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1.

(! WhatIs Chemistry?'

History of chemistry

Chemistry is a science that tries to understand the properties of substances and the changes
that substances undergo. It is concerned with substances that occur naturally — the minerals
of the earth, the gases of the air, the water and salts of the seas, the chemicals found in living
creatures and also with new substances created by humans. It is concerned with natural chan-
ges — the burning of a tree that has been struck by lightning, the chemical changes that are

central to life — and also with new transformations invented and created by chemists.

2. Chemistry has a very long history. In fact, human activity in chemistry goes back to prerecor-

ded times.
. As the quotation at the head of this chapter indicates, chemists are involved in two different
types of activity. Some chemists investigate the natural world and try to understand it, while
-other chemists create new substances and new ways to perform chemical changes that do not
occur in nature. Both activities have gone on since the first appearance of humans on earth,

but the pace has increased enormously in the last century or so.

4. Curiosity about natural substances led to some of the earliest adventures in isolating pure

chemical materials from nature. Humans discovered that they could extract the colors from
flowers and some insects and use them to make pictures and to dye cloth. Only in the last cen-
tury have chemists learned the detailed chemical structures of these natural colors. From earli-
est times humans have also been making new substances by performing chemical transforma-
tions. The first such new substances were probably scap and charcoal.

. When wood is heated it loses water and produces charcoal. In this process the cellulose of
wood — a chemical compound containing carbon, hydrogen, and oxygen all linked by chemi-
cal bonds — undergoes a chemical reaction that breaks the hydrogen and oxygen away as water
and leaves the carbon behind as charcoal. A major chemical change has occurred — the
process cannot be reversed to make cellulose again by just mixing the charcoal with water,
since the oxygen and hydrogen atoms will not spontaneously form the needed bonds to carbon.
Charcoal burns with a flame hotter than that of wood. Archaeological records indicate that
charcoal has been used since prehistoric times.

6. Perhaps even earlier came the creation of soap. Soap is not a natural substance, but it can be

made by heating fats with alkali to break some chemical bonds that link fatty acids to glycerin.
Soape are just the alkali salts of the iesulting fatty acids. Since alkalis are formed when wood
burne and are found in the ashes of wood fires, it is believed that the earliest humans noticed
the unusual substances produced from fats that had dripped onto cooking fires.

a>
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. These early “Chemists” made such discoveries by accident, and for a long time accident was
the principal means of discovery. Accident still remains important to discovery, but with our
increasing chemical understanding we now usually create new chemical substances by design.

. After the early period of random discovery, humans began heating substances together intentiona
lly to see what occurs. When a material that we now call iron ore was heated with charcoal , it
produced iron metal, a new substance (we now use coke, produced from coal, instead of
charcoal ) . Iron ore contains a chemical in which iron atoms are chemically bound to oxygen at-
oms. Heating it with charcoal lets the carbon atoms of charcoal bind to the oxygen atoms and
carry them off as the gas carbon monoxide, leaving iron behind. Only gold and some metals re-
lated to platinum occur naturally as metals; all others are made from their ores by such chemi-
cal processes.

. When copper and tin were heated together, the copper atoms and tin atoms linked up with me-

tallic bonds, producing the alloy bronze, which is harder than either copper or tin. In the

Bronze Age, starting at about 3600 BC, the hardness of this metallic alloy made it the domi-

nant material for tools and weapons. Bronze was the first metal that could hold a sharp edge.

Egyptians made glass as early as 1400 BC by heating some natural minerals together. Glass is

formed when this heating caused major chemical changes.

Much of the rise of civilization has involved humans creating new substances by transforming

natural ones to better meet their needs. Tanning hides to make leather, for example, changes

their chemical nature. Even cooking foods alters their chemical structures. Every substance in

the world is made up of “chemicals”, either in the form of chemical compounds in which a-

toms are linked by chemical bonds or, in a few cases such as helium gas, as unlinked atoms.

No substance can be called “chemical-free”. Indeed, “natural” chemicals do not always have

advantages. Some of the most dangerous poisons known are natural chemicals, produced by

bacteria and other living things.

Modern chemistry is devoted to understanding the chemical structures and properties of natural

chemicals and of chemicals created by building on what nature has supplied. The remainder of

this book will describe many of the contributions to everyday life resulting from this knowledge,
and a sample of what is left to be done by the current and future generations of chemists.

Fundamental principle of chemistry \

. The first and most important principle is that chemical substances are made up of molecules in
which atoms of various elements are linked in well-defined ways. The second principle is that
there are somewhat more than 100 elements, which are listed in the periodic table of the ele-
ments. The third principle is that those elements, arranged according to increasing numbers of
protons in their nuclei, have periodic properties. That is, as the elements increase in their a-
tomic number ( number of protons in the nucleus) , every so often and element appears that is
similar in its properties to one that has occurred earlier in the table. For example, after lithi-
um, with three protons in the nucleus, come other elements whose properties are decreasingly
like those of lithium until suddenly sodium appears, with a nucleus containing 11 protons. So-

dium is quite similar to lithium in many respects. The arrangement of the periodic table puts

al»
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such similar elements below each other in columns. Chemical reactions that lithium undergoes
will also occur with sodium, although not with the same speed or energy; lithium and sodium
are similar, but not identical.

14. Another principle is that the ways in which atoms are linked strongly affects the properties of
chemical substances. This is particularly evident when covalent links (bonds) are involved.
Covalent bonds, in which two atoms are held together by a pair of electrons shared between
them, are the bonds that hold the atoms of carbon, oxygen, and hydrogen together in cellu-
lose, for instance. Most covalent bonds do not break easily, which is why intense heating is
needed to turn cellulose into charcoal. The precise arrangement of the links determines chemi-
cal properties. By contrast, a salt such as sodium chloride has what are called ionic bonds.
The sodium and the chlorine are not directly linked, just held together by the attraction of the
positive sodium ion for the negative chloride ion. When sodium chloride is dissolved in water,
the sodium ion and the chloride ion drift apart.

15. There is another much more subtle difference among chemical structures that has to do with the
three-dimensional arrangement of atoms in space. Two chemicals can differ, even when all the
same atomic linkages are present, if the spatial arrangements are different. Differences in spa-
tial arrangement can have several aspects, but the most interesting has to do with handedness,
or what chemists call chirality. When a carbon atom carries four different chemical groupings,
there are two different ways they can be arranged. For example, in the amino acid alanine the
central carbon atom carries four different groups: a hydrogen atom, a nitrogen atom, and two

carbon atoms that differ in what is attached to them.

(Sl B IMEX) ]
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2 The Atomic Theory and )
( the Periodic Table

The atomic theory

1. The classification of matter as mixture and substances, compounds and elements, is central to
modern chemistry. It helps us to systematize many chemical facts. However, it also raises a
number of questions. Why is one element different from another? Why is a compound different
from a mixture? Why do elements combine to form compounds? These questions are connected
with the facts that we have already discussed. We need a theory to help us explain these facts.
We therefore shift our attention now to a discussion of our present theory of matter, the atomic
theory. We will find that this theory provides answers to the questions we have raised.

2. The seeds of the atomic theory go back at least to the time of the ancient Greeks. The Greeks
pondered a seemingly abstract question: Can matter be divided endlessly into smaller and
smaller pieces, or is it composed of some ultimate particle that cannot be further divided? The
main line of Greek thought, following the views of Plato and Aristotle, was that matter is con-
tinuous. However, some Greek philosophers, notably Democritus, disagreed with this view
and argued that matter was composed of small indivisible particles that Democritus called atom-
os, meaning indivisible. This atomic concept was also central to the natural philosophy of the
Roman poet and philosopher Lucretius, who lived in the first century B. C.. He wrote a fa-
mous poem, De Rerum Natura ( On the Nature of Things), in which he elaborated at length
on the atomic view of matter.

3. Even if it were granted that matter is atomic in nature, the question arises how the atoms of
different substances differ from one another. Lucretius suggested that the atoms of substances
that have a bitter taste have barbs on their surface that scrape the tongue, whereas the atoms of
substances with a bland taste must have a smooth surface. Not much improvement in the atom-
ic view of matter occurred in the 18 centuries following Lucretius. The philosophical ideas of
Plato and Aristotle, neither of whom accepted the atomistic view of matter, held sway in Euro-
pean thought for many centuries. Even though the atomic idea was occasionally revived, early
proponents of the particulate theory of matter relied largely on intuition to support their views.
During this long period, however, there was a thin, intermittent stream of experimental work.
Much of it was prompted by erroneous notions, such as the alchemical belief that common met-
als such as lead might be transformed into precious metals. Nevertheless, experience of how
chemical substances react with one another were accumulated, and more quantitative methods
of studying chemical reactions were developed. The way was prepared for a new and more
meaningful statement of an atomic theory. It came, in the early years of the nineteenth centu-
ry, from John Dalton, an English schoolteacher. Daltons atomic theory, published in the peri-

od 1803 — 1807, was strongly tied to experimental observation. His efforts were so successful
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that his theory has dominated our thinking since his time and has had to undergo little revi-
sion.

4. The basic postulates of Dalton$ theory were as follows;

(1)Each element is composed of extremely small particles called atoms.

(2) All atoms of a given element are identical.

(3) Atoms of different elements have different properties (including different masses).

(4) Atoms of an element are not changed into different types of atoms by chemical reactions;
atoms are neither created nor destroyed in chemical reactions.

(5) Compounds are formed when atoms of more than one element combine.

(6)In a given compound, the relative number and kind of atoms are constant.

5. This theory provides us with a mental picture of matter. We visualize an element as being com-
posed of tiny particles called atoms. -Atoms are the basic building blocks of matter; they are
the smallest units of an element that can combine with other elements. Compounds involve at-
oms of two or more elements combined in definite arrangements. Mixtures do not involve the
intimate interactions between atoms that are found in compounds.

6. Daltons theory embodies several simple laws of chemical combination that were known at the
time. Because atoms are neither created nor destroyed in the course of chemical reactions
(postulate 4) , it is readily evident that matter is neither created nor destroyed in such reac-
tions. Thus we have the law of conservation of matter, which was discovered by Lavoisier. The
law of constant composition is explained by postulate 6: In a given compound the relative num-
ber and kind of atoms is constant. A third law discovered by Dalton and consistent with his
theory is the law of multiple proportions: when two elements form more than one compound,
for a fixed mass of one element the masses of the second element are related to each other by
small whole numbers. For example, the substances water and hydrogen peroxide, both consist
of the elements hydrogen and oxygen. In water there are 8.0 g of oxygen for each gram of hy-
drogen, whereas in hydrogen peroxide there are 16.0 g of oxygen for each gram of hydrogen.
The ratio of the masses of oxygen that combine with a gram of hydrogen in these compounds is
in the ratio of the small whole number two: hydrogen peroxide has twice as much oxygen per
unit mass of hydrogen as water does., Using the atomic theory, we understand this to mean that
hydrogen peroxide contains twice as many 6xygen atoms per hydrogen atom as does water; We
now know that water contains one oxygen atom for each two hydrogen atoms, whereas hydrogen
peroxide contains two oxygen atoms,

7. Thus we see that the atomic theory ties together many observations and helps us explain them. To
our earlier question of what makes one element different from another, we can now answer that they
have different types of atoms. However, this explanation only begs a further question; How are the
atoms of different elements different from each other? We need to consider the structure of the atom
to answer this question. This topic is taken up in the next section. We will see that as we begin to
understand the structure of the atom, we will begin to understand many more aspects of matter,

8. On the atomic level, gold, oxygen, and carbon differ in terms of the number of protons, neu-
trone, and electrons their respective atoms contain. These subatomic particles, however, are
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common to all substances. We can therefore state that an atom is the smallest representative

sample of an element, because breaking the atom into subatomic particles destroys its identity.

. In order to change a base or common metal like lead, atomic number 82, to gold, atomic

number 79, requires removal of three protons from the nucleus of the lead atom. Because the
nucleus is extremely small and buried in the heart of the atom, and because of the very strong
binding forces between particles in the nucleus, this removal is exceedingly difficult. The en-
ergies required 10 cause changes in the nucleus are enormously greater than the energies asso-
ciated with even the most vigorous chemical reactions. Thus, we still agree with Dalton that at-
oms of an element are not changed into different types of atoms by chemical reactions. Therein
lies the futility of the alchemists” attempts to change base metals to gold.

The periodic table

Daltons atomic theory, and the various empirical laws that it helped to explain, set the stage
for a vigorous growth in chemical experimentation during the early part of the nineteenth centu-
ry. As the body of chemical observations grew, and the list of known elements expanded, at-
tempts were made to find regularities in chemical behavior. These efforts culminated in the de-
velopment of the periodic table in 1869.

Many elements show very strong similarities to each other. For example, lithium (Li), sodium
(Na), and potassium (K) are all soft, very reactive metals. The elements helium (He), ne-
on (Ne), and argon ( Ar) are very nonreactive gases. If the elements are arranged in order of
increasing atomic number, their chemical and physical properties are found to show a repeating
or periodic pattern. The arrangement of elements in order of increasing atomic number, with
elements having similar properties placed in vertical columns, is known as the periodic table.
The elements in a column of the periodic table are known as a family or group. They are iden-
tified as group 1A, 2A, and so forth, as shown at the top of the periodic table. For example,
three familiar elements that have similar properties are copper ( Cu), silver (Ag), and gold
(Au), which occur together in group 1B. The members of group 1A — lithium, sodium, po-
tassium, rubidium (Rb), cesium (Cs), and francium (Fr) — are known as the alkali met-
als. The members of group 2A — beryllium (Be) , magnesium (Mg) , calcium (Ca) , stronti-
um (Sr), barium (Ba), and radium (Ra) — are known as alkaline earth metals. The mem-
bers of group 7A — fluorine (F), chlorine (Cl), bromine (Br), iodine (I), and astatine
(At) —are known as the halogens. The members of group 8A — helium (He), neon (Ne),
argon (Ar), krypton (Kr), xenon (Xe), and radon (Rn) — are known as the noble gases,
inert gases, or rare gases.

[ 5| B Brown,LeMay. Chemistry—The Central Science ]
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