
165

Chapter7 Temperature, Energy, and Matter

Have you ever imagined what it would be like to live 
in a atom-sized world? You may have seen movies 
where the characters are suddenly shrunk to the size of 
a flea or an even tinier animal. If you were that small, 
what would the matter around you look like? What if 
you were even smaller, say the size of an atom? In this 
world, even the air around you can be dangerous. 
Everywhere you looked, you would see atoms and 
molecules whizzing around at amazingly fast speeds 
and occasionally colliding with one another. Watch 
out! You might be hit by those particles! 

If you were the size of an atom, you would notice that 
the particles that make up everything are in constant 
motion. In liquids, the particles slide over and around 
each other. In solids, the particles vibrate in place. In 
gases, the particles are moving around freely. 
Ordinary air would look like a crazy three-
dimensional bumper-car ride where you are 
bombarded from all sides by giant beach balls. It will 
be helpful to imagine life as an atom as you study this 
chapter. 

Key Questions
How many atoms make up the 

thickness of a sheet of ordinary 

aluminum foil?

Is it possible to melt a rock?

Why does it take more energy to 

heat water than it does to heat 

steel or aluminum?
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Figure 7.1: Throwing marbles at a tire tube 
moves the tube smoothly. Throwing the same 
marbles at a foam cup moves the cup in a 
jerky way, like Brownian motion.

Vocabulary

element, atom, compound, molecule, 

mixture

Objectives

Describe the nature of matter at 

the atomic level.

Explain how Brownian motion 

supports the theory that 

matter is made of tiny, invisible 

particles.

Distinguish between elements, 

compounds, and mixtures.

7.1 The Nature of Matter
Lying next to a tea cup, a sugar cube looks like a single piece of matter. But up close, you can tell it
is made up of tiny, individual crystals of sugar fused together. Can those sugar crystals be broken
into even smaller particles? What is the smallest particle of sugar that is still sugar?

Matter is made of tiny particles in constant motion
The idea of

atoms
The idea that matter is made of tiny particles goes back to 430 BC. The Greek
philosophers Democritus and Leucippus proposed that matter is made of tiny
particles called atoms. For 2,300 years atoms were an idea that few believed.
In 1803, John Dalton revived the idea of atoms, but lacked proof.

Brownian motion In 1827, Robert Brown, a Scottish botanist, was looking through a
microscope at tiny grains of pollen in water. He saw that the grains moved in
an irregular, jerky way. After observing the same motion in tiny dust
particles, he concluded that all tiny particles move in the same way. The
irregular, jerky motion was named Brownian motion in Brown’s honor.

Evidence for
atoms

In 1905, Albert Einstein proposed that Brownian motion is caused by
collisions between visible particles like pollen grains, and smaller, invisible
particles. This was strong evidence that matter was indeed made of atoms.

A human-sized
example

As a comparison, imagine throwing marbles at a car tire tube floating in the
water. The impact of any single marble is much to small to make the tire tube
move. However, if you throw enough marbles the tube will start moving
slowly. The motion of the tire tube will appear smooth because the mass of a
single marble is tiny compared to the mass of the tire tube (Figure 7.1).
Now imagine throwing marbles at a foam cup floating in the water. The cup’s
motion is not smooth at all. The motion is jerky, and the impact of individual
marbles can be seen. The mass of the cup is not huge compared to the mass of
a marble.  A pollen grain suspended in water moves around in a jerky manner
much like the foam cup. The irregular motion is caused by the impact of
individual water molecules on the pollen grain. Like the cup, the mass of the
pollen grain, while larger than a water molecule, is not so much larger that
impacts are completely smoothed out. 
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Elements are the purest form of matter
Ancient Chinese

ideas
In China, a collection of ancient texts compiled by Confucius (551-479 BC)
discusses the basic “building blocks” of matter. Some of the writings in these
texts were already a thousand years old when Confucius collected and
preserved them in five volumes known as “The Five Classics.” One volume
contains a passage explaining that metal, wood, water, fire, and earth in
different proportions make up all matter. 

Ancient Indian
ideas

In India, writings from the sixth century BC describe five elements — earth,
water, fire, air, and ether — that make up the universe. The writings explain
that all objects such as stones, gold, silver, and trees, are made up of the five
elements. These elements can be rearranged in different proportions to make
all of the other objects in the universe.

Ancient Greek
ideas

The Greek philosopher Empedocles of Acragas (495-435 BC) also tried to
answer questions about matter. He explained that everything we see is made
up of four basic elements: fire, water, air, and earth. The different makeup of
objects around us is due to differences in the ratio of these elements present in
each object. Aristotle, another Greek philosopher, believed that Empedocles’
explanation was the best way to understand why there are so many different
types of matter.

Similar ideas
about matter

While there are differences between the ancient Chinese, Indian, and Greek
writings about matter, the similarities between these explanations is striking
(Figure 7.2). Each culture concluded that everything we see is made of
different proportions of a small number of basic building blocks, or elements.
They also agreed that the diversity of matter on Earth is due to differences in
the proportions of these elements everything contains.

What are
elements?

An element is defined as a pure substance that cannot be broken down into
simpler substances by physical or chemical means. For example, water is
made from the elements hydrogen and oxygen. If you add energy, you can
break water down into hydrogen and oxygen, but you cannot break the
hydrogen and oxygen down into simpler substances (Figure 7.3). You will
learn more about elements in chapter 9.

Figure 7.2: Ancient cultures had similar 
ideas about the composition of matter.

Figure 7.3: You can break water down into 
oxygen and hydrogen by adding energy.
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Figure 7.4: A thin sheet of aluminum foil is 
200,000 atoms thick.

Atoms are the smallest particles that make up elements
Defining atoms A single atom is the smallest particle of an element that retains the chemical

identity of the element. For example, you can keep cutting a piece of the
element gold into smaller and smaller pieces until you cannot cut it any more.
That smallest particle you can divide it into is one atom. A single atom of
gold is the smallest piece of gold you can have. If you split the atom, it will
no longer be gold.

How small are
atoms?

A single atom has a diameter of about 10-10 meters. This means that you can
fit 10,000,000,000 (1010) atoms side-by-side in a one-meter length. You may
think a sheet of aluminum foil is thin, but it is actually more than
200,000 atoms thick (Figure 7.4).

Atoms of
an element

are similar to
each other

Each element has a unique type of atom. Carbon atoms are different from
sodium atoms, sodium atoms from oxygen atoms. All atoms of a given
element are similar to each other. If you could examine a million atoms of
carbon you would find them all to be similar. You will find much more detail
about atoms in chapter 9.
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Compounds contain two or more elements
Compounds Sometimes elements are found in their pure form, but more often they are

combined with other elements. Most substances contain several elements
combined together. A compound is a substance that contains two or more
different elements chemically joined and that has the same composition
throughout. For example, water is a compound that is made from the elements
hydrogen and oxygen. Figure 7.5 shows some familiar compounds.

Molecules If you could magnify a sample of pure water so you could see its atoms, you
would notice that the hydrogen and oxygen atoms are joined together in
groups of two hydrogen atoms to one oxygen atom. These groups are called
molecules. A molecule is a group of two or more atoms joined together by
chemical bonds. A compound is made up of only one type of molecule. Some
compounds, like table salt (sodium chloride), are made of equal combinations
of different atoms instead of individual molecules (Figure 7.6).

Mixtures Most of the things you see and use in everyday life are mixtures. A mixture
contains more than one kind of atom, molecule, or compound. Cola is a
mixture that contains water, carbon dioxide, corn syrup, caramel color,
phosphoric acid, natural flavors, and caffeine.

7.1 Section Review

1. Explain why Brownian motion provides evidence for the existence of atoms and molecules.

2. Describe the difference between elements, compounds, and mixtures.

3. Give an example of each: element, compound, and mixture.

Figure 7.5: Examples of compounds.

Figure 7.6: Table salt is a compound made 
of equal numbers of sodium and chlorine 
atoms.



170 7.2 TEMPERATURE AND THE PHASES OF MATTER

 

Figure 7.7: The Celsius and Fahrenheit 
temperature scales.

Vocabulary

Fahrenheit scale, Celsius scale, 

thermometer, solid, liquid, gas, 

intermolecular forces, evaporation, 

absolute zero, Kelvin, plasma

Objectives

Convert between temperature 

scales.

Explain the relationship between 

temperature and the movement 

of particles in a system.

Describe the relationship 

between temperature and 

states of matter.

7.2 Temperature and the Phases of Matter
You will notice that on a hot day, a glass of iced tea (or any cold beverage) has water on the
outside. The water does not come from inside the glass. The ice and cold liquid inside make the
outside of the glass cold, too. This “outside” cold temperature causes water vapor in the air — a
gas, remember — to condense into liquid water on the exterior of the glass. What is happening at
the atomic level? Why can water take the form of solid, liquid, or gas?

Measuring temperature
Fahrenheit There are two commonly used temperature scales. On the Fahrenheit scale,

water freezes at 32 degrees and boils at 212 degrees (Figure 7.7). There are
180 Fahrenheit degrees between the freezing point and the boiling point of
water. Temperature in the United States is commonly measured in Fahrenheit.
For example, 72°F is a comfortable room temperature.

Celsius The Celsius scale divides the difference between the freezing and boiling
points of water into 100 degrees (instead of 180). Water freezes at 0°C and
boils at 100°C. Most science and engineering temperature measurements are
in Celsius because 0 and 100 are easier to remember than 32 and 212. Most
other countries use the Celsius scale for all descriptions of temperature,
including daily weather reports.

Converting
between the

scales

A weather report that says 21°C in London, England, predicts a pleasant day,
suitable for shorts and a T-shirt. A weather report predicting 21°F in
Minneapolis, Minnesota, means a heavy winter coat, gloves, and a hat.
Because the United States is one of few countries that still use the Fahrenheit
scale, it is useful to know how to convert between the two scales.
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Thermometers
Thermometers Humans can sense warm or cold, but not very accurately. Accurate

measurement of temperature requires a thermometer, an instrument that
measures temperature. The common alcohol thermometer uses the expansion
of colored liquid alcohol as a gauge. As the temperature increases, the alcohol
expands and rises up a long, thin tube. You tell the temperature by the height
the alcohol rises. A small change in volume makes a large change in the height
the alcohol rises up the thin tube (Figure 7.8).

How
thermometers

work

There are many ways to make a thermometer. All thermometers are based on a
physical property (such as color or volume) that changes with temperature.
Some electronic thermometers sense temperature by measuring the resistance
of a thermistor. A thermistor is a device that changes its electrical resistance as
the temperature changes. A digital thermometer uses a thermistor to measure
temperature. There are some chemicals that change color at different
temperatures. These are used for aquarium “sticker” thermometers that are
placed on the outside of the tank.

Converting 
between 

temperature 
scales

A friend in Paris sends you a recipe for a cake. The French recipe says to bake the cake at a temperature of 200°C for 
45 minutes. At what temperature should you set your oven, which uses the Fahrenheit scale?

1. Looking for: You are asked for the temperature in degrees Fahrenheit.

2. Given: You are given the temperature in degrees Celsius.

3. Relationships: Use the conversion formula: TF = 9/5TC + 32.

4. Solution: TF = (9/5)(200) + 32 = 392 °F.

Your turn...
a. You are planning a trip to Iceland this summer. You find out that the average July temperature in Iceland is 11.2°C. What is 

the average July temperature in degrees Fahrenheit? Answer: 52.2°F
b. You are doing a science experiment with a Fahrenheit thermometer. Your data must be in degrees Celsius. If you measure a 

temperature of 125°F, what is this temperature in degrees Celsius? Answer: 51.7°C 

Figure 7.8: The expansion of the liquid in 
an alcohol thermometer is proportional to the 
increase in temperature.
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Figure 7.9: Atoms in a solid are connected 
by bonds that act like springs. The atoms are 
never still, but are always jiggling back and 
forth in random directions around their 
positions.

Figure 7.10: A collection of atoms can 
have both average motion and random 
motion. That is why a thrown rock has both a 
velocity and a temperature.

What temperature really is
Temperature and

energy
Temperature is a measure of the kinetic energy of individual atoms. Imagine
you had a microscope powerful enough to see individual atoms in a solid at
room temperature. You would see that the atoms are in constant motion. The
atoms in a solid material act like they are connected by springs (Figure 7.9).
Each atom is free to move a small amount. When the temperature goes up, the
energy of motion increases and the atoms jiggle around more vigorously. 

Average motion If you throw a rock, the rock gets more kinetic energy, but the temperature of
the rock does not go up. How can temperature measure kinetic energy then?
We already know the relationship between motion and kinetic energy for a
single object (or atom). For a collection of atoms, the situation is different.
The kinetic energy of a collection has two parts. The kinetic energy you know
comes from the average motion of the whole collection, like the motion of the
whole rock. The kinetic energy that comes from the average motion of all the
atoms together is not what temperature measures.

Random motion Each atom in the rock is also jiggling back and forth independently of the
other atoms in the rock. This jiggling motion is random. Random motion is
motion that is scattered equally in all directions. On average, there are as
many atoms moving one way as there are moving the opposite way. 

Temperature and
random motion

Each atom in the rock has kinetic energy from its random motion, as well as
from the average motion of the whole rock. Temperature measures the kinetic
energy in just the random motion. Temperature is not affected by any kinetic
energy associated with average motion. That is why throwing a rock does not
make it hotter (Figure 7.10). When you heat a rock with a torch, each atom
jiggles back and forth with more energy but the whole rock stays in the same
place.

Melting and
boiling

The higher the temperature, the higher the random kinetic energy of each
atom. Hot atoms move faster than cold atoms. If you heat a rock with a torch
long enough, the atoms get so much energy they start to break away from
each other. The rock melts. If you keep heating even more the liquid rock will
start to boil. In boiling some atoms have so much energy they leave the rock
altogether and fly off into the atmosphere.
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The phases of matter
Solid, liquid, and

gas
Most of the matter you find around you is in one of three phases: solid, liquid,
or gas. A solid holds its shape and does not flow. The molecules in a solid
vibrate in place, but on average, don’t move far from their places. A liquid
holds its volume, but does not hold its shape — it flows. The molecules in a
liquid are about as close together as they are in a solid, but have enough energy
to exchange positions with their neighbors. Liquids flow because the
molecules can move around. A gas flows like a liquid, but can also expand or
contract to fill a container. A gas does not hold its volume. The molecules in a
gas have enough energy to completely break away from each other and are
much farther apart than molecules in a liquid or solid. 

Intermolecular
forces

When they are close together, molecules are attracted through intermolecular
forces. These intermolecular forces have different strengths for different
molecules. The strength of the intermolecular forces determines whether
matter exists as a solid, liquid, or gas at any given temperature. 

Temperature vs.
intermolecular

forces

Within all matter there is a constant competition between temperature and
intermolecular forces. The kinetic energy from temperature tends to push
molecules apart. When temperature wins the competition, molecules fly apart
and you have a gas. The intermolecular forces tend to bring molecules
together. When intermolecular forces win the competition, molecules clump
tightly together and you have a solid. Liquid is somewhere in the middle.
Molecules in a liquid are not stuck firmly together, but they cannot escape and
fly away either. 

Strength of
intermolecular

forces

Iron is a solid at room temperature. Water is a liquid at room temperature. This
tells you that the intermolecular forces between iron atoms are stronger than
those between water molecules. In fact, iron is used for building things
because it so strong. The strength of solid iron is another effect of the strong
intermolecular forces between iron atoms. 

Temperature As the temperature changes, the balance between temperature and
intermolecular forces changes. At temperatures below 0°C, the intermolecular
forces in water are strong enough to overcome temperature and water becomes
solid (ice). Figure 7.11: Molecules (or atoms) in the 

solid, liquid, and gas phases.
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Evaporation
If you leave a pan of water in the 
room, eventually it drys out. How 
does this work? Evaporation 
occurs when molecules go from 
liquid to gas at temperatures 
below the boiling point. 
Evaporation happens because 
temperature measures the 
average random kinetic energy of 
molecules. Some have energy 
above the average and some 
below the average. Some of the 
highest energy molecules have 
enough energy to break bonds 
with their neighbors and become a 
gas if they are near the surface. 
Molecules with higher than 
average energy are the source of 
evaporation.
Evaporation takes energy away 
from a liquid. The molecules that 
escape are the ones with the most 
energy. The average energy of the 
molecules left behind is lowered. 
Evaporation cools the surface of a 
liquid because the fastest 
molecules escape and carry 
energy away. That is how your 
body cools off on a hot day. The 
evaporation of sweat from your 
skin cools your body.

Changing phase
Melting point The melting point is the temperature at which a substance changes from a

solid to a liquid. Different substances have different melting points. This is
because the intermolecular forces between particles in each substance vary in
their strength. Stronger intermolecular forces require more energy to break.
Water melts at 0°C. Iron melts at a much higher temperature, about 1,500°C.
The difference in melting points tells us that the forces between iron atoms
are stronger than the forces between water molecules.

Boiling When enough energy is added, the intermolecular forces are completely
pulled apart and the liquid becomes a gas. Boiling takes place within the
liquid as bubbles of gas particles form and rise to the surface.

Changes in state
require energy

It takes energy to break the bonds created by intermolecular forces. This
explains a peculiar thing that happens when you heat an ice cube. As you add
heat energy, the temperature increases. Once it reaches 0°C, the temperature
stops increasing as ice starts to melt and form liquid water. As you add more
heat energy, more ice becomes liquid but the temperature stays the same. This
is because the energy you are adding is being used to break the intermolecular
forces and change solid into liquid. Once all the ice has become liquid, the
temperature starts to rise again as more energy is added. The graph below
shows the temperature in an experiment. When heat energy is added or
subtracted from matter, either the temperature changes, or the phase changes,
but usually not both at the same time.
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Absolute zero
Absolute zero There is a limit to how cold matter can get. As the temperature is reduced

molecules move more and more slowly. When the temperature gets down to
absolute zero, molecules have the lowest energy they can have and the
temperature cannot get any lower. You can think of absolute zero as the
temperature where molecules are completely frozen, like ice, with no motion.
Technically, molecules never become absolutely motionless, but the kinetic
energy is so small it might as well be truly zero. Absolute zero occurs at minus
273°C (-459°F). You cannot have a temperature lower than absolute zero.

The Kelvin scale The Kelvin temperature scale is useful for many scientific calculations
because it starts at absolute zero. For example, the pressure in a gas depends
on how fast the atoms are moving. The Kelvin scale is used because it
measures the actual energy of atoms. A temperature in Celsius measures only
the relative energy, relative to zero Celsius.

Converting to
Kelvin

The Kelvin (K) unit of temperature is the same size as the Celsius unit. Add
273 to the temperature in Celsius to get the temperature in Kelvins. For
example, a temperature of 21°C is equal to 294 K (21 + 273).

High
temperatures

Temperature can be raised almost indefinitely. As the temperature increases,
exotic forms of matter appear. For example, at 10,000 °C atoms start to come
apart and become a plasma. In a plasma the atoms themselves are broken apart
into separate positive ions and negative electrons. Plasma conducts electricity
and is formed in lightning and inside stars. 
 

7.2 Section Review

1. A comfortable room temperature is 20 oC. What is this temperature in degrees Fahrenheit?

2. In which system are the molecules moving faster, a cold glass of tea or a hot cup of tea?

3. Describe what happens at the atomic level during melting.

4. Explain why particles in a gas are free to move far away from each other.

Plasma: A fourth state of 
matter

At temperatures greater than 
10,000 °C the atoms in a gas start 
to break apart. In the plasma 
state, matter becomes ionized as 
electrons are broken loose from 
atoms. Because the electrons are 
free to move independently, 
plasma can conduct electricity. 
Lightning is a good example of 
plasma, and the sun is another. In 
fact, most of the universe is 
plasma, including the Eagle 
nebula in the picture.
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Figure 7.12: It takes twice as much energy 
to heat a 2,000-gram mass of water compared 
to a 1,000-gram mass.

Vocabulary

thermal energy, heat, calorie, 

specific heat

Objectives

Explain the difference between 

temperature and thermal energy.

Define heat.

Calculate the heat required to 

raise the temperature of a 

material.

7.3 What Is Heat?
To change the temperature of a system you must add or subtract energy. For example, when it’s
cold outside, you turn up the heat in your house or apartment and the temperature goes up. You
know that adding heat increases the temperature, but have you ever thought about exactly what
“heat” is? What does “heat” have to do with the temperature?

Heat, temperature, and thermal energy
Thermal energy When you heat a pot of soup on a electric stove, electrical energy is

converted into thermal energy. Thermal energy is related to temperature.
Temperature measures the random kinetic energy of a single molecule or
atom. Thermal energy is the sum of all the kinetic energy of the atoms or
molecules added up together.

Thermal energy
depends on

mass and
temperature

The amount of thermal energy depends on the temperature and also on the
amount of matter you have. Think about heating up two pots of water. One
pot contains 1,000 grams of water and the other contains 2,000 grams of
water. Both pots are heated to the same final temperature (Figure 7.12).
Which takes more energy? Or, do both require the same amount of energy?
The pot holding 2,000 grams of water takes twice as much energy as the pot
with 1,000 grams, even though both start and finish at the same temperature.
The two pots illustrate the difference between temperature and thermal
energy. Thermal energy includes the energy of all the atoms in a sample of
matter, and therefore depends on mass and temperature.

What is heat? What happens when you hold a chocolate bar in your hand? Thermal energy
flows from your hand to the chocolate and it begins to melt. We call this flow
of thermal energy heat. Heat is really just another word for thermal energy
that is moving. In the scientific sense, heat flows any time there is a
difference in temperature. Heat flows naturally from the warmer object
(higher energy) to the cooler one (lower energy). In the case of the melting
chocolate bar, the thermal energy lost by your hand is equal to the thermal
energy gained by the chocolate bar.



177UNIT 3 MATTER AND ENERGY

CHAPTER 7: TEMPERATURE, ENERGY, AND MATTER

Units of heat  and thermal energy
The joule There are three different units that are commonly used for heat and thermal

energy. This is because people did not realize heat was energy for a long time.
The metric unit for measuring heat is the joule. This is the same joule used to
measure all forms of energy, not just heat. A joule is a small amount of heat.
The average hair dryer puts out 1,200 joules of heat every second!

The calorie The calorie is defined as the quantity of heat needed to increase the
temperature of 1 gram of water by 1 degree Celsius. One calorie is a little more
than 4 joules (Figure 7.13). You may have noticed that most food packages list
“Calories per serving.” The unit used for measuring energy content of the food
we eat is the kilocalorie, which equals 1,000 calories. The kilocalorie is often
written as Calorie (with a capital C). If a candy bar contains 210 Calories, it
contains 210,000 calories!

The British
thermal unit

Still another unit of heat energy you may encounter is the British thermal unit,
or Btu. The Btu is often used to measure the heat produced by heating systems
or heat removed by air-conditioning systems. A Btu is the quantity of heat it
takes to increase the temperature of 1 pound of water by 1 degree Fahrenheit.
One Btu is a little more than 1,000 joules. Figure 7.13 shows the conversion
factors for units of heat.

Why so many
units?

The calorie and Btu were being used to measure heat well before scientists
knew what heat really was. They are still used because people give up familiar
ways very slowly, even 100 years after heat was shown to be energy!

Figure 7.13: Conversion table for units of 
heat.

Unit Is Equal To

1 calorie 4.186 joules
1 kilocalorie 1,000 calories

1 Btu 1055 joules
1 Btu 252 calories

Heat and Work
Work can be done whenever heat 
flows from a higher temperature to 
a lower temperature. Many human 
inventions use heat to do work. 
The engine in your car uses the 
heat released by the burning of 
gasoline. Since heat flows from 
hot to cold, to get output work you 
need to maintain a temperature 
difference. In a car engine, the 
high temperature is inside the 
engine and comes from the 
burning gasoline. The low 
temperature is the air around the 
car. The output work produced by 
the engine is extracted from the 
flow of heat. Only a fraction of the 
heat is converted to work, and that 
is why a running car gives off so 
much heat through the radiator 
and exhaust.
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Figure 7.14: It takes 4,184 joules to raise 
the temperature of 1 kg of water by 1 °C. The 
same temperature rise takes only 470 joules 
for a kilogram of steel.

Specific heat
Temperature and

mass
If you add heat to an object, how much will its temperature increase? It
depends in part on the mass of the object. If you double the mass of the object
you are going to heat, you need twice as much energy to increase the
temperature.

Temperature and
type of material

The amount of temperature increase also depends on the kind of material you
are heating. It takes different amounts of energy to raise the temperature of
different materials. You need to add 4,184 joules of heat to one kilogram of
water to raise the temperature by 1°C. (Figure 7.14). You only need to add
470 joules to raise the temperature of a kilogram of steel by 1°C. It takes 9
times more energy to raise the temperature of water by 1°C than it does to
raise the temperature of the same mass of steel by 1°C. Knowing how
materials resist temperature change is important. For example, if you know
that an apple pie’s filling is much more resistant to temperature change than
its crust, you might test the filling temperature before taking a bite!

Specific heat The specific heat is a property of a substance that tells us how much heat is
needed to raise the temperature of one kilogram of a material by one degree
Celsius. A large specific heat means you have to put in a lot of energy for
each degree increase in temperature. Specific heat is measured in joules per
kilogram per degree Celsius (joule/kg°C).

The specific heat is the amount of energy that will raise 

the temperature of one kilogram by one degree Celsius.

Uses for specific
heat

Knowing the specific heat tells you how quickly the temperature of a material
will change as it gains or loses energy. If the specific heat is low (like steel),
then temperature will change relatively quickly because each degree of
change takes less energy. If the specific heat is high (like water), then the
temperature will change relatively slowly because each degree of change
takes more energy. Hot apple pie filling stays hot for a long time because it is
mostly water, and therefore has a large specific heat. Pie crust has a much
lower specific heat and cools much more rapidly.
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Calculating energy changes from heat
How could you figure out how much energy it would take to heat a swimming
pool or boil a liter of water? The heat equation below tells you how much
energy (E) it takes to change the temperature (T ) of a mass (m) of a substance
with a specific heat value (Cp). Figure 7.15 shows the specific heat values for
some common materials.

Calculate the 
heat required 

to reach a 
temperature

How much heat is needed to raise the temperature of a 250-liter hot tub from 20°C to 40°C? The specific heat of water 
is 4,184 J/kg°C. (HINT: 1 liter of water has a mass of 1 kilogram.)

1. Looking for: You are looking for the amount of heat energy needed in joules.

2. Given: You are given the volume in liters, temperature change in °C, and specific heat of water in J/kg°C. You 
are also given a conversion factor for volume to mass of water.

3. Relationships: E = mCp(T2 – T1)

4. Solution: E = (250L × 1kg/L) × 4,184 J/kg°C (40°C - 20°C) = 20,920,000 joules.

Your turn...
a. How much heat energy is needed to raise the temperature of 2.0 kilograms of concrete from 10°C to 30°C? The specific 

heat of concrete is 880 J/kg°C. Answer: 35,200 joules
b. How much heat energy is needed to raise the temperature of 5.0 grams of gold from 20°C to 200°C? The specific heat of 

gold is 129 J/kg°C. Answer: 116.1 joules

Figure 7.15: Specific heat values of some 
common materials.

Material Specific heat
(J/kg°C)

water 4,184
oil 1,900

wood 1,800
aluminum 900
concrete 880

glass 800
steel 470
silver 235
gold 129
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The specific heat of water
Water has a higher specific heat 
than many other common 
materials. Its specific heat is more 
than four times greater than the 
specific heat of rocks and soil. The 
high specific heat of water is very 
important to our planet. Water 
covers about 75 percent of Earth’s 
surface. One of the fundamental 
reasons our planet is habitable is 
that the huge amount of water on it 
helps regulate the temperature. 
Land, because it has a low specific 
heat, experiences large changes 
in temperature when it absorbs 
heat from the sun. Water tends to 
have smaller changes in 
temperature when it absorbs the 
same amount of heat. During the 
day, oceans help keep Earth cool, 
while at night, they keep Earth 
warm by slowing the rate at which 
heat is emitted back into space. 

Why is specific heat different for different materials?
Why specific

heat varies
In general, materials made up of heavy atoms or molecules have low specific
heat compared with materials made up of lighter ones. This is because
temperature measures the average kinetic energy per particle. Heavy
particles mean fewer per kilogram. Energy that is divided between fewer
particles means more energy per particle, and therefore more temperature
change.

An example:
silver and
aluminum

Suppose you add four joules of energy to a kilogram of silver and four joules
to a kilogram of aluminum. Silver’s specific heat is 235 J/kg°C and four
joules is enough to raise the temperature of the silver by 17°C. Aluminum’s
specific heat is 900 J/kg°C, and four joules only raises the temperature of the
aluminum by 4.4°C. The silver has fewer atoms than the aluminum because
silver atoms are heavier than aluminum atoms. When energy is added, each
atom of silver gets more energy than each atom of aluminum because there
are fewer silver atoms in a kilogram. Because the energy per atom is greater,
the temperature increase in the silver is also greater.

7.3 Section Review

1. What is the difference between temperature and thermal energy?

2. What conditions are necessary for heat to flow?

3. How much heat energy is required to raise the temperature of 20 kilograms of water from 0oC to 35oC?
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7.4 Heat Transfer
Thermal energy flows from a material at a higher temperature to a material at a lower temperature.
This process is called heat transfer. How is heat transferred from material to material, or from place
to place? It turns out there are three ways heat flows. In this section, you will learn about heat
conduction, convection, and thermal radiation.

Heat conduction
What is

conduction?
Heat conduction is the transfer of heat by the direct contact of particles of
matter. If you have ever held a warm mug of hot cocoa, you have experienced
conduction. Heat is transferred from the mug to your hand. Conduction only
occurs between two materials at different temperatures and when they are
touching each other. In conduction, heat can also be transferred through
materials. If you stir hot cocoa with a metal spoon, heat is transferred from the
cocoa, through the spoon, and to your hand.

Conduction is the transfer of heat by the direct contact 

of particles of matter.

How does
conduction

work?

Imagine placing a cold spoon into a mug of hot cocoa (Figure 7.16). The
molecules in the cocoa have a higher average kinetic energy than those of the
spoon. The molecules in the spoon exchange energy with the molecules in the
cocoa through collisions. The molecules within the spoon itself spread the
energy up the stem of the spoon through the intermolecular forces between
them. Conduction works through both collisions and also through
intermolecular forces between molecules.

Thermal
equilibrium

As collisions continue, the molecules of the hotter material (the cocoa) lose
energy and the molecules of the cooler material (the spoon) gain energy. The
kinetic energy of the hotter material is transferred, one collision at a time, to
the cooler material. Eventually, both materials are at the same temperature.
When this happens, they are in thermal equilibrium. Thermal equilibrium
occurs when two bodies have the same temperature. No heat flows in thermal
equilibrium because the temperatures are the same.

Figure 7.16:  Heat flows by conduction 
from the hot cocoa into and up the spoon.

Vocabulary

heat conduction, thermal 

conductor, thermal insulator, 

convection, thermal radiation

Objectives

Explain the three methods of 

heat transfer and name 

examples of each.

Give examples of thermal 

conductors and thermal 

insulators.

Describe the direction of heat 

transfer between two objects.



182 7.4 HEAT TRANSFER

Figure 7.17: Because air is a poor 
conductor of heat, a down jacket keeps you 
warm in the cold of winter.

Figure 7.18: A thermos bottle uses a 
vacuum to prevent heat transfer by 
conduction and convection.

Thermal conductors and insulators
Which state of

matter conducts
best?

Conduction can happen in solids, liquids, and gases. Solids make the best
conductors because their particles are packed closely together. Because the
particles in a gas are spread so far apart, relatively few collisions occur,
making air, for instance, a poor conductor of heat. This explains why many
materials used to keep things warm, such as fiberglass insulation and down
jackets, contain air pockets (Figure 7.17).

Thermal
conductors and

insulators

Materials that conduct heat easily are called thermal conductors and those
that conduct heat poorly are called thermal insulators. For example, metal
is a thermal conductor, and a foam cup is a thermal insulator. The words
conductor and insulator are also used to describe a material’s ability to
conduct electrical current. In general, good electrical conductors like silver,
copper, gold, and aluminum are also good thermal conductors.

Heat conduction
cannot occur

through a
vacuum

Conduction happens only if there are particles available to collide with one
another. For this reason, heat transfer by conduction cannot occur in the
vacuum of space. One way to create an excellent thermal insulator on Earth is
to make a vacuum. A thermos bottle keeps liquids hot for hours using a
vacuum. A thermos is a container consisting of a bottle surrounded by a
slightly larger bottle. Air molecules have been removed from the space
between the bottles to create a vacuum. This prevents heat transfer by
conduction. A small amount of heat is conducted through the cap and the
glass (where the two walls meet), so eventually the contents will cool, only
much slower than they would otherwise (Figure 7.18).
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Convection
What is

convection?
Have you ever watched water boil in a pot? Bubbles form on the bottom and
rise to the top. Hot water near the bottom of the pan circulates up, forcing
cooler water near the surface to sink. This circulation carries heat through the
water (Figure 7.19). This heat transfer process is called convection.
Convection is the transfer of heat through the motion of fluids such as air and
water.

Natural
convection

Fluids expand when they heat up. Since expansion increases the volume, but
not the mass, a warm fluid has a lower mass-to-volume ratio (called density)
than the surrounding cooler fluid. In a container, warmer fluid floats to the top
and cooler fluid sinks to the bottom. This is called natural convection.

Forced
convection

In many houses a boiler heats water and then pumps circulate the water to
rooms. Since the heat is being carried by a moving fluid, this is another
example of convection. However, since the fluid is forced to flow by the
pumps, this is called forced convection. 
Both natural and forced convection often occur at the same time. Forced
convection transfers heat to a hot radiator. The heat from the hot radiator then
warms the room air by natural convection The warmer air rises and cooler air
from the far side of the room replaces it. Then the cooler air is warmed and
rises. The circulation distributes heat throughout the room. Figure 7.19: Convection currents in water. 

The hot water at the bottom of the pot rises to 
the top and replaces the cold water.
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Figure 7.20: The higher the temperature of 
an object, the more thermal radiation it emits.

Figure 7.21: Dark surfaces absorb most of 
the thermal radiation they receive. Silver or 
mirrored surfaces reflect most of the thermal 
radiation they receive.

Thermal radiation
Definition of

thermal radiation
If you stand in the sun on a cold, calm day, you will feel warmth from the sun.
Heat from the sun is transferred to Earth by thermal radiation. Thermal
radiation is electromagnetic waves (including light) produced by objects
because of their temperature. All objects with a temperature above absolute
zero (-273 °C or -459 °F) emit thermal radiation. To emit means to give off.

Thermal radiation is heat transfer in the form of 

electromagnetic waves, including light.

Thermal
radiation comes

from atoms

Thermal radiation comes from the thermal energy of atoms. The power in
thermal radiation increases with higher temperatures because the thermal
energy of atoms increases with temperature (Figure 7.20). Because the sun is
extremely hot, its atoms emit lots of thermal radiation.

Objects emit and
absorb radiation

Thermal radiation is also absorbed by objects. An object constantly receives
thermal radiation from everything else in its environment. Otherwise all
objects would eventually cool down to absolute zero by radiating their energy
away. The temperature of an object rises if more radiation is absorbed. The
temperature falls if more radiation is given off. The temperature adjusts until
there is a balance between radiation absorbed and radiation emitted.

Some surfaces
absorb more
energy than

others

The amount of thermal radiation absorbed depends on the surface of a
material. Black surfaces absorb almost all the thermal radiation that falls on
them. For example, black asphalt pavement gets very hot in the summer sun
because it effectively absorbs thermal radiation. A silver mirror surface
reflects most thermal radiation, absorbing very little (Figure 7.21). A
mirrored screen reflects the sun’s heat back out your car window, helping
your parked car stay cooler on a hot day.

Radiation
can travel

through space

Thermal radiation can travel through the vacuum of space. Conduction and
convection cannot carry heat through space because both processes require
matter to transfer heat. Thermal radiation is different because it is carried by
electromagnetic waves that do not require matter to provide a path for heat
flow. Thermal radiation also travels fast — at the speed of light.
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The rate of heat transfer
The cause

of heat transfer
In nature, heat transfer always occurs from hot to cold until thermal
equilibrium is reached. The rate of heat transfer is proportional to the
difference in temperature. If the temperature difference is large, heat flows
faster than when the temperature difference is small.

 Heat transfer
in living things

Heat flow is necessary for life. Biological processes release energy. Your body
regulates its temperature through the constant flow of heat. The inside of your
body averages 98.6°F. Humans are most comfortable when the air temperature
is about 75°F because the rate of heat flow out of the body matches the rate at
which the body generates heat internally. If the air is 50°F, you get cold
because heat flows too rapidly from your skin to the air. If the air is 100°F, you
feel hot partly because heat flows from the air to your body and partly because
your body cannot get rid of its internal heat fast enough (Figure 7.22).

Heat transfer is
everywhere

All three forms of heat transfer are usually working at the same time to
transfer energy from warmer objects to cooler objects. Heat flow continues as
long as there is a temperature difference. If you look around you, you can see
heat transfer virtually everywhere, between air and objects, between objects,
and even between you and the environment!

7.4 Section Review

1. Name one example of heat transfer through conduction.

2. What is the primary type of heat transfer that occurs between a hot and cold fluid when

they are mixed together?

3. Which object would you expect to emit more thermal radiation, a lamp that is turned on, or a

rock at room temperature. Explain your answer.

4. In which direction will heat flow between an ice cube and the air on the room? Explain your

answer.

Figure 7.22: Heat flow depends on 
temperature differences.
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Extraordinary Materials
Materials scientists spend their time learning about the properties of 
different materials, and also designing, creating, or discovering new 
materials to meet the demands of rapidly changing industries. Many 
materials you may be familiar with were discovered accidentally, 
while others were created in a laboratory with a particular 
application in mind.

Vulcanized Rubber

In the mid-1800's, rubber was used as it was found in nature - a 
form that becomes sticky when exposed to heat and cracks when 
frozen. Many inventors sought to discover a more durable form of 
rubber, knowing it could be used in a variety of products.
Perhaps none tried as hard as Charles Goodyear. He only 
discovered the secret to improving the properties of rubber after 
years of research and poverty. Though many historians consider his 
discovery an accident (an experimental rubber mixture he spilled 
on a hot stove turned out to be very durable), it was his attention to 
detail that made him realize that burned rubber was actually the 
substance he was looking for.
Goodyear's experimental mixture contained sulphur, and exposing 
the mixture to heat caused a chemical change. Natural rubber is 
comprised of many long molecules. Heating it in the presence of 
sulphur causes these molecules to bond together and prevents it 
from breaking down when exposed to hot or cold temperatures.

Now that materials scientists better understand the interaction of 
the molecules in rubber, they've applied this knowledge to other 
materials to make a variety of plastics and synthetic rubber.

Carbon Nanotubes

Imagine a material so strong you could hang from a thread the 
thickness of a single hair! As amazing as it seems, this super-strong 
material really exists.
Scientists discovered that one form of carbon, called a nanotube, 
has some amazing properties, including very high tensile strength. 
Nanotubes are very narrow, tube-shaped molecules that form under 
special conditions. 

Because of their desirable properties including good conductance 
of heat, high strength, and potential use as very small wires in 
electronic devices, many scientists are trying to find out how to 
create and use these carbon nanotubes.
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Memory Wire

Another material discovered “accidentally” is nitinol, commonly 
called memory wire. While searching for a metal resistant to rust or 
corrosion, a US Navy lab discovered that one of its test materials 
had the unique property of “remembering” its shape. After bending 
the material into a new shape, they exposed it to heat and it snapped 
back in to the original form. Of course the metal doesn’t really 
“remember” the shape it started in. When deformed, the molecules 
in the material undergo a transition from an orderly, crystalline 
alignment to a more random form. Heating the material causes a 
transition back to the crystal form, returning the original shape. 
Some uses for nitinol include medical devices, eyeglass frames, 
temperature control devices, and cellular telephone antennas.

Aerogel

Would you believe that someone has made a solid material that has 
about the same density as air? If someone put a chunk of it your 
hand, you might not even notice. Silica aerogel is a foam that’s like 
solidified smoke. Aerogel is mostly air and has remarkable thermal, 
optical and acoustical properties.
Aerogels are fantastic insulators. You could hold a flame under a 
chunk of the material and touch the top without being burned. 
Aerogels have the potential to replace a variety of materials in 
everyday life. If researchers could make a transparent version of an 
aerogel, it would almost certainly be used in double pane windows 
to keep heat inside your house in the winter and outside in the 
summer. Opaque aerogels are already being used as insulators. 
Aerogels have been put to use by NASA in several projects, 
including the Mars Pathfinder Soujourner Rover and the Stardust 
mission.

Questions: 
1. Can you think of some new uses for vulcanized rubber? How 

about some uses for natural (sticky) rubber?
2. Can you think of some uses for carbon nanotubes if they 

could be easily manufactured? What existing materials could 
they replace? Why might one material be better than 
another?

3. Can you think of some uses for memory wire and aerogel?
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Chapter 7 Review

Understanding Vocabulary

Select the correct term to complete the sentences.

Section 7.1

1. A(n) ____ is made up of only one type of molecule.
2. A(n) ____ is a combination of different compounds and/or elements.
3. Each element has a unique type of ____.
4. Groups of atoms joined together by chemical bonds are called ____.
Section 7.2

5. On the ____, water boils at 100 degrees and freezes at 0 degrees.
6. ____ is a measure of the average kinetic energy of particles in a

system.
7. A state of matter that has a definite volume and can flow is a(n) ____.
8. A state of matter that can expand or contract to fill a container is a(n)

____.
Section 7.3

9. ____ is the sum of all the kinetic energy of the particles of a system.
10. Oceans are able to help regulate the temperature of Earth due to the

high ____ of water.
11. The flow of thermal energy is called ____.
Section 7.4

12. When you grab a hot mug of cocoa, heat is transferred from the mug
to your hand by ____.

13. Heat transfer through currents in air or water is called ____.
14. Heat from the sun is transferred to Earth by ____.

Reviewing Concepts

Section 7.1

1. Describe the appearance of table salt at the macroscopic and atomic
levels.

2. Explain the difference between an element and a compound and give
one example of each.

3. Explain how a mixture is different than a compound.

4. Explain the difference between an atom and a molecule.
Section 7.2

5. At what temperature does water boil on the Celsius scale? On the
Fahrenheit scale?

6. A student in Italy flies to visit a family in New York. He hears the
pilot report the weather on arrival as “clear and sunny with
temperatures in the low 20’s.” He changes on the plane into shorts
and a T-shirt. Explain his behavior.

7. Describe the four states of matter.
8. Give an example for each of the following: a solid mixture, a liquid

mixture, a mixture that is a gas.
9. What holds together the particles in a solid?
10. How is a plasma different from a gas?
11. What happens to the temperature of ice at its melting point while you

add heat? While it is melting, does it gain or lose energy?
12. What happens during boiling at the macroscopic and atomic levels?
13. When water cools and changes to ice, does the surrounding air get

cooler or warmer?
14. Absolute zero is the lower limit of temperature. Is there an upper limit

of temperature? Explain your answer.
15. What is evaporation? How is it different than boiling?

specific heat
heat conduction
heat
Celsius scale
thermal radiation

temperature
liquid
gas
convection
thermal energy

atom
compound
molecules
mixture
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Section 7.3

16. Explain the difference between temperature and thermal energy.
17. What is heat? How is heat related to temperature?
18. Which has higher thermal energy, a swimming pool of water at 70°F

or a teacup of water at 80°F? Does higher thermal energy mean
higher temperature?

19. Name three different units of energy used to measure heat and
describe what type of situations each is usually used.

20. If you add the same amount of heat to a kilogram of water and a
kilogram of gold, would they both be the same temperature? If not,
which is higher? Why? Assume that both start out at the same
temperature.

21. Using the term specific heat, explain how oceans help regulate the
temperature on Earth.

Section 7.4

22. Define the three main types of heat transfer.
23. Describe the flow of thermal energy when you hold a cold can of soda

in your hand. What types of heat transfer are occurring?
24. Why do you think pots and pans for cooking are made out of metal?
25. What properties make a material a good thermal insulator? Give three

examples of good thermal insulators.
26. Compare the ability of solids, liquids, and gases to conduct heat.
27. Why does hot air rise? What type of heat transfer is occurring?
28. Why doesn’t convection occur in a solid material?
29. Name one property that increases an object’s ability to absorb thermal

radiation.
30. A blacktop road leads to a white sand beach. On a warm sunny day,

which surface will heat up faster? Which will cool down faster at
night? Explain why.

31. Explain, using your knowledge of heat transfer, why it is difficult to
keep cool when it is 100°F outside.

Solving Problems

Section 7.1

1. Identify the following substances as an element, a compound, or a
mixture.
a. vanilla pudding
b. oxygen gas
c. table salt (sodium chloride)
d. fruit salad

Section 7.2

2. What is a normal human body temperature, 98.6°F, on the Celsius
scale?

3. Convert the Celsius temperature of the surface of the sun, which is
5,500°C, to degrees Fahrenheit.

4. If a recipe says to bake a pizza in a 250°C oven, at what temperature
should you set your oven that uses the Fahrenheit scale?

5. Convert the Fahrenheit temperature at which paper burns, 451°F, to
degrees Celsius.

6. As you know Earth is a watery planet. About 70 percent of 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 0°C
b. temperatures between zero and 100°C
c. temperatures above 100°C

7. You place 1 liter of a substance into a 2-liter bottle and tightly cover
the bottle. The substance completely fills the bottle. What state is the
substance in?

Section 7.3

8. How much heat is needed to raise the temperature of 10 kilograms of
wood from 20°C to 25°C? The specific heat of wood is 2,500 J/kg°C.

9. A teapot contains 0.5 kilograms of water. Five thousand joules of heat
are added to the teapot. What is the increase in the temperature of the
water? The specific heat of water is 4,184 J/kg°C.



190 CHAPTER 7: TEMPERATURE, ENERGY, AND MATTER

10. You add 47,000 joules of heat to 1 kilogram of steel. What is the
temperature change in the steel? Steel’s specific heat is 470 J/kg°C.

11. How much heat is needed to raise the temperature of 10 kilograms of
aluminum from 10°C to 40°C? The specific heat of aluminum is
900 J/kg°C.

12. How many calories does it take to increase 1 gram of water by 20°C?
Section 7.4

13. Why does a chickadee fluff its feathers when it get cold outside?
14. You pour some hot water into a metal cup. After a minute, you notice

that the handle of the cup has become hot. Explain, using your
knowledge of heat transfer, why the handle of the cup heats up. How
would you design the cup so the handle does not heat up?

15. What primary type of heat transfer occurs in the following situations?
a. A cool breeze blows off the water when you are at the beach.
b. You burn your hand on a hot pan.
c. The sun warms your skin.
d. Your feet feel cold on a tile floor.
e. Smoke rises up a chimney.
f. You feel warmer in a black T-shirt than a white T-shirt.

Applying Your Knowledge

Section 7.1

1. Design a poster to illustrate the classification of matter. Be sure to use
the terms: matter, element, compound, and mixture. Provide examples
of everyday objects that belong in each category.

2. Design a demonstration of Brownian motion for your class.
3. Research how a scanning tunneling electron microscope (STM)

works. Prepare a short report of your findings.
Section 7.2
4. Research why plasmas, or ionized gases as they are sometimes called,

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.

5. Prepare a short report that describes how different types of
thermometers work. Be sure to apply what you know about the
behavior of atomic particles.

6. Imagine you are the size of an atom. Write a short story that describes
what your life would be like as a solid, liquid, and a gas. Be creative
in your descriptions.

Section 7.3

7. Research one or both of the following and write a short paper or give
a presentation based on your findings.
a. Scottish chemist Joseph Black (1728-1799) developed the theory

of specific heat. Research his life and how he made this
discovery.

b. Lord Kelvin (1824-1907), a British Physicist, developed the idea
of absolute zero, the coldest possible temperature. Research
absolute zero, the Kelvin scale, and Lord Kelvin’s life.

8. Explain, using your knowledge of specific heat, why coastal areas are
often warmer at night and cooler in the day compared to inland areas.

Section 7.4

9. Describe the heating system in your home. What type or types of heat
transfer does it use?

10. Find out how much insulation is recommended for homes in your
community. Where is the most insulation recommended: in the
ceiling, walls, or floors? Using what you know about heat transfer,
explain why.

11. The diagram (right) 
shows an automobile 
engine cooling system. 
Describe, using your 
knowledge of heat 
transfer, how this 
system works.
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