W]cn you start your car, do yau think about chemistry? Probably not, but you
should. The power to start your car is furnished by a lead storage battery. How does this
battery work, and what does it contain? When a battery goes dead, what does that mean?
If you use a friend's car to “jump start” your cas, did you know that your battery could
explode? How can you avoid such an unpleasant possibility? What is in the gasoline that
you put in your tank, and how does it furnish the energy to drive to school? What is the
vapor that comes out of the exhaust-pipe, and why does it cause air pollution? Your car's
air conditioner might have a substance in it that is leading to the destruction of the ozone
layer in the upper atmosphere. What are we doing about that? And why is the ozone layer
important anyway?

All these questions can be answered by understanding some chemistry. In fact, we'll
consider the answers to all these questions in this text.

Chemistry is around you all the time. You are able to read and understand this sen-

. tence because chemical reactions are occurring in your brain. The food you ate for break-

fast or lunch is now furnishing energy through chemical reactions. Trees and grass grow
because of chemical changes.

Chemistry also crops up in some unexpected places. When archaeologist Luis Alvarez
was studying in college, he probably didn’t realjze that the chemical elements iridium and
niobium would make him very famows when they helped him solve the problem of the
disappearing dinosaurs. For decades scientists had wrestled with the mystery of why the
dinosaurs, after ruling the earth for miHions of years, suddenly became extinct 65 million
years ago. In studying core samples of rocks dating back to that period, Alvarez and his
coworkers recognized unusual levels of iridium and niobium in these samples—levels
much more characteristic of extraterrestrial bodies than of the earth. Based on these
observations, Alvarez hypothesized that a large meteor hit the earth 65 million years ago,
changing atmospheric conditions so much that the dinosaurs’ food couldn’t grow, and they
died—almost instantly in the geologic timéframe.

Chemistry is also important to historians. Did you realize that lead poisoning proba-
bly was a significant contributing factor to the decline of the Roman Empire? The Romans
had high exposure to lead from lead-glazed pottery, lead water pipes, and a sweetening
syrup called sapa that was prepared by boiling down grape juice in lead-lined vessels. It
turns out that one reason for sapa's sweetness was lead acetate (“sugar of lead"”) that
formed as the juice was cooked down. Lead poisoning with its symptoms of lethargy and
mental malfunctions certainly could have contributed to the demise of the Roman society.

Chemistry is also apparently very important in determining a person’s behavior.
Various studies have shown that many personality disorders can be linked directly to
imbalances of trace elements in the body. For example, studies on the inmates at Stat-
eville Prison in Illinois have linked low cobalt levels with violent behavior. Lithium salfs
have been shown to be very effective in controlling the effects of manic depressive dis-
ease, and you've probably at some time in your life felt a special “chemistry” for another
person. Studies suggest there is literally chemistry going on between two people who are
attracted to each other. “Falling in love™ apparently causes changes in the chemistry of
the brain; chemicals are produced that give that “high” associated with a new relation-
ship. Unfortunately, these chemical effects seem to wear off over time, even if the rela-
tionship persists and grows. '

The importance of chemistry in the interactions of people should not really surprise
us, since we know that insects communigate by emitting and receiving chemical signals via
molecules called pheromones. For example, ants have a very complicated set of chemical
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signals to signify food sources, danger, and so forth. Also, various female sex attractants
have been isolated and used to lure males into traps to control insect populations. It would
not be surprising if humans also emitted chemical signals that we were not aware of on
a conscious level. Thus chemistry is pretty interesting and pretty important. The main goal
of this text is to help you understand the concepts of chemistry so that you can better ap-
preciate the world around you and can be more effective in whatever career you choose.

1.1 Chemistry: An Overview

Since the time of the ancient Greeks, people have wondered about the answer to the ques-
tion: What is matter made of? For a long time humans have believed that matter is com-
posed of atoms, and in the previous three centuries we have collected much indirect
evidence to support this belief. Very recently, something exciting has happened—for the
first time we can “see” individual atoms. Of course, we cannot see atoms with the naked
eye but must use a special microscope called a scanning tunneling microscope (STM).
Although we will not consider the details of its operation here, the STM uses an electron
current from a tiny needle to probe the surface of a substance. The STM pictures of several
substances are shown in Fig. 1.1. Notice how the atoms are connected to one another by
“bridges,” which, as we will see, represent. the electrons that interconnect atoms.

In addition to “seeing” the atoms in solids such as salt, we have learned how to iso-
late and view a single atom. For example, the tiny white dot in the center of Fig. 1.2 is a
single mercury atom that is held in a special trap.

So, at this point, we are fairly sure that matter consists of individual atoms. The na-
ture of these atoms is quite complex, and the components of atoms don’t behave much
like the objects we see in the world of our experience. We call this world the macroscopic
world—the world of cars, tables, baseballs, rocks, oceans, and so forth. One of the main
jobs of a scientist is to delve into the macroscopic world and discover its “parts.”” For
example, when you view a beach from a distance, it looks like a continuous solid substance.
As you get closer, you see that the beach is really made up of individual grains of sand.

(a) (b)

FIGURE 1.1

(a) The surface of a single grain of table
salt. (b) An oxygen atom (indicated by
arrow) on a gallium arsenide surface.

(c) Scanning tunneling microscope image
showing rows of ring-shaped clusters of
benzene molecules on a rhodium surface.
Each “doughnut”-shaped image represents
a benzene molecule. {c)




FIGURE 1.2
A charged mercury atom shows up as a
tiny white dot (indicated by the arrow).

FIGURE 1.3

Sand on & beach looks uniform from a
distance, but up close the irregular sand
-grains are visible, and each grain is com-
posed of tiny atoms. . :
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As we examine these grains of sand, we find they are composed of silicon and oxygen
atoms connected to each other to form intricate shapes (see Fig. 1.3). One of the main
challenges of chemistry is to understand the connection between the macroscopic world
that we experience and the microscopic world of atoms and molecules. To truly under-
stand chemistry you must learn to think on the atomic level. We will spend much time in
this text helpirig you learn to do that.

One of the amazing things about our universe is that the tremendous variety of sub-
stances we find there results from only about 100 different kinds of atoms. You can think
of these approximately 100 atoms as the letters in an alphabet out of which all the “words”
in the universe are made. It is the way the atoms are organized in a given substance that
determines the properties of that substance. For example, water, one of the most common
and important substances on earth, is composed of two types of atoms: hydrogen and
oxygen. There are two hydrogen atoms and one oxygen atom bound together to form the
water molécule:

oxygen atom
o B! q‘ water molecule

«} hydrogen atom

When an electric current passes through it, water is decomposed to hydrogen and oxygen.
These chemical elements themselves exist naturally as diatomic (two-atom) molecules:

oxygen molecule m written O,

hydrogen molecule . ; 3  writien Hy

We can represent the decomposition of water to its component elements, hydrogen and
oxygen, as follows:

9 m one oxygen molecule
WO waler v .) written O,

molecules clectric 1
2.3

. current
written 2H,0 q two hydrogen molecules
. &) 3.9 written 2H,

Notice that it takes two molecules of water to furnish the right number of oxygen and hy-
drogen atoms to allow for the formation of the two-atom molecules. This reaction explains
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imponarrlce of chemistry can show up in some unusual

places. For example, a knowledge of chemistry is crucial

8/ to authenticating, preserving, and restoring art objects. The

J. Paul Getty Museum in Los Angeles has a state-of-the-art

chemical laboratory that costs many millions of dollars and

employs many scientists. The National Gallery of Art (NGA)

in Washington, D.C., also operates a highly sophisticated

laboratory that employs 10 people: five chemists, a botanist,

an art historian, a technician with a chemistry degree, and
two fellows (interns).

One of the chemists at NGA is Barbara Berrie, who spe-
cializes in identifying paint pigments. One of her duties is to
analyze a painting to see whether the paint pigments are ap-
propriate for the time the picture was supposedly painted and
consistent with the pigments known to be used by the artist
given credit for the painting. This analysis is one way in which
paintings can be authenticated. One of Berrie’s recent projects
was to analyze the 1617 oil painting St. Cecilia and an Angel.
Her results showed the painting was the work of two artists
of the time, Orazio Gentileschi and Giovanni Lanfranco.
Originally the work was thought to be by Gentileschi alone.

Berrie is also working to define the range of colors used
by water colorist Winslow Homer (the NGA has 30 Homer
paintings in its collection) and to show how his color palette
changed over his career. In addition, she is exploring how
acidity affects the decomposition of a particular deep green
transparent pigment (called copper resinate) used by [talian =
Renaissance artists so that paintings using this pigmentcan o o-4 - perrie of the National Gallery of Art is shown
be better preserved. analyzing the glue used in the wooden supports for a

Berrie says, “The chemistry I do is not hot-dog chem-  14th century altar piece.
istry, just good old-fashioned general chemistry.”

why the battery in your car can explode if you jump start it improperly. When you hook up
the jumper cables, current flows through the dead battery, which contains water (and other
things), and causes hydrogen and oxygen to form by decomposition of some of the water.
A spark can cause this accumulated hydrogen and oxygen to explode, forming water again.

2H, L?
s

This example illustrates two of the fundamental concepts of chemistry: (1) matter is com-
posed of various types of atoms, and (2) one substance changes to another by reorganiz-
ing the way the atoms are attached (0 each other. :

These are core ideas of chemistry, and we will have much more to say about them.
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FIGURE 1.4
Fhe fundamental steps of the scientific
method.
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Science: A Process for Understanding Nature and Its Changes

How do you tackle the problems that confront you in real life? Think about your trip to
school. If you live in a city, traffic is undoubtedly a problem you confront daily. How do
you decide the best way to drive to school? If you are new in town, you first get a map
and look at the possible ways to make the trip. Then you might collect information from
people who know the area about the advantages and disadvantages of various routes. Based
on this information, you probably try to predict the best route. However, you can find
the best route only by trying several of them and comparing the results. After a few
experiments with the various possibilities, you probably will be able to select the best
way. What you are doing in solving this everyday problem is applying the same process
that scientists use to study nature. The first thing you did was collect relevant data. Then
you made a prediction, and then you tested it by trying it out. This process contains the
fundamental elements of science.

1. Making observations (collecting data)
2. Making a prediction (formulating a hypothesis)
3. Doing experiments to test the prediction (testing the hypothesis)

Scientists call this process the scientific method. We will discuss it in more detail in
the next section. One of life’s most important activities is solving problems—not “plug
and chug” exercises, but real problems—problems that have new facets to them, that
involve things you may have never confronted before. The more creative you are at
solving these problems, the more effective you will be in your carcer and your per-
sonal life. Part of the reason for learning chemistry, therefore, is to become a better
problem solver. Chemists are usually excellent problem solvers, because to master
chemistry, you have to master the scientific approach. Chemical problems are frequently
very complicated—there is usually no neat and tidy solution. Often it is difficult to
know where to begin.

o
[

1.2 The Scientific Method

I

Science is a framework for gaining and organizing knowledge. Science is not simply a
set of facts but also a plan of action—a procedure for processing and understanding cer-
tain types of information. Scientific thinking is useful in all aspects of life, but in this text
we will use it to understand how the chemical world operates. As we have said in our pre-
vious discussion, the process that lies at the center of scientific inquiry is called the
scientific method. There are actually many scientific methods, depending on the nature
of the specific problem under study and on the particular investigator involved. However,
it is useful to consider the Eollowing general framework for a generic scientific method
(see Fig. 1.4):

Steps in the Scientific Method

i
W
ek

Making observations. Observations may be qualitative (the sky is blue; water
is a liquid) or quantitative (water boils at 100°C; a certain chemistry book
weighs 2 kilograms). A qualitative observation does not involve a number.
A quantitative observation (called a measurement) involves both a number
and a unit.

> 7 Formulating hypotheses. A hypothesis is a possible explanation for an observation.

> 3 Performing experiments. An experiment is carried out to test a hypothesis. This
involves gathering new information that enables a scientist to decide whether
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the hypothesis is valid—that is, whether it is supported by the new information
learned from the experiment. Experiments always produce new observations,
and this brings the process back to the beginning again.

To understand a given phenomenon, these steps are repeated many times, gradually ac-
cumulating the knowledge necessary to provide a possible explanation of the phenomenon.

Scientific Models

Once a set of hypotheses that agrees with the various observations is obtained, the hy-
potheses are assembled into a theory. A theory, which is often called a model, is a set of
tested hypotheses that gives an overall explanation of some natural phenomenon.

It is very important to distinguish between observations and theories. An observation
is something that is witnessed and can be recorded. A theory is an interpretation—a
possible explanation of why nature behaves in a particular way. Theories inevitably change
as more information becomes available. For example, the motions of the sun and stars
have remained virtually the same over the thousands of years during which humans have
been observing them, but our explanations—our theories—for these motions have changed
greatly since ancient times. (See the Chemical Impact on Observations, Theories, and the
Planets on the Web site.) 2

The point is that scientists do not stop asking questions just because a given the-
ory seems to account satisfactorily for some aspect of natural behavior. They continue
doing experiments to refine or replace the existing theories. This is generally done by
using the currently accepted theory to make a prediction and then performing an
experiment (making a new observation) to see whether the results bear out this
prediction.

Always remember that theories (models) are human inventions. They represent at-
tempts to explain observed natural behavior in terms of human experiences. A theory is
actually an educated guess. We must continue to do experiments and to refine our theo-
ries (making them consistent with new knowledge) if we hope to approach a more nearly
R— complete fmdferstanding of nature. ’ '

The various parts of the scientific method. . As scientists observe nature, tIm:y Oflefl see that the same observation applies to many

different systems. For example, studies of innumerable chemical changes have shown that
the total observed mass of the materials involved is the same before and after the change.
Such generally observed behavior is formulated into a statement called a natural law. For
example, the observation that the total mass of materials is not affected by a chemical
change in those materials is called the law of conservation of mass.

Note the difference between a natural law and a theory. A natural law is a summary
of observed (measurable) behavior, whereas a theory is an explanation of behavior. A law
summarizes what happens; a theory (model) is an attempt to explain why it happens.

In this section we have described the scientific method as it might ideally be applied
(see Fig. 1.5). However, it is important to remember that science does not always progress
smoothly and efficiently. For one thing, hypotheses and observations are not totally inde-
pendent of each other, as we have assumed in the description of the idealized scientific

Robert Boyle (1627-1691) was born in Ireland. He became especially interested in experiments involving
air and developed an air pump with which he produced evacuated cylinders. He used these cylinders to
show that a feather and a lump of lead fall at the same rate in the absence of air resistance and that
sound cannot be produced in a vacuum. His most famous experiments involved careful measurements of
the volume of a gas as a function of pressure. In his book The Skeptical Chymist, Boyle urged that the
andient view of elements as mystical substances should be abandoned and that an element should in-
stead be defined as anything that cannot be broken down into simpler substances. This conception was
an important step in the development of modern chemistry.




