
working with some of the famous 
scientists he had studied in college. 
Then he went on to earn his 
doctorate at the University of 
Wisconsin, Madison, in 1966.

Dr. Garcia is a professor at the 
University of Arizona. His research 
focuses on subatomic particles. He 
smashes atoms together and studies 
the resulting pieces. He wants to 
learn more about the forces that 
make atoms move and form 
molecules, what keeps an atom 
together, and how stars form.
Source: SACNAS.org

18.3 The Periodic Table of Elements
Before people understood the internal structure of the atom, they were able to identify elements by how
they acted chemically. In this section, you will learn how chemists summarize the properties of
elements in the periodic table of elements, and how an element’s chemistry and structure are related. 

Groups of elements

Elements and
compounds

In 1808, John Dalton published his theory that all materials were made up of
atoms, and that atoms can bond together in different combinations. He supported
his theory with experimental results. This work provoked two important questions.
Which substances were elements, made up of only one kind of atom? Which
substances were compounds, made up of combinations of atoms? 

How many
elements are

there?

In the 18th through 20th centuries, new theories, technologies, and scientific
discoveries motivated chemists to find and catalog all the elements that make up
our universe. To do so, they had to carefully observe substances in order to
identify them, and then try to break them apart by any possible means. If a
substance could be broken apart, then they had even more work to do: They
observed and tried to break apart each of those materials. If a substance could not
be further broken apart, then it most probably was an element.

We now know of 111 different kinds of elements, and the search for new ones
continues. Scientists try to build elements with even more protons (called
superheavy elements) to determine the limits of the internal structure of the atom.

Elements that are
part of the same
group act alike

As chemists worked on determining which substances were elements, they noticed
that some elements acted very much like other elements. For example, one atom of
some metals always reacts with two atoms of oxygen. Chemists called these
similar elements a group of elements.

By keeping track of how each element reacted with other elements, chemists soon
identified a number of groups. At the same time, they also began figuring out ways
to determine the relative masses of different elements. Soon chemists were
organizing this information into tables. The modern periodic table of elements is
descended from the work of these early chemists.
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18.3 The Periodic Table of Elements

The periodic table of elements

If you read across the rows of the table, the elements are listed in order of increasing atomic number
and weight. Each row indicates how many electrons are in each region of the electron cloud. As you
remember, the electrons of an atom are found in an electron cloud around the nucleus. The electron
cloud is divided into energy levels. By looking at the row number, you can figure out how many energy
levels are filled and how many electrons are partially filling each region of the energy levels. For
example, carbon, in row 2, has a filled energy level 1 and four electrons in energy level 2. You know
that carbon has four electrons in energy level 2 because it is the fourth element in row 2. Recall that
higher energy levels overlap, so this system becomes more complex the higher you go up on the
periodic table. The outermost region of the electron cloud contains the valence electrons and is called
the valence shell.

Because the most stable forms of atoms have either full or empty valence shells, the groups of elements
relate to the way the valence shells of each element are filled. For example, the last column contains the
group known as the noble gases. They don’t react easily with any other elements, because this group
has atoms with completely filled valence shells. We will study valence electrons in the next chapter.

%The periodic table

In 1871, the Russian chemist 
Dimitri Mendeleev (1834-
1907) organized information 
about all the known elements 
in a table that visually 
organized the similarities 
between them. It became 
known as the periodic table 
of elements. 
Mendeleev placed each 
element on the table in a 
certain row and column 
based on its properties. Each 
column represents a group 
of elements with similar 
chemical behavior. For 
example, copper, silver, and 
gold are in the same column. 
How are these elements 
similar?
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Reading the periodic table

As you just learned, the arrangement of each element in the periodic table conveys a lot of information
about it. The individual listing can tell us even more about the element. A periodic table may show
some, or, as in Figure 18.17, all of the information for each element. 

Chemical symbol The chemical symbol is an abbreviation of the element’s name. Unlike the
abbreviations for a U.S. state, these symbol-abbreviations are not always obvious.
Many are derived from the element’s name in a language such as Latin or German.
In Figure 18.17, Ag is the chemical symbol for the element silver. Its symbol
comes from the Latin word for silver, argentum. Note that the first letter in the
symbol is upper case and the second is lower case. Writing symbols this way
allows us to represent all of the elements without getting confused. There is a big
difference between the element cobalt, with its symbol Co, and the compound
carbon monoxide, written as CO. What is the difference between Si and SI?

Atomic number As you learned in the last section, the atomic number is the number of protons all
atoms of that element have in their nuclei. If the atom is neutral, it will have the
same number of electrons as well.

Mass numbers The mass number of an element is the total number of protons and neutrons in the
nucleus. In Figure 18.17, you see that silver has two mass numbers, 107 and 109.
This means that there are two types of silver atoms, one that has 47 protons and 60
neutrons, and one that has 47 protons and 62 neutrons. Forms of the same element
with different mass numbers are called isotopes.

Atomic mass Although the mass number of an isotope and the atomic number of an element are
always whole numbers because they simply count numbers of particles, the atomic
mass of an element is not. The atomic mass is the average mass of all the known
isotopes of the element. It takes into consideration the relative abundance of the
various isotopes. The atomic mass of an element is expressed in atomic mass
units, or amu. Each atomic mass unit is defined as the mass of 1/12 the mass of a
carbon-12 atom (6 protons and 6 neutrons in the nucleus, plus 6 electrons outside
the nucleus). Since carbon consists of a mixture of naturally occurring isotopes,
the atomic mass of carbon is not exactly 12 amu. You will learn more about how
atomic mass is determined in the next chapter.

Figure 18.17: Some periodic 
tables give you the information shown 
above. 

Figure 18.18: The symbols for 
some elements don’t always obviously 
match their names.

element symbol origin

copper Cu cuprium

gold Au aurum

iron Fe ferrum

lead Pb plumbum

potassium K kalium

silver Ag argentum

sodium Na natrium

tin Sn stannum
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Vocabulary review

Match the following terms with the correct definition. There is one extra definition in the list that will not match any of the terms.

Set One Set Two
1. proton a. Particle with no charge that exists in nucleus of 

most atoms
1. atomic number a. Equal to 1/12th the mass of a carbon-12 atom

2. neutron b. Negatively charged particle that exists in 
nucleus of atom

2. strong nuclear force b. A way to refer to an element; describes the 
number of protons in the nucleus

3. electron c. Center of atom, contains most of atom’s mass 3. energy levels c. The reason that an atom’s protons don’t break 
its nucleus apart

4. subatomic particles d. Negatively charged particle that exists in space 
surrounding an atom’s nucleus

4. atomic mass d. The process that moves electrons away from 
the nucleus

5. nucleus e. Positively charged particle that exists in 
nucleus of atom

5. atomic mass unit e. How electrons are arranged around an atom

f. Tiny bits of matter that are the building blocks 
of an atom

f. The average mass of all of the known isotopes 
of an element

Set Three
1. group of elements a. Atoms of the same element which have 

different numbers of neutrons in the nucleus

2. periodic table b. A unit equal to one-twelfth of the mass of 
carbon-12

3. chemical symbol c. Elements with similar properties, listed in a 
single column on the periodic table

4. mass number d. The total number of protons and neutrons in 
the nucleus of an atom

5. isotope e. A chart of the elements, arranged to provide 
information about each element’s behavior

f. The abbreviation for the name of an element
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Concept review

1. Draw a pictorial model of an atom that has 5 protons, 5
neutrons, and 5 electrons. Label the charge of each subatomic
particle. What element is this? 

2. Two atoms are placed next to each other. Atom A has 6
protons, 6 neutrons, and 5 electrons. Atom B has 6 protons, 7
neutrons, and 6 electrons. Are atoms A and B different
elements? How do you know? 

3. Why don’t the protons in a nucleus repel each other and break
the atom apart? 

4. Do scientists suspect that there is an infinite number of
elements, just waiting to be discovered? What evidence might
they give to support such a hypothesis? 

Problems

1. How many electron shells would be completely filled by a
neutral atom of calcium? How many electrons would be left
over? 

2. How many electron shells would be completely filled by a
neutral xenon atom? How many electrons would be left over? 

3. Which element is more likely to combine with other elements,
calcium or xenon? How do you know? 

4. Use the periodic table on the inside cover of your textbook to
answer the following questions:
a. A magnesium atom will react with two chlorine atoms to

form magnesium chloride, MgCl2. Name two other

elements that are likely to react with chlorine in a similar
manner. 

b. How many completely full electron shells do the elements
in the third row contain? Are there any exceptions? 

5. For each of the nuclei shown below, do the following:
a. Name the element.
b. Give the mass number.
c. Show the isotope notation.

"Applying your knowledge

1. Make a poster illustrating models of the atom scientists have
proposed since the 1800s. Explain how each model reflects the
new knowledge that scientists gained through their
experiments. When possible, comment on what they learned
about charge, mass, and location of subatomic particles.

2. Choose an atom and make a three-dimensional model of its
structure, using the Bohr model. Choose different materials to
represent protons, neutrons, and electrons. Attach a key to your
model to explain what each material represents. 
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