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Lesson One

WHAT IS CHEMISTRY?

The world in which we live is composed of an innumerable variety of materials. In order
to exist, man must take certain of these materials from the environment and utilize them in
one way or another. The rate at which these materials are consumed and the way in which
they are consumed reflects both the degree and the quality of our civilization.

Most of us would subscribe to the general truth of the foregoing sentences. But what do
they have to do with chemistry? The answer is ”everything,” since chemistry by dictionary
definition is the science dealing with the composition of substances and the transformations
they undergo. But certainly there must be more to chemistry than this formal definition im-
plies. Chemistry is concerned with the nature of all the substances that comprise the universe
—from a simple water molecule to complex genes that influence reproduction of living mat-
ter. Chemistry deals with the composition and changes of composition that all these sub-
stances undergo. Through chemistry we seek to learn and to understand the general princi-
ples that govern the behavior of all matter.

The chemist, like other scientists, observes nature at work. He attempts to unlock the
secrets of nature: What makes a rose red? Why is sugar sweet? Why is water wet? Why is
carbon monoxide poisonous? Why does man wither with age? Problems such as these —some
of which have been solved, some of which are still to be solved —are part of what we call
chemistry.

Chemistry and the closely related science of physics are the two principal physical
sciences. Despite its classification as a physical science, chemistry is fundamental to biology.
This is not only because living organisms are made of material substances, but because life
itself is essentially a very complicated system of interrelated chemical processes.

In his work a chemist may interpret natural phenomena, devise experiments that will
reveal the composition and structure of complex substances, study methods for improving
natural processes, or sometimes synthesize substances unknown in nature. Ultimately, the
efforts of successful chemists advance the frontiers of knowledge and at the same time con-
tribute to the well-being of man. Chemistry helps us to understand nature. However, one
need not be a professional chemist or scientist to-enjoy natural phenomena. Nature with its

beauty, its simplicity within complexity, is for all to appreciate.



THE BRANCHES OF CHEMISTRY

Chemistry may be broadly classified into two main branches: organic chemistry and in-
organic chemistry. Organic chemistry is concerned with compounds containing the element
carbon. The name "organic” was originally derived from the chemistry of living plants and
animals. Inorganic chemistry deals with all elements except carbon. Substances classified as
inorganic are derived mainly from mineral sources rather than from animal or vegetable
sources,

Other subdivisions of chemistry, such as analytical chemistry, physical chemistry, bio-
chemistry, electrochemistry, geochemistry, and radiochemistry, may be considered special-
ized fields of , or auxiliary fields to, the two main branches.

Chemical engineering is that branch of engineering which deals with the development,
design, and operation of chemical processes. A chemical engineer generally begins with a

chemist’s laboratory scale process and develops it into an industrial scale operation.

THE RELATIONSHIP OF CHEMISTRY
TO OTHER SCIENCES AND TO INDUSTRY

Besides being a science in its own right, chemistry is the servant of other sciences and of
industry. Chemical.principles contribute to the study of physics, biology, agriculture, engi-
neering, medicine, space research, oceanography, and many other sciences. Chemistry and
physics are overlapping sciences, since both are based on the properties and behavior of mat-
ter. Biological processes are chemical in nature The metabolism of food to provide energy to
living organisms is a chemical process. Knowledge of molecular structure of proteins, hor-
mones, enzymes, and the nucleic acids is assisting biologists in their investigations of the
composition, development, and reproduction of living cells.

Chemistry is playing an important role in attempting to alleviate the growing shortage of
food in the world. Agricultural production has been increased with the use of chemical
fertilizers, pesticides, and improved varieties of seeds. Chemistry is also producing synthetic
nutrients, but much remains to be done as the world population multiplies with respect to
the land available for cultivation. Man’s expanding energy needs have brought about difficult
environmental problems in the form.of air and water pollution. Chemists as well as other sci-
entists are also working diligently to alleviate these problems.

Advances in medicine and chemotherapy, through the development of new drugs, have
contributed to prolonged life and the relief of human suffering. The entire plastics and poly-
mer industry, unknown 50 years ago, has revolutionized the packaging the textile industries
and is producing more durable and useful construction materials. Energy derived from chemi-
cal processes is used universally for heating, lighting, and transportation. There is virtually
no industry that is not dependent on chemicals for its manufacturing and development; for
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example, petroleum, steel, rubber, paper, pharmaceuticals, electronics, transportation,
cosmetics, garments, aircraft, television—the list could go on and on. Figure 1.1 illustrates
the conversion of natural resources, by the chemical industry . into useful products for com-
merce , industry. and human needs.
ABUNDANT RAW MATERIALS
from Mine, Forest, Sea, Air, Farm, Oil, Brine and Gas Wells
v
THE CHEMICAL INDUSTRY
in more than 13,500 plants in the U.S. converts
these raw materials into more than 10,000
CHEMICALS
such as acids and alkalies, salts, organic compounds,
solvents, compressed gases, pigments and dyes

which are used

v
BY THE CHEMICAL BY OTHER INDUSTRY
INDUSTRY ITSELF
To Produce In the Production of
Cosmetics Durable Goods Nondurable Goods
Detergents & Soap Aircraft & Equipment Beverages
Drugs and Medicines * Building Materials Food Products
Dyes & Inks ; Electrical Equipment Leather &. Leather Products
Explosives Hardware Packaging
Fertilizers Machinery Paper & Paper Products
Paints : Metal Products Petroleum & Coal Products
Pesticides Motor Vehicles & Equipment Rubber Products
Plastic Materials and other products of Textiles
Sanitizing Chemicals metal ,glass ,paper and wood
Synthetic Fibers
Synthetic Rubber
and many others
v

THE ULTIMATE MARKET
(Fundamental human needs)
Health, Food, Clothing, Shelter, Transportation, Communication, Defense and Other
Needs
Figure 1.1 Broad scope of the chemical industry today.
(Courtesy Manufacturing Chemists Association. )
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READING MATERIAL

CHEMISTRY : AN ACTIVITY OF
CREATIVE INDIVIDUALISTS

Today’s public image of science is still heavily influenced by the reverberating impact of
the World War II Manhattan Project that brought us the atomic bomb and the Apollo Project
of the 1960s that let us set foot on the Moon. We are seen to be in an era of Big Science. But
embedded in this glamorous, highly organized, and well publicized setting, there are a num-
ber of scientific disciplines that have somehow maintained the highly personal characteristics
of classical human creativity; How many writers were needed to create Hamlet? How many
artists to paint the Mona Lisa? How many scientists to propose relativity? Chemistry is one
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of these disciplines. Somehow it has remained an idiosyncratic and highly competitive activity
that depends upon sustained individual initiative and personal creativity. Scientific publica-
tions in the field generally involve two or three authors. There are no examples to be found
in chemistry to match the multiple authorship —dozens of authors on a single paper-like those
announcing the occasional discovery of a new subatomic particle.

Chemistry has remained, worldwide, an innovative ” cottage industry” with a modus
operandi that has been remarkably productive. Tangible evidence of its success is provided
by the faster-than-exponential discovery of new compounds. This gratifying record was
achieved despite the fact that at any given moment, the molecules easiest to synthesize have
already been made; the harder ones remain. Yet discovery is accelerating. The only plausible
explanation is that chemistry in the small project mode is an extremely effective enterprise,
both here and abroad.

Thus the term ”cottage industry” describes a highly individualistic and personally cre-
ative activity rather than a consensual one. These characteristics impart a healthy competi-
tiveness and a liberating freedom from bounding paradigms. They make chemistry an ideal
field in which to nurture a young scientist’s originality and initiative. He or she can be inti-
mately involved and in control of every aspect of an investigation, selecting the question, de-
ciding on the approach, assembling and personally operating the equipment, collecting and
analyzing the data, and deciding on the significance of the results. Here is another reason to
nourish this central and fundamental science in its present image.

Yet we are in an era in which directors of U. S, federal science — funding agencies will
candidly admit that they believe it easier to argue for an enormous increment of funding to
sponsor a large machine or a massive project that for a smaller increment to stimulate many
smaller projects with comparable or greater expectation for new discoveries and scientific ad-
vances that will surely respond to society’s needs. Thus the Department of Energy in its
1985 budget devotes 55 percent of its Office of Energy Research budget to two "Big science”
project areas: $ 548M for high energy physics and $ 440M for fusion research. Currently
under consideration by various agencies are proposals for incremental funds to build a hard
X-ray synchrotron light source ($160M), a neutron source ($250M), a "next-generation”
multimirror telescope ( $100M), a set of "supercomputer centers,” an array of "engineering
centers,” and an acceleliator with a circumference of 80 miles (~ $ 4B). Each of these new
projects will require large, ongoing (and incremental) operating budgets that are irresistibly
rooted in huge initial capital investments.

In the presence of such ambitious programs, the incremental resources needed to exploit
the rich opportunities before us in chemistry are easily in scale. Because of the societal payoff
to be expected from such an incremental investment, it will be readily and persuasively de-

fensible in the individual competitive grant style already known to be effective in chemistry.
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Lesson Two

HISTORY OF CHEMISTRY

Man from the earliest times has practiced empirical chemistry. Ancient civilizations were
practicing the art of chemistry in such processes as wine making, glass making, pottery,
dyeing, and elementary metallurgy. The early Egyptians, for example, had considerable
knowledge of certain chemical processes. Excavations into ancient tombs dated 3000 B. C.
have uncovered workings of gold, silver, copper, iron; pottery from clay; glass beads;
beautiful dyes and paints; and bodies of Egyptian king in unbelievably well-preserved states.
Many other cultures made significant developments in chemistry. However, all of these de-
velopments were empirical; that is, they were achieved by trial and error and did not rest up-
on any valid theory of matter. _

Philosophical ideas relating to the properties of matter (chemistry) did not develop as
early as those relating to astronomy and mathematics. The ancient Greek philosophers made
great strides in philosophical speculation concerning materialistic ideas about chemistry.
They led the way to placing chemistry on a highly intellectual, scientific basis. They first in-
troduced the concepts of elements, atoms, shapes of atoms, chemical combinations, etc.
The Greeks believed that there were four elements —earth, air, fire, and water —and that all
matter was derived from these elements. The Greek philosophers had very keen minds and
perhaps came very close to establishing chemistry on a sound basis similar to the one that
was to develop about two thousand years later. The main shortcoming of the Greek approach
to scientific work, however, was a failure to carry out systematic experimentation.

The Greek civilization declined and was succeeded by the Roman civilization. The Ro-
mans were outstanding in military, political, and economic affairs. They continued to prac-
fice empirical chemical artssuch as metallurgy, enameling, glass, and pottery making, but
they did very little to advance new and theoretical knowledge. Eventually the Roman civiliza-
tion declined and was succeeded in Europe by the Dark Ages. During this period European
civilization and learning was at a very low ebb.

In the Middle East and in North Africa knowledge did not decline during the Dark Ages
as it did in Western Europe. During this period Arabic cultures made contributions that were
of great value to the later development of modern chemistry. In particular the Arabic number
system, including the use of zero, gained acceptance; the branch of mathematics known as
algebra was developed; and alchemy, a sort of pseudo-chemistry, was practiced extensively.
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One of the more interesting periods in the history of chemistry was that of the al-
chemists (500 to 1600 A.D.). Man has long had the lust for gold, and in those days gold
was considered the ultimate, most perfect metal formed in nature. The principal goals of the
alchemists were to find a method of prolonging human life indefinitely and to change the base
metals —such as iron, zinc, and copper—into gold. They searched for a universal solvent to
transmute base metals into gold and for the ”philosopher’s stone” to rid the body of all dis-
eases and to renew life. In the course of their labors, they learned a great deal of chemistry.
Unfortunately, much of their work was done secretly because of the mysticism that shrouded
their activities, and very few records remain.

Although the alchemists were not guided by sound theoretical reasoning and were clear-
ly not in the intellectual class of the Greek philosophers, they did something that the
philosophers had not considered worthwhile. They subjected various materials to prescribed
treatments under what might be loosely described as laboratory methods. These manipula-
tions, carried out in alchemical laboratories, not only uncovered many facts of nature but
paved the way for the systematic experimentation that is characteristic of modern science.

Alchemy began to decline in the 16th century when Paracelsus (1493—1541), a Swiss
physician and outspoken revolutionary leader in chemistry, strongly advocated that the ob-
jectives of chemistry be directed toward the needs of medicine and the curing of man’s ail-
ments. He openly condemned the mercenary efforts of alchemists to convert cheaper metals
to gold.

The real beginning of modern science can be traced to astronomy during the Renais-
sance. Nicolaus Copernicus (1473—1543), a Polish astronomer, succeeded in upsetting the
generally accepted belief in a geocentric universe. Although not all of the Greek philosophers
had believed that the sun and the stars revolved about the earth, the geocentric concept had
come to be accepted without question. The heliocentric (sun-centered) universe concept of
Copernicus was based on direct astronomical observation and represented a radical departure
from the concepts handed down from Greek and Roman times. The ideas of Copernicus and
the invention of the telescope stimulated additional work in astronomy. This work, especial-
ly that of Galileo Galilei (1564—1642) and Johannes Kepler (1571—1630), led directly to a
rational explanation of the general laws of motion by Sir Isaac Newton (1642—1727) from
about 1665 to 1685.

Modern chemistry was slower to develop than astronomy and physics; it began in the
17th and 18th centuries when Joseph Priestley (1733 —1804), who discovered oxygen in
1774, and Robert Boyle (1627—1691) began to record and publish the results of their exper-
iments and to openly discuss their theories. Boyle, who has been called the founder of mod-
ern chemistry, was one of the first to practice chemistry as a true science. He believed in the
experimental method. In:his most important book, The Skyptical Chemist, he clearly distin-
guished between an element and a compound or mixture. Boyle is best known today for the
gas law which bears his name. A French chemist, Antoine Lavoisier (1743—1794), placed
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the science on a firm foundation with experiments in which he used a chemical balance to
make quantitative measurements of the weights of substances involved in chemical reactions.

The use of the chemical balance by Lavoisier and others late in the 18th century was
almost as revolutionary in chemistry as the use of the telescope had been in astronomy.
Thereafter chemistry was a highly quantitative experimental science. Lavoisier also con-
tributed greatly to the organization of chemical data, to chemical nomenclature, and to the
establishment of the Law of Conservation of Mass in chemical changes. During the period
from 1803 to 1810 John Dalton (1766—1844), an English schoolteacher, advanced his atom-
ic theory. This theory placed the atomistic concept of matter on a valid rational basis. It re-
mains today as a tremendously important general concept of modern science.

Since the time of Dalton, knowledge of chemistry has advanced rapidly, with the most
rapid advancement occurring at the end of the 19th century and during the 20th century. Es-
pecially outstanding achievements have been made in determining the structure of the atom,
in understanding the biochemical fundamentals of life, in developing chemical technology,

and in the mass production of chemicals and related products.
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UNDERSTANDING CHEMICAL REACTIVITY

The strength of American science has been built on allowing creative, working scientists
to decide independently where the best prospects lie for significant new knowledge. Many of
the most far-reaching developments, both in concept and application, have come from unex-
pected directions. Thus, a listing of priority areas may tend to close it or quench some of the



most adventurous new directions whose potential is not yet recognized.

Even so, it makes sense to concentrate some resources in specially promising areas.
This can be done if we regard our research support as an investment portfolio designed to
achieve maximum gain. A significant part of this investment should be directed toward con-
sensually recognized priority areas but with a flexibility that encourages these favored list-
ings to evolve as new frontiers emerge. A second substantial element in this portfolio should
be directed toward creative scientists who propose to explore new directions and ideas.
Then, a third element must be the essential resources to provide the needed instrumentation
and the infrastructure for its cost-effective use in achieving the goals of the entire portfolio.

Where this balance will fall for each of the funding sources will vary, of course. Indus-
trial research will weight rather heavily the currently recognized priority frontiers. At the
other extreme, NSF must take as its first responsibility the encouragement of new avenues
from which tomorrow’s priority lists will be drawn. The other mission agencies should struc-
ture their portfolios between. This report shows decisively that this is a time of special op-
portunity for intellectual advances in chemistry. Furthermore, the report demonstrates that
such advances will not only enrich our cultural heritage, but also will help us respond to hu-
man needs and sustain our economic competitiveness. It is in soclety’s interest to exploit
these opportunities and to do so with particular attention to those frontiers that deserve high
priority because they can be confidently expected to yield high intellectual and social return
from the needed additional federal investment. We identify here five areas that meet this cri-
terion.

A. Understanding Chemical Reactivity

B. Chemical Catalysis

C. Chemistry of Life Processes

D. Chemistry Around Us

E. Chemical Behavior Under Extreme Conditions
Understanding Chemical Reactivity

This is surely a time of special opportunity to deepen our fundamental knowledge of why
and how chemical changes take place. The advance of the frontiers of reaction dynamics at
the molecular level has undergone a revolutionary advance during the last decade. At the
same time, synthetic chemists are constantly adding to our arsenal of reaction types and
classes of compounds in a way that is eliminating historical distinctions between organic and
inorganic chemistry. Much of this remarkable progress is due to the development and appli-
cation of powerful instrumental and analytical techniques that give us capability to probe far
beyond current bounds of knowledge.

In reaction dynamics, we can now aspire to elucidate the entire course of chemical reac-
tions, including the unstable structural arrangements intervening between reactants and
products. Just as the last three decades saw rich development of our understandings of equi-
librium molecular structures and equilibrium chemical thermodynamics, the next three



decades will see elucidation of the temporal aspects of chemical change.' We will be able to
ascertain the factors that determine the rates of chemical reactions because of our new abili-
ties to watch the fastest chemical processes in real time, to conduct reliable theoretical calcu-
lations of reaction surfaces, to examine chemical changes at the most intimate level (”state-
to-state” ), to track energy movement within and between molecules, and to exploit hitherto
inaccessible nonlinear photon excitation processes (” multi-photon” excitation). These re-
markable possibilities are rooted in a powerful array of new instruments, foremost of which
are lasers and computers, and including Fourier transform infrared spectrometers, ion cy-
clotron resonance techniques, molecular beams, and synchrotron radiation sources.

New reaction pathways in synthetic chemistry offer another rapidly advancing frontier,
These pathways identify a high leverage opportunity because they provide the foundation for
future development of new products and new processes. Selectivity, the key challenge in
chemical synthesis, is the cornerstone. Control of the different intrinsic reactivity in each
bond type (chemoselectivity), the connection of reactant molecules in proper orientation (re-
gioselectivity) and in the desired three-dimensional spatial relations (stereoselectivity) is at
last within reach. Our ability to produce a controlled molecular topography has far-reaching
implications for catalyst design. The traditional line of demarkation between organic and
inorganic chemists has virtually disappeared as the list of fascinating metal-organic com-
pounds continues to grow. We have just begun to elaborate and understand the potentialities
of chemical pathways opened using light as a reagent. Finally, chemists are learning how to
prepare solids with a wide range of tailored properties that include inorganic solids with con-
trived cavities as designed catalysts, polymers with structural properties t!lat challenge those
of steel, and new families of "electronic chemicals” — inorganic and organic semiconductors ,
resists, super-lattice materials, optical fibers, nonlinear optical materials —that will acceler-
ate development of microelectronics and information transition.

Again powerful instrumentation plays a central role. Rapid and definitive identification
of reaction products, both in composition and structure, account for the speed with which
synthetic chemists are able to test and develop adventurous synthetic strategies. Of prime
importance are high-resolution Nuclear Magnetic Resonance, computer-controlled X-ray
crystallography, and high-resolution mass spectroscopy coupled with the delicate separation

capabilities provided by chromatography in its advanced forms.
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Lesson Three

ATOMIC THEORY AND STRUCTURE

3.1/ EARLY THOUGHTS

The structure of matter has long intrigued and engaged the minds of men. The seed of
modern atomic theory was sown during the time of the ancient Greek philosophers. About
440 B.C. Empedocles stated that all matter was composed of four "elements” ——earth, air,
water, and fire. Democritus (about 470— 370 B. C.), one of the early atomistic philoso-
phers, thought that all forms of matter were finitely divisible into invisible particles, which
he called aatoms. He held that atoms were in constant motion and that they combined with
one another in various ways. This hypotheéis was purely speculative and not based on scien-
tific observations. Shortly thereafter, Aristotle (384 — 322 B. C.) opposed the theory of
Democritus and endorsed and advanced the Empedoclean theory. So strong was the influence
of Aristotle that his theory dominated the thinking of scientists and philosophers until the
beginning of thel7th century. The term ”atom” is derived from the Greek word atomos,

meaning "indivisible. ”
3.2/ DALTON’S ATOMIC THEORY

More than 2000 years after Democritus, the English schoolmaster John Dalton (1766—
" 1844) revived the concept of atoms and proposed an atomic theory based on facts and experi-
mental evidence. This theory, described in a series of papers published during the period
1803 through 1810, rested on the idea of a different kind of atom for each element. The
essence of Dalton’s atomic theory may be summed up as follows: ‘
1. Elements are composed of minute, indivisible particles called atoms.
2. Atoms of the same element are alike in mass and size.
3. Atoms of different elements have different masses and sizes.
4. Chemical compounds are formed by the union of two or more atoms of different ele-
ments.
5. When atoms combine to form compounds, they do so in simple numercial ratios, such
as one to one, two to one, two to three.
6. Atoms of two elements may combine in different ratios to form more than one com-
pound.



