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PART ONE

KRN The Roots of Chemistry

Chemistry can be broadly defined as the science of molecules and their transformations.
In contrast to mathematics, chemistry is older than people. The appearance of life and peo-
ple on our planet (Earth) is most probably the end result of specific chemical processes.
Chemical processes have been present in the lives of people from the dawn of history until the
present time. Initially, these processes were not under our control, for instance, the fer-
mentation of fruit juice, the rotting of meat and fish, and the burning of wood. Later on we
learned to control chemical processes and to use them to prepare a variety of different prod-
ucts such as food, metals, ceramics and leather. In the development of chemistry, four pe-
riods may be distinguished: prehistoric chemistry, Greek chemistry, alchemy, and scientif-
ic chemistry.

The early beginnings of chemistry were clearly motivated by the practical needs of peo-
ple. The discovery of fire offered the first opportunity to prehistoric people to carry our con-
trolled chemical processes. They learned to prepare objects made of copper, bronze and oth-
er materials that were readily available. Since the use of chemical processes by these early
people predates writing there are no written records about their chemical skills. One can
judge their chemical abilities only from the archeological discoveries of various artifacts.
What has been found indicates clearly that practical needs influenced the early development
of chemistry, as was the case for the early development of mathematics. ! But chemistry and
mathematics at this stage probably did not interact. If they did, there is no record to estab-
lish this.

Greek chemistry was based mainly on speculation rather than on experiment. This was
a common trait of all Greek science in antiquity. The Greek scientist of antiquity was in fact
the Greek philosopher, and so it is not surprising that the Greeks were much more interested
in contemplating than in experimenting. Actually they seldom performed experiments out-
side of the thought experiment. This was a good approach for mathematics but hardly one to
recommend itself for the physical, chemical or biological sciences. Nevertheless, because
the Greeks thought a lot about the nature and structure of matter, they can be considered as
the creators of the first chemical theories.

The Greeks introduced the concept of the element and proposed in all four elements.
Thales (625—547 BC) of Miletus thought that all things were formed from one elementary
substance, namely water. Anaximenes (ca 585—ca 528 BC), also from Miletus, accepted
the idea of element, but he believed that the single element from which all things are made is
air. Heraclitus (ca 540—480 BC) of Ephesus, who considered that the fundamental
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characteristic of the universe is continuous change, regarded fire as the element that em-
bodied perpetual change. Empedocles (ca 490—ca430 BC), from the Greek city of
Akragas in Sicily, abandoned the idea of a single element and introduced the principle of
four elements: water, air, fire and earth, and the two forces of attraction and repulsion
that operate between them. Empedocles is also known for his experimental proof that air is
a material body.

The term “element ” was first used by Plato (428—347 BC) who assumed that the par-
ticles of each element have a specific shape, even though such particle are too small to be
seen. Thus, the smallest particle of fire had the shape of a regular tetrahedron; of air a
regular octahedron; of water a regular icosahedron, and of earth a cube (or regular hexahe-
dron). 2 The regular tetrahedron, the regular octahedron, the regular icosahedron and the
cube are examples of regular polyhedra, and there are in all five of them; the fifth is the
regular dodecahedron. In regular polyhedra the surfaces are bounded by congruent regular
polygons and the vertices are symmetrically equivalent to one another.

Fire was thought to be the smallest, most pointed and lightest among the elements be-
cause it can easily attack and destroy. It seemed a natural choice that the regular tetrahedron
(which consists of four regular triangles) be taken as the shape of fire, since it is the smal-
lest and most pointed among the regular polyhedra. Water was the largest, smoothest and
heaviest, because it always flows smoothly into the valleys of the Earth. Therefore, it ap-
peared a natural choice that the regular icosahedron, composed of twenty regular triangles,
was taken as its shape. Air is between fire and water and so it appeared natural to assign the
regular octahedron (which consists of eight regular triangles) to air. The regular octahed-
ron has the same faces, viz. the regular triangles, as the regular tetrahedron and the regu-
lar octahedron. Its numbers of faces is between the numbers of faces of those two. From
the fact that the tetrahedron, octahedron and icosahedron could be decomposed into regular
triangles which could be reassembled to form the other polyhedra, Plato concluded that fire,
air and water could also be mutually transformed, that is, water could be transformed by
fire into air, whereas when air loses fire in the upper atmosphere it becomes water in the
form of rain or snow. The last element was earth which is heavy and stable, and this was
assumed to take the shape of a cube, composed of six squares. Since it was not possible to
reduce the cube into regular triangles, but only into squares, Plato concluded that earth
could not be transformed into fire, air or water. This is discussed in Plato’s dialogue Ti-
maeus. In the dodecahedron, because, of all the regular polyhedra, its volume most nearly
approaches that of the sphere, Plato saw the outer shape of the universe. The Timaeus also
contains discussion on the composition of organic and inorganic bodies and may be considered
as a rudimentary treatise on chemistry. At this point it should be perhaps emphasized that
Plato taught that the idea, the form, was the truly fundamental pattern behind phenomena,
that is to say, ideas are more fundamental than objects.

Plato’s description of the shapes of the four elements was perhaps the first mathematical
model used in chemistry, since regular polyhedra are mathematical objects. The regularity
that exists between the numbers of vertices V, edges E and faces F, was discovered by Eul-
er (1707—1783) and is thus called the Euler theorem.

This states that;

V+F—E=2

Which is considered by some to be the second most beautiful mathematical theorem? It
is of interest to speculate why the Greeks did not discover Euler’s theorem. Perhaps the
simplest explanation is that Greek mathematics was two thousand years away from topology.
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Topology (*rubber sheet geometry ) is the part of mathematics that deals with the way ob-
jects are connected, without regard to * straightness ” and metric.

A generalization of the above ideas on elements was put forward by Aristotle (384—322
BC). He accepted the idea of four elements, but introduced the concept of transmutation of
elements. Aristotle thought that the elements could be obtained by combining the pairs of
opposing fundamental properties of matter. These properties were hotness, coldness,
moistness and dryness. The combination of hotness and moistness produced air. Moistness
and coldness gave water and, similarly, coldness and dryness produced earth. Aristotle
added the fifth element or quintessence, ether. The sky and heavenly bodies were supposed-
ly ' made up of this fifth element. Aristotle defined an element as simple body that other
bodies can be decomposed into but one that is not itself capable of being divided into simpler
bodies. ® He classified several chemical processes, first mentioned mercury and was familiar
with the technique of distillation. 4 Aristotle’ s ideas dominated science for almost two thou-
sand years.

There was another theory on the structure of matter put forward by Greek thinkers.
This was concerned with the divisibility of matter. The first Greek philosopher to think
about this problem appears to have been Leucippus (ca 470—420 BC) from Miletus. He
came up with the proposition that matter cannot be divided endlessly, for in the process of
dividing matter one will sooner or later come to a piece not divisible into smaller parts. His
pupil Democritus (ca 460—ca 370 BC), from Abdera, continued to develop the ideas of
Leucippus. He named these ultimately small pieces of matter atopoo (atomos), meaning in-
divisible. This is the origin of our term atom. The concept of the atom is the basis of the a-
tomic theory of the structure of matter and the philosophy of materialism. Most Greek phi-
losophers, and particularly Aristotle, did not accept the atomistic teachings of Leucippus
and Democritus. Atomism, however, did not die out because Epicurus (ca 342—270 BC)
made atomism part of his philosophy, and Epicureanism won many followers over the next
few centuries. One of these was the Roman poet and philosopher Lucretius (ca 96—55 BEY,
who wrote a fine didactic poem entitled De Rerum Natura (On the Nature of Things) in
which he expounded the atomistic teachings of Democritus and Epicurus. Most of the works
by Democritus and Epicurus are lost, but Lucretius” s poem has survived intact and has
served to convey the atomistic teachings of the Greeks to modern times. The splitting of the
atom and the advent of the atomic bomb have surely confirmed what an excellent model of re-
ality atomistic theory was.

The philosophy of idealism and the philosophy of materialism were opposed throughout
history. From a chemical point of view the philosophy of materialism affords a basis for an
understanding of the structure of compounds. However, the collective properties of com-
pounds such as their smell or color or taste can also be interpreted in terms of Plato’s ideas,
which are particularly well suited for studying the mathematical properties of chemical struc-
tures. If we link the philosophy of materialism with experimental work in chemistry and
likewise the philosophy of idealism with theoretical work, it is clear that both philosophies
as well as both experiment and theory are needed to advance chemistry. This is of course al-
so true for other sciences.

Alchemy is a type of chemistry that existed from about 300 BC until the second half of
the seventeenth century. This constitutes a less interesting period for our purposes, since
alchemists were practical people who did not care much for theories and mathematics. The
alchemists had two main objectives: ( | ) to turn base metals into gold and (i ) to discoy-
er the elixir of life. The origins of alchemy can be traced back to the ancient Egyptians.
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There was a lot of magic involved in the work of alchemists and their symbols were difficult
to decipher. However, the coding systems used by various alchemists are really crypto-
grams and as such possess a mathematical basis.

It is important to stress that chemistry as a science started only in the second half of
the seventeenth century when alchemy gradually transformed itself into the science now
known as chemistry following the appearance of the book The Sceptical Chymist (Lon-
don, 1661) by Boyle (1627—1691). ° The transition period from alchemy to chemistry
lasted more than a century. It started with Boyle’ s book and ended with the book Traité
Elémentaire de Chimie (Elementary Treatise on Chemistry, Paris, 1789) by Lavoisier
(1742—1794). During this period appeared the first unifying chemical theory, namely,
the phlogiston theory. The term phlogiston is derived from the Greek word $Aoywros,
which means flammable.

Now, most dictionaries define chemistry as the science that deals with the composition ,
structure, and properties of substances and the reactions by which one substance is converted in-
to another. Knowing the definition of chemistry, however, is not the same as understanding
what it means. In essence, chemistry is an experimental science. Experiment serves two im-
portant roles. It forms the basis of observations that define the préblems that theories must ex-
plain, and it provides a way of checking the validity of new theories. This text emphasizes an
experimental approach to chemistry. As often as possible, it presents the experimental basis of
chemistry before the theoretical explanations of these observations.

From Concepts in Chemistry by N. Trinajstic
and Chemistry: Structure and Dynamics by James N. Spencer

New Words and Expressions

fermentation [ formen'teifon] n. %@

ceramics [ si'reemiks] n. HEAR, BWE2%, FBEZEH S
leather ['leda] 7. F#, HHEH &

alchemy ['elkimi] =n. H4&AR, HFFAR

bronze [bronz] n. #H4l (—FESEL), HHEH &
archeological [ jatkio'olod3zikal] a. #ii2&M
artifact ['attifaekt] =z, A TH5

“speculation [ispekju'leifon] =z HEZz, #il
antiquity [aen'tikwiti] =z, #/&, HA, HiB
Thales ['0eiliiz] n. FIHT CHFRBEER, BER, RIX¥R
tetrahedron [ 'tetro'hedron| n. POk
octahedron [ okto'hedron] n. ik

icosahedron [ jaikouse'hedron] n. — &
hexahedron [ thekso'hedron] 7. ZNHAk

polyhedra [ poli'hiidro] (polyhedron E¥IER) n LMk
theorem [ 'Oiorom | n. EH, JEN|

topology [ta'polad3zi] n. b2, #Hih

Aristotle ['eeristotl] 7. WH £ CE&HEEEF
elixir [i'liksa] n. 42§, Kz

decipher [di'saifo] wv. f#FF (BEH), BiFE (HH)
cryptogram [ 'kriptougrem] n. %, Bid, S



Unit 1 The Roots of Chemism

flammable [ 'flemabl] 7. SY a. B, TR
phlogiston [flo'dziston] n. B

. Notes

1.as@%/%{ﬁiﬁlﬁffﬁf{ﬁﬁﬁ/l\Iﬁ]ﬁ_f‘F% (EXXEFICrdimeE), I M Ay
EFiE . BiBRk KB, aS?rl&ﬂ@%iﬁ)}&@ﬂ?#l‘ﬁfﬁﬂﬁi%b&’ﬂa A 7 AT A i
e NS A 35005 25 b £ 9 . IE 40 B0 B0 i & R — e, SC R 7 B W % k2
KIE,

2. of air 5 a regular octahedron ZIa). of water 5 a regular icosahedron 2 ], and of
earth 5 a cube 2Z [ #)44 #% had the shape of, &% 3. FFL, K B /NYORE BA TF Y i 44
JEAHR, Enmﬁ/]\ﬁﬁﬁﬁm:‘l‘@@%ﬁﬁ%, + B B/ OB B A S g ik (¢ IE 7S k)
AR .

3. BEERY. MV H o Z2 8 0 5 SO — AN T 281 4 4k HoAth 9 0 4 R B 4 72 1 T 22
M TG 38 A% B S BB 0 43 e J0 O 7 B f0 o 1 L

4. #]H classified, mentioned, was familiar with % 3 51| i, 43, FiBEH K He, B Hi%
3 MBI 2 0 B AT T 42, B—MWRR, @A,

5. BRI ¥R 17 Tﬁ?ﬂ)ﬁﬂéﬂfﬁ“%ﬁﬁ‘%&ffﬁyﬂ—‘l‘jﬂiﬁg, SR X — AR T,
Eﬁ%ﬂiﬁﬁ*ﬂ‘%m%ﬁﬂi%%&“ﬁﬂ%’ Wi % Boyle (1627—1691) FF% )4 The
Sceptical Chymist (1661 4, #3%) FR H B XAR AP B R,

Exercises

I . Comprehension
L. It can be inferred from this article which one of the following items is not mainly
based on practical use

A. prehistoric chemistry and alchemy B. alchemy and chemistry

C. Greek chemistry D. Greek chemistry and chemistry

2. It was __ who first introduced the idea that all things are not formed from just one
element,

A. Aristotle B. Empedocles C. Theatetos D. Theodoros

3. In the development of Greek chemistry, ~ was the first one definiting the ulti-
mately constituents of matter? E

A. Plato B. Aristotle C. Leucippus D. Democritus

4. According to Plato, there are __ “elements” whose faces are constituted by regu-
lar polygons.

A. 3 B. 4 Gy i-5 D. 6

5.In the last paragraph, authors think that experiment 1175,
can examine whether the assumption is right
can be used to check the new theories
can be carried out by the chemist
can deal with the reactions by which one substance is converted into another
- Make a sentence out of each item by rearranging the words in brackets
1. The purification (is usually/a matter of considerable difficulty, /often/of an organic
compound/for this purpose/to employ various methods/it is/necessary/and).
2. Science is (is generated/and systematized knowledge/an ever-increasing body of accu-
mulated/and is also an activity/by which knowledge).

OO
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3. Life, after all, is (in fact, /a small example of chemistry/observed on a single, /
only chemistry, /mundane planet) .

4. People (some of the molecules/are made of molecules; /in people are rather simple/
are/highly complex/whereas others).

5. Chemistry is (from birth to death/ever present in our lives/there is neither life nor
death/because without chemistry).

6. Mathematics appears (and also permeates/to be almost as humankind/all aspects of
human life, /are not fully/although many of us/aware of this).

. Translation

1. (a) fh2¥d#; (b) BARRE; (o HBBMEA.

2. ERFEFHRT . K. H%,

3. M HA IR P S, FI b, NS4 3 T A 3 B 6 IE SR AR LART .
4. RIBKHZERIAZR, ATARBIBARAE— R F 0T 7T RS AR

5. FEARME FIIXFhADRLZ AT AR5 20 57 36 B 1 45 Pl bk IR

V. Translation

Chemistry is one of three fundamental natural sciences, the other two being physics and
biology. Chemical processes have continually unfolded since the Big Bang and are probably
responsible for the appearance of life on the planet Earth. One might consider that life is the
end result of an evolutionary process in three steps, the first step being very fast and the
other two rather slow. These steps are ( | ) physical evolution (the formation of chemical
elements); (i) chemical evolution (the formation of molecules and biomolecules); and
(i ) biological evolution (the formation and development of organisms).

V. Problem '

(1) The absolute mass of a ' H atom is 1. 6735 X 1072* grams, whereas the absolute
mass of a 12C atom is 1. 9926 X 1023 grams. Calculate the ratio of the mass of a ' H atom to
that of a 12C atom when the masses are measured in units of grams. Use this ratio to calcu-
late the mass of a ! H atom in units of amu if the mass of a 12C atom is exactly 12 amu.

(2) A bone taken from a garbage pile found buried deep under a Turkish hillside had a
14C/12C ratio 0. 477 times the ratio in a living plant or animal. What was the date of the pre-
historic village in which the bone was discovered?

Reading Material

What is Modern Molecular Structure About

One of the more fundamental issues chemistry addresses is molecular structure, which
means how the molecule’s atoms are linked together by bonds and what the interatomic dis-
tances and angles are. ! Another component of structure analysis relates to what the electrons
are doing in the molecule; that is, how the molecule’s orbitals are occupied and in which
electronic state the molecule exists. For example, in the arginine molecule shown in Fig. 1.1,
a HOOC— carboxylic acid group is linked to an adjacent carbon atom which itself is bonded
to an —NHj; amino group. Also connected to the a-carbon atom are a chain of three meth-
ylene —CH;— groups, an —NH-— group, then a carbon atom attached both by a double
bond to an imine —NH group and to an amino —NH3; group.

The connectivity among the atoms in arginine is dictated by the well-known valence
preferences displayed by H, C, O and N atoms. The internal bond angles are, to a large
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Fig. 1.1 the arginine molecule in its non-zwitterion form with dotted hydrogen bond

extent, also determined by the valences of the constituent atoms (i. e., the sp? or sp? na-
ture of the bonding orbitals). However, there are other interactions among the several
functional groups in arginine that also contribute to its ultimate structure. In particular, the
hydrogen bond linking the a-amino group’s nitrogen atom to the —NH— group’s hydrogen
atom causes this molecule to fold into a less extended structure than it otherwise might.

What does theory have to do with issues of molecular structure and why is knowledge of
structure so important? It is important because the structure of a molecule has a very impor-
tant role in determining the kinds of reactions that molecule will undergo, what kind of radi-
ation it will absorb and emit, and to what active sites ” in neighboring molecules or nearby
materials it will bind. A molecule’s shape (e.g., rod-like, flat, globular, etc.) is one of
the first things a chemist thinks of when trying to predict where, at another molecule or on
a surface or a cell, the molecule will * fit » and be able to bind and perhaps react. The pres-
ence of lone pairs of electrons (which act as Lewis base sites), of n orbitals (which can act
as electron donor and electron accepter sites), and of highly polar or ionic groups guide the
chemist further in determining where on the molecule’s framework various reactant species
(e. g., electrophilic or nucleophilic or radical) will be most strongly attracted. Clearly,
molecular structure is a crucial aspect of the chemists’ toolbox.

How does theory relate to molecular structure? As we discussed in the Background Ma-
terial, the Born-Oppenheimer approximation leads us to use quantum mechanics to predict
the energy E of a molecule for any positions ({R(a)}) of its nuclej given the number of
electrons N, in the molecule (or ion). This means, for example, that the energy of the ar-
ginine molecule in its lowest electronic state (i.e., with the electrons occupying the lowest
energy orbitals) can be determined for any location of the nuclei if the Schrédinger equation
governing the movements of the electrons can be solved.

It often turns out that a molecule has more than one stable structure (isomer) for a giv-
en electronic state. Moreover, the geometries that pertain to stable structures of excited
electronic states are different than those obtained for the ground state (because the orbital
occupancy and thus the nature of the bonding is different). ? Again using arginine as an exam-
ple, its ground electronic state also has the structure shown in Fig. 1. 2 as a stable isomer,
Notice that this isomer and that shown earlier have the atoms linked together in identical
manners, but in the second structure the @-amino group is involved in two hydrogen bonds
while it is involved in only one in the former. In principle, the relative energies of these two
geometrical isomers can be determined by solving the electronic Schrédinger equation while
placing the constituent nuclei in the locations described in the two figures.

If the arginine molecule is excited to another electronic state, for example, by promo-
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Fig. 1. 2 another stable structure for the arginine molecule

ting a non-bonding electron on its C—O0 oxygen atom into the neighboring C—O=* orbital,
its stable structures will not be the same as in the ground electronic state. In particular, the
corresponding C—O distance will be longer than in the ground state, but other internal ge-
ometrical parameters may also be modified (albeit probably less so than the C—O distance).
Moreover, the chemical reactivity of this excited state of arginine will be different than that
of the ground state because the two states have different orbitals available to react with attac-
king reagents.

In summary, by solving the electronic Schrédinger equation at a variety of geometries
and searching for geometries where the gradient vanishes and the Hessian matrix has all posi-
tive eigenvalues, one can find stable structures of molecules (and ions).3The Schrodinger
equation is a necessary aspect of this process because the movement of the electrons is gov-
erned by this equation rather than by Newtonian classical equations. The information gained
after carrying out such a geometry optimization process includes ( | ) all of the interatomic
distances and internal angles needed to specify the equilibrium geometry and ( ji ) the total
electronic energy E at this particular geometry.

From An Introduction to Theoretical Chemistry by Jack, Simons
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