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xixTo the Student

To the Student

Welcome to a new integrated approach to chemistry. Chemistry is a con-
tinually evolving science that examines and manipulates the world on the 
atomic and molecular level. In chemistry, it’s mostly about the molecules. 
What are they like? What do they do? How can we make them? How do we 
even know if we have made them? One of the primary goals of chemistry is 
to understand matter on the molecular scale well enough to allow us to 
predict which chemical structures will yield particular properties, and the 
insight to be able to synthesize those structures.

In this first-year course you will learn about atoms and how they form mol-
ecules and other larger structures. You will use molecular structure and the 
ways atoms bond together to explain the chemical and physical properties 
of matter on the molecular and bulk scales, and in many cases you will learn 
to predict these behaviors. One of the most challenging and rewarding as-
pects of chemistry is that we describe and predict bulk, human scale prop-
erties through an understanding of particles that are so very tiny they 
cannot be seen even with the most powerful optical microscope. So, when 
we see things happen in the world, we translate and imagine what must be 
occurring to the molecules that we can’t ever see.

Our integrated approach is designed to be one vehicle in your learning; it 
represents a new kind of learning environment built by making the best 

uses of traditional written explanations, with interactive activities to help 
you learn the central concepts of chemistry and how to use those concepts 
to solve a wide variety of useful and chemically important problems. These 
readings and activities will represent your homework and as such you will 
find that your book is your homework, and your homework is your book. In 
this regard, the interactive reading assignments contain integrated active 
versions of important figures and tables, reading comprehension questions, 
and suites of problem solving examples that give you step-by-step tutorial 
help, recorded “video solutions” to important problems, and practice prob-
lems with rich feedback that allow you to practice a problem type multiple 
times using different chemical examples. In addition to the interactive 
reading assignments, there are additional OWL problems designed to so-
lidify your understanding of each section as well as end-of-chapter 
assignments. 

The authors of the OWLBook have decades of experience teaching chem-
istry, talking with students, and developing online chemistry learning sys-
tems. For us, this work represents our latest effort to help students beyond 
our own classrooms and colleges. All in all, we hope that your time with us 
is rewarding and we wish you the best of luck.
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Chemistry: Matter  
on the Atomic Scale

In This Unit…
This unit introduces atoms and molecules, the fundamental components 
of matter, along with the different types of structures they can make 
when they join together, and the types of changes they undergo. We 
also describe some of the tools scientists use to describe, classify, and 
measure matter.

Unit Outline
1.1 What Is Chemistry?

1.2 Classification of Matter

1.3 Units and Measurement

1.4 Unit Conversions
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1.1 What Is Chemistry?

1.1a The Scale of Chemistry

Chemistry is the study of matter, its transformations, and how it behaves. We define 
matter as any physical substance that occupies space and has mass. Matter consists of 
atoms and molecules, and it is at the atomic and molecular level that chemical transforma-
tions take place.

Different fields of science examine the world at different levels of detail (Interactive 
Figure 1.1.1). When describing matter that can be seen with the naked eye, scientists  
are working on the macroscopic scale. Chemists use the atomic scale (sometimes called 
the nanoscale or the molecular scale) when describing individual atoms or molecules. In 
general, in chemistry we make observations at the macroscopic level and we describe and 
explain chemical processes on the atomic level. That is, we use our macroscopic scale  
observations to explain atomic scale properties.

1.1b Measuring Matter

Chemistry is an experimental science that involves designing thoughtful experiments  
and making careful observations of macroscopic amounts of matter. Everything that is 
known about how atoms and molecules interact has been learned through making careful 
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Interactive Figure 1.1.1

Understand the scale of science.

The macroscopic, microscopic, and atomic scales in different fields of science.
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Unit 1  Chemistry: Matter on the Atomic Scale 3

observations on the macroscopic scale and inferring what those observations must mean 
about atomic scale objects.

For example, careful measurement of the mass of a chemical sample before and after 
it is heated provides information about the chemical composition of a substance. Observing 
how a chemical sample behaves in the presence of a strong magnetic field such as that 
found in a magnetic resonance imaging (MRI) scanner provides information about how 
molecules and atoms are arranged in human tissues.

An important part of chemistry and science in general is the concept that all ideas are 
open to challenge. When we perform measurements on chemical substances and interpret 
the results in terms of atomic scale properties, the results are always examined to see if 
there are alternative ways to interpret the data. This method of investigation leads to 
chemical information about the properties and behavior of matter that is supported by the 
results of many different experiments.

Example Problem 1.1.1 Differentiate between the macroscopic and atomic scales.

Classify each of the following as matter that can be measured or observed on either the 
 macroscopic or atomic scale.

 a. An RNA molecule
 b. A mercury atom
 c. A sample of liquid mercury

Solution:
You are asked to identify whether a substance can be measured or observed on the macro-
scopic or atomic scales.

You are given the identity of the substance.
 a. Atomic scale. An RNA molecule is too small to be seen with the naked eye or with an opti-

cal microscope.
 b. Atomic scale. Individual atoms cannot be seen with the naked eye or with an optical 

microscope.
 c. Macroscopic scale. Liquid mercury can be seen with the naked eye.

1.2 Classification of Matter

1.2a Classifying Matter on the Atomic Scale

Matter can be described by a collection of characteristics called properties. One of the 
fundamental properties of matter is its composition, or the specific types of atoms or  
molecules that make it up. An element, which is the simplest type of matter, is a pure 

Section 1.1 Mastery

Video Solution

Tutored Practice 
Problem 1.1.1
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Unit 1  Chemistry: Matter on the Atomic Scale 4

substance that cannot be broken down or separated into simpler substances. (Flashforward 
to Section 2.2 Elements and the Periodic Table) You are already familiar with some of the 
most common elements such as gold, silver, and copper, which are used in making coins and 
jewelry, and oxygen, nitrogen, and argon, which are the three most abundant gases in our 
atmosphere. A total of 118 elements have been identified, 90 of which exist in nature (the 
rest have been synthesized in the laboratory). Elements are represented by a one- or two-
letter element symbol, and they are organized in the periodic table that is shown in 
Elements and Compounds (Unit 2) and in the Reference Tools. A few common elements 
and their symbols are shown in Table 1.1.1. Notice that when the symbol for an element 
consists of two letters, only the first letter is capitalized.

Atoms
An atom is the smallest indivisible unit of an element. For example, the element aluminum 
(Interactive Figure 1.2.1) is made up entirely of aluminum atoms. Although individual 

atoms are too small to be seen directly with the naked eye or with 
the use of a standard microscope, methods such as scanning tun-
neling microscopy (STM) allow scientists to view atoms. Both  
experimental observations and theoretical studies show that iso-
lated atoms are spherical and that atoms of different elements 
have different sizes. Thus, the model used to represent isolated 
atoms consists of spheres of different sizes. In addition, chemists 
often use color to distinguish atoms of different elements. For 
example, oxygen atoms are usually represented as red spheres; 
carbon atoms, as gray or black spheres; and hydrogen atoms, as 
white spheres.

Elements are made up of only one type of atom. For example, the element oxygen 
is found in two forms: as O2, in which two oxygen atoms are grouped together, and as O3, 
in which three oxygen atoms are grouped together. The most common form of oxygen is 

O2, dioxygen, a gas that makes up about 21% of 
the air we breathe. Ozone, O3, is a gas with a 
distinct odor that can be toxic to humans. Both 
dioxygen and ozone are elemental forms of 
oxygen because they consist of only one type 
of atom.

Carbon, C

Oxygen, O

Hydrogen, H

Iodine, I

Table 1.1.1 Some Common Elements 
and Their Symbols

Name Symbol

Hydrogen H

Carbon C

Oxygen O

Sodium Na

Iron Fe

Aluminum Al

Dioxygen, O2 Ozone, O3
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Interactive Figure 1.2.1

Explore the composition of elements.

A piece of aluminum
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Compounds and Molecules
A chemical compound is a substance formed when two or more elements are combined in a 
defined ratio. Compounds differ from elements in that they can be broken down chemically into 
simpler substances. You have encountered chemical compounds in many common substances, 
such as table salt, a compound consisting of the elements sodium and chlorine, and phosphoric 
acid, a compound found in soft drinks that contains hydrogen, oxygen, and phosphorus.

Molecules are collections of atoms that are held to-
gether by chemical bonds. In models used to represent 
molecules, chemical bonds are often represented using cyl-
inders or lines that connect atoms, represented as spheres. 
The composition and arrangement of elements in molecules 
affects the properties of a substance. For example, mole-
cules of both water (H2O) and hydrogen peroxide (H2O2) 
contain only the elements hydrogen and oxygen. Water is a 
relatively inert substance that is safe to drink in its pure 
form. Hydrogen peroxide, however, is a reactive liquid that 
is used to disinfect wounds and can cause severe burns if 
swallowed.

Example Problem 1.2.1 Classify pure substances as elements or compounds.

Classify each of the following substances as either an element or a compound.
 a. Si   b. CO2   c. P4

Solution:
You are asked to classify a substance as an element or a compound.

You are given the chemical formula of the substance.
 a. Element. Silicon is an example of an element because it consists of only one type of atom.
 b. Compound. This compound contains both carbon and oxygen.
 c. Element. Although this is an example of a molecular substance, it consists of only a single 

type of atom.

1.2b Classifying Pure Substances on the Macroscopic Scale

A pure substance contains only one type of element or compound and has fixed chemical 
composition. A pure substance also has characteristic properties, measurable qualities that 
are independent of the sample size. The physical properties of a chemical substance are 
those that do not change the chemical composition of the material when they are measured. 

Water, H2O

Hydrogen peroxide, H2O2©
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Video Solution

Tutored Practice 
Problem 1.2.1
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Some examples of physical properties include physical state, color, viscosity (resistance to 
flow), opacity, density, conductivity, and melting and boiling points.

States of Matter
One of the most important physical properties is the physical state of a material. The three 
physical states of matter are solid, liquid, and gas (Interactive Figure 1.2.2).

The macroscopic properties of these states are directly related to the arrangement and 
properties of particles at the atomic level. At the macroscopic level, a solid is a dense mate-
rial with a defined shape. At the atomic level, the atoms or molecules of a solid are packed 
together closely. The atoms or molecules are vibrating, but they do not move past one an-
other. At the macroscopic level, a liquid is also dense, but unlike a solid it flows and takes 
on the shape of its container. At the atomic level, the atoms or molecules of a liquid are 
close together, but they move more than the particles in a solid and can flow past one an-
other. Finally, at the macroscopic level, a gas has no fixed shape or volume. At the atomic 
level, the atoms or molecules of a gas are spaced widely apart and are moving rapidly past 
one another. The particles of a gas do not strongly interact with one another, and they move 
freely until they collide with one another or with the walls of the container.

The physical state of a substance can change when energy, often in the form of heat, is 
added or removed. When energy is added to a solid, the temperature at which the solid is 
converted to a liquid is the melting point of the substance. The conversion of liquid to solid 
occurs at the same temperature as energy is removed (the temperature falls) and is called 
the freezing point. A liquid is converted to a gas at the boiling point of a substance. As you 

Interactive Figure 1.2.2

Distinguish the properties of the three states of matter.

Representations of a solid, a liquid, and a gas
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Unit 1  Chemistry: Matter on the Atomic Scale 7

will see in the following section, melting and boiling points are measured in Celsius (ºC) or 
Kelvin (K) temperature units.

Not all materials can exist in all three physical states. Polyethylene, for example, does 
not exist as a gas. Heating a solid polyethylene milk bottle at high temperatures causes it 
to decompose into other substances. Helium, a gas at room temperature, can be liquefied 
at very low temperatures, but it is not possible to solidify helium.

A change in the physical property of a substance is called a physical change. Physical 
changes may change the appearance or the physical state of a substance, but they do not 
change its chemical composition. For example, a change in the physical state of water—
changing from a liquid to a gas—involves a change in how the particles are packed together 
at the atomic level, but it does not change the chemical makeup of the material.

Chemical Properties
The chemical properties of a substance are those that involve a chemical change in the 
material and often involve a substance interacting with other chemicals. For example, a 
chemical property of methanol, CH3OH, is that it is highly flammable because the compound 
burns in air (it reacts with oxygen in the air) to form water and carbon dioxide (Interactive 
Figure 1.2.3). A chemical change involves a change in the chemical composition of the 
material. The flammability of methanol is a chemical property, and demonstrating this 
chemical property involves a chemical change.

Interactive Figure 1.2.3

Investigate the chemical properties  
of methanol.

Methanol is a flammable liquid.

Example Problem 1.2.2 Identify physical and chemical properties and physical 
and chemical changes.

 a. When aluminum foil is placed into liquid bromine a white solid forms. Is this a chemical  
or physical property of aluminum?

 b. Iodine is a purple solid. Is this a chemical or physical property of iodine?
 c. Classify each of the following changes as chemical or physical.
 i. Boiling water
 ii. Baking bread

Solution:
You are asked to identify a change or property as chemical or physical.

You are given a description of a material or a change.
 a. Chemical property. Chemical properties are those that involve a chemical change in the 

 material and often involve a substance interacting with other chemicals. In this example, one 
substance (the aluminum) is converted into a new substance (a white solid).


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Tutored Practice 
Problem 1.2.2

Copyright 2016 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).

Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.
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1.2c Classifying Mixtures on the Macroscopic Scale

As you can see when you look around you, the world is made of complex materials. Much 
of what surrounds us is made up of mixtures of different substances. A  mixture is a sub-
stance made up of two or more elements or compounds that have not reacted chemically.

Unlike compounds, where the ratio of elements is fixed, the relative amounts of differ-
ent components in a mixture can vary. Mixtures that have a constant composition through-
out the material are called homogeneous mixtures. For example, dissolving table salt in 
water creates a mixture of the two chemical compounds water (H2O) and table salt (NaCl). 
Because the mixture is uniform, meaning that the same ratio of water to table salt is found 
no matter where it is sampled, it is a homogeneous mixture.

A mixture in which the composition is not uniform is called a heterogeneous mix-
ture. For example, a cold glass of freshly squeezed lemonade with ice is a heterogeneous 
mixture because you can see the individual components (ice cubes, lemonade, and pulp) 
and the relative amounts of each component will depend on where the lemonade is sampled 
(from the top of the glass or from the bottom). The two different types of mixtures are 
explored in Interactive Figure 1.2.4.

Homogeneous and heterogeneous mixtures can usually be physically separated into indi-
vidual components. For example, a homogeneous mixture of salt and water is separated by 
heating the mixture to evaporate the water, leaving behind the salt. A heterogeneous mixture 
of sand and water is separated by pouring the mixture through filter paper. The sand is trapped 
in the filter while the water passes through. Heating the wet sand to evaporate the remaining 
water completes the physical separation.

Like pure substances, mixtures have physical and chemical properties. These proper-
ties, however, depend on the composition of the mixture. For example, a mixture of  
10 grams of table sugar and 100 grams of water has a boiling point of 100.15 ºC while a 
mixture of 20 grams of table sugar and 100 grams of water has a boiling point of 100.30 ºC.

Interactive Figure 1.2.5 summarizes how we classify different forms of matter in 
chemistry.

Homogeneous and heterogeneous mixtures

Interactive Figure 1.2.4

Identify homogeneous and 
heterogeneous mixtures.
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Example Problem 1.2.2 (continued)

 b. Physical property. A physical property such as color is observed without changing the 
chemical identity of the substance.

 c. i.  Physical change. A physical change alters the physical form of a substance without changing 
its chemical identity. Boiling does not change the chemical composition of water.

 ii.  Chemical change. When a chemical change takes place, the original substances (the bread 
ingredients) are broken down and a new substance (bread) is formed.
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Matter
(materials)

Physical processesPure
substances

Elements
Chemical

reactions
Compounds

Homogeneous
mixtures

(solutions)

Heterogeneous
mixtures

Mixtures

Interactive Figure 1.2.5

Classify matter.

A flow chart for the classification of matter

Example Problem 1.2.3 Identify pure substances and mixtures.

Classify each of the following as a pure substance, a homogeneous mixture, or a heterogeneous 
mixture.

 a. Copper wire
 b. Oil and vinegar salad dressing
 c. Vinegar

Solution:
You are asked to classify items as a pure substance, a heterogeneous mixture, or a homoge-
neous mixture.

You are given the identity of the item.
 a. Pure substance. Copper is an element.
 b. Heterogeneous mixture. The salad dressing is a mixture that does not have a uniform com-

position. The different components are visible to the naked eye, and the composition of the 
mixture varies with the sampling location.

 c. Homogeneous mixture. Vinegar is a uniform mixture of water, acetic acid, and other com-
pounds. The different components in this mixture are not visible to the naked eye. Section 1.2 Mastery
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