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L Lesson One

Chemistry Today and
Tomorrow: the Central,
Useful and Creative Science

Ronald Breslow

What is chemistry?

Chemistry is the 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 changes, 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.

What do chemists do?

As the quotation at the head of this article 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.

What was some of the earliest chemistry?

Curiosity about natural substances led to some of the earliest adventures in isolating
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pure chemical materials from nature. Humans discovered that they could extract the
colors from flowers and some insects, then use them to make pictures and to dye cloth.
Only in the last century have chemists learned the detailed chemical structures of these
natural colors. From earliest times humans have also been making new substances by
performing chemical transformations. The first such new substances were probably soap
and charcoal.

When wood is heated it loses water and produces charcoal. In this process the
cellulose of wood chemical compound containing carbon, hydrogen and oxygen all linked
by chemical 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, while 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.

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. Soaps are just the alkali salts of the resulting fatty acids. Since alkalis
are formed when wood burns 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.

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 intentionally 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 atoms. Heating it with charcoal lets the carbon
atoms of charcoal bind to the oxygen atoms and carries them off as the gas carbon
monoxide, leaving iron behind. Only gold and some metals related to platinum occur
naturally as metals; all others are made from their ores by such chemical processes.

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.

Why do chemists call their discipline the “central
science”?

Chemistry touches many other scientific fields. It makes major contributions to

agriculture, electronics, biology, medicine, environmental science, computer science,

3
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engineering, geology, physics, metallurgy and mineralogy, among many others. It does
not ask the physicists’ question: what is the ultimate nature of all matter? Instead it asks
the chemists’ questions: why do the substances of the world differ in their properties?
how can we control and most effectively utilize these properties?

Interesting and exciting as the physics question is, answers to the chemists’ questions
allow us to create new medicines, make new materials for shelter and clothing and
transportation, invent new ways to improve and protect our food supply, and improve
our lives in many other ways as well. Thus we see chemistry as “central”to the human
effort to move above the brutish existence of our caveman ancestors into a world where
we can exist not only in harmony with nature, but also in harmony with our own

aspirations.

What makes chemistry the “useful science” and the
“creative science”?

The two questions are linked. Some chemists explore the natural world and find
useful chemical substances not known before. This exploration has been carried out
extensively by examining the chemicals found in plants and animals on land, and it still
goes on. Now there is also a major search for new chemicals from plants and animals in
the seas. Once these chemicals are isolated and their chemical structures are determined,
the creativity of chemists takes over.

Normally we would not continue to harvest the living sources of useful new drugs,
for instance this could be too destructive and too costly. Instead chemists devise ways to
synthesize the newly discovered compounds, to create them from other simpler
materials, so they can be readily available. Sometimes the original chemical structures
are altered by creative synthesis, to see whether the properties of a novel relative of the
natural compound are even better.

There is a reason that the search for useful natural chemicals often pays off. The
natural world is not the peaceful place we dream and there are fierce battles for survival.
Insects eat plants, and some plants have developed chemicals that will repel those
insects. When we learn what those chemicals are, we can make them synthetically and
use them to help protect our food plants. Bacteria can infect plants, animals, and other
microorganisms such as yeasts and molds, not just humans. Some organisms have
developed powerful antibiotics to protect themselves. Most of the effective antibiotics in
human use have come from the exploration of nature’s chemistry, although sometimes
the medicines we use are versions improved by chemists.

The most creative act in chemistry is the design and creation of new molecules. How
is this done? New chemicals used to be made by what chemists irreverently refer to as

“shake and bake”: heat up some mixture and see what happens, as in the earlier

4
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examples of making metals and glass. The alchemists of the past devoted themselves to
heating up various mixtures in the vain hope to turn lead into gold. They did not succeed,
but they did create some interesting new chemical processes and new substances.
Syntheses are now normally designed using the fundamental principles that chemists
have discovered. As many as 30 or more predicted chemical steps are sometimes needed,
in a sequence, to permit the synthesis of a complicated molecule from available simple
chemicals. This could not be done without a clear understanding of chemical principles.

What are some fundamental principles 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 elements. 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 atomic number (number of protons in the
nucleus) ; every so often an element appears that is similar in its properties to one that
has occurred earlier in the table.

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 cellulose, 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 chemical 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.

There are some fundamental principles governing chemical reactions, by which
molecules change into other molecules. One principle is that such changes will not occur
if the products of the reactions would be much less stable (have higher energy) than the
starting materials. Just as rocks roll downhill but not uphill, chemical reactions
spontaneously roll “downhill”to lower energy states. (Energy is not the only consideration,
since chemical reactions also go in directions to maximize disorder, which is called
entropy by chemists. A simple analogy is that shuffling a new deck of cards tends to put
them into random arrangements, and further shuffling does not put them back into order
again.)

Another principle is that even favorable reactions, whose products are lower in

5
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energy or more disordered than the starting materials, do not necessarily occur rapidly.
This is a good thing the burning up of all living things by reaction with the oxygen of the
air is a favorable process energetically, but luckily it does not happen readily unless the
temperature is very high, as in a flame.

This final example reflects a related principle: even reactions that end up with low-
energy products need some extra energy to pass through intermediate stages that are not
stable. A good analogy would be taking a trip from Denver to San Francisco. The overall
trip is downhill from Denver at 5 000 feet to San Francisco at sea level, but extra energy
is needed to get over the mountain ranges along the way. The extra energy for chemistry
needed to climb such “mountain ranges” along the way is available at high temperature,
so most chemical reactions speed up when they are heated. Catalysts find another way to

speed up favorable reactions.

The Future

Human needs for new chemistry are as great as ever. We need and will create new
drugs to fight diseases such as cancer, acquired immunodeficiency syndrome (AIDS),
Alzheimer’s disease, heart disease, and stroke that shorten our lives or diminish their
quality. We will invent new ways to generate and store energy. Methods to isolate and
concentrate the radioactive products from nuclear reactors will make nuclear energy
much more acceptable. Methods to store electric vehicles that are superior to and cleaner
than the current gasoline models. New manufacturing processes will help us make the
materials we need while protecting our environment.

We will improve computational chemistry to the point at which we can predict which
new molecule to make for some desired properties, and determine how to make it. We
will move from studying the properties of isolated molecules to fully understanding the
properties of organized chemical systems, as in a living cell. We will learn how to make
catalysts for our own needs that equal or exceed the natural enzymes in their effectiveness
and selectivity. This will make it possible to carry out chemical manufacturing without
using energy for high temperatures to speed up reactions, and without making the
unwanted side products that result when reactions are not sufficiently selective.

This future depends on participation by future generations of chemists, the students
of today, and support by the rest of society. However, there is one prediction we can
make with assurance: some wonderful new things will be created or discovered that we
have not even anticipated. Science, including chemistry, is constantly surprising us, and
this will surely continue. As the physicist Leo Szilard said, “Prediction is difficult,

especially of the future.”
Selected from Chemistry today and tomorrow: the central , useful, and creative science, by Ronald

Breslow, Jones & Bartlett Publishers, Inc. . 1997.
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Words and Expressions

dye [ dar | n Ykl Yefs

soap [ soup | n. JE .

charcoal ['tfakoul ] n. AR s 151k R
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fatty acid B
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iron ore L3N
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carbon monoxide — Atk
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[‘l Lesson Two

Frontiers in Chemistry

B. Viswanathan

1. Introduction

The study of chemistry is changing its face. In 20th century, the study of chemistry
required some foundations in mathematics. But as the 21st century is unfolding, the
emphasis in chemistry is shifted to biology. In fact, the demarcation line that existed between
chemistry and biology is slowly vanishing and now one either talks of chemical biology or
biological chemistry. This change over is going to have many ramifications in the study of
chemistry. This shift in emphasis will have many other consequences. Some of the
changes that one can expect in the study of chemistry would be that the study of atoms
and molecules and clusters will become routine and mapping of the wave functions will
become possible and hence the chemical reactivity will become a predictable parameter.

The consequence of the overlap of chemistry with biology will manifest remarkably
in our study of the energy conversion processes. Hitherto the energy conversion processes
are governed by the Carnot limitation since the known and practiced energy conversion
processes always involved thermal conversion in one step or other. As all of us know that
thermal route for energy conversion is the least efficient one. Living systems as well as
the individual components of living systems function with internal generation of energy.
Internal generation of energy probably accounts for high efficiency. Chemists have to
formulate energy conversion devices as efficient as the living systems and probably this
will be one way of understanding life.

The chemical industry has been toying with the idea of achieving 100% selectivity
and the possibility of by-product formation has been one of the stumbling blocks for this
goal. This has resulted in desire for 100% atom economy and hence led to the concept of
green chemistry. Chemical industries have to change their raw material inventory and
hence the process principles also have to be changed considerably.

Synthetic chemistry is the corner stone of chemical industry. Synthetic methodologies
have to be changed alternate media, (ionic liquids) reaction conditions (high temperature

and pressure) have to be room temperature and atm pressure. This means that the basic
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