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P REFACE

n the present book I have attempted to follow the development of
I chemistry through the thoughts and ideas of chemists rather than
through the details of their lives. Historians of science now generally
recognize that scientific discoveries, great or small, are almost never
spontaneous and original contributions of one man. Even the most
revolutionary theories are the result of a long, slow evolution. Basic
ideas arise in various places. Gradually these are united, modified,
supplemented, and at last announced in what appears to be a new
concept. This concept in turn influences and alters subsequent the-
ories, and so the potentially endless progress of science results.

It is clear that the full story of such developments involves not only
the personalities and intellects of the scientists themselves, but also
the social and economic conditions which surround them and the
philosophical ideas to which they are exposed. The complete evalua-
tion of all these factors for any one science would require a massive
volume which should be the joint work of many men with different
training and viewpoints. As yet, such a volume is lacking for the his-
tory of chemistry.

There is also a place for a less extensive work, in which some of these
influences are indicated as the story of scientific development is told.
In writing this book I have placed the main emphasis on the develop-
ment and interrelation of chemical concepts. The relative brevity of
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vi PREFACE

the treatment has prevented any detailed consideration of other fac-
tors, but where possible I have tried to indicate some of the more im-
portant areas in which chemistry has had an influence on world his-
tory, and others in which the conditions of the world have influenced
the chemist himself.

To trace the interrelationships of chemical concepts I have had to
devote considerable attention to the earlier periods when chemistry
was not recognized as a science in its own right. Many historians of
chemistry, especially in earlier days, have felt that only after the time
of Boyle and Lavoisier could chemistry have a real history. This does
not seem to me to be true. The germ of many modern theories is to
be found among the ancient Greeks or even earlier. Fortunately it is
becoming possible to consider these early years in more detail than
could have been done some time ago. There has been a rather large
amount of recent research into the pre-alchemical and alchemical peri-
ods, and the position of many renaissance and post-renaissance scien-
tists has been reevaluated. This has made easier the task of following
the influences which led to modern chemistry, in spite of the many
gaps which still remain. If my attempt can show the modern chemist
something of what he owes to his predecessors, I shall be satisfied.

I wish to express my deep thanks to Herbert S. Klickstein who has
read and discussed the entire manuscript of this book with me and
to whom I am indebted for many stimulating ideas. I am most grate-
ful to the late Clara de Milt for criticisms of the earlier chapters, and
to Rudolf Hirsch, Claude K. Deischer, Frederick O. Koenig, and
Henry J. Ralston, who have helped me with various parts of the work.
I am especially grateful to Denis 1. Duveen for the previously unpub-
lished photograph of a page from Lavoisier’s notebook. Martin Levey
has supplied me with photographs of early Babylonian and Assyrian
apparatus, and the Journal of Chemical Education has allowed me to
reprint these and pictures of Chinese chemical apparatus. 1 owe my
thanks to them. I am most grateful for the indispensable aid of Eva
V. Armstrong and Robert F. Sutton of the Edgar Fahs Smith Memorial
Library at the University of Pennsylvania; for the valuable assistance
of Mrs. Arline Robinson, Librarian of the College of Physicians and
Surgeons of San Francisco; and for help from the Libraries of Stanford
University and the University of California. Thanks are due to the
Oxford University Press for permission to quote individual passages
from their editions of the works of Plato and Aristotle.

HENRY M. LEICESTER

San Francisco, Calif.
June, 1956
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THE HISTORICAL BACKGROUND
OF CHEMISTRY



CHAPTER 1

INTRODUCTION

hemistry as a science can hardly be said to have begun much be-
C fore the sixteenth century. Only then did men begin to distin-
guish the study of individual substances and their changes under the
influence of heat, solvents, or reagents from the other changes that
went on in the world. Only then did the idea arise that such changes
could be considered as much a subject of special study as the behavior
of the stars, the nature of numbers, or the illnesses and injuries of the
human body.

This does not mean, however, that chemistry had no history prior
to that time. In fact, in its technological branches chemistry goes back
to prehistoric times. The discovery of fire offered the first opportunity
to carry on chemical operations, and early man learned to prepare
objects of copper, bronze, and other easily available materials by its
aid. There are no written records of this period. Only by the analysis
of the weapons and utensils that primitive man manufactured can we
gain an idea of the methods and materials which he used.

It might be supposed that the introduction of writing would lead
to the preservation of more definite accounts of chemical processes. A
few such accounts exist, but it is clear that their authors did not con-
sider these processes as we would today. As civilization developed, as
arts and crafts were discovered and improved, many chemical sub-
stances were employed but interest lay always in the final product

1



2 THE HISTORICAL BACKGROUND OF CHEMISTRY

and its use. Only the artisans themselves were concerned with the
method by which the product was obtained. With an instinct that
seems almost innate in human nature, most of these artisans preserved
their trade secrets for themselves and their own descendants. Written
records of their processes were seldom kept, for they depended on oral
tradition to train their successors. Therefore, again, our knowledge
of their methods depends on analyses of objects made and used in
ancient civilizations. Everything we know of the subject implies that
chemistry, as it would be called today, is as old as man, but it also indi-
cates that in prehistoric times and in early civilizations it was purely
empirical and could in no sense be considered a science.

Man has always sought to make tools and objects to add to his
comfort or please his decorative instincts, but he has also shown a dif-
ferent side to his nature. He has sought to understand the world
around him and the forces that act upon him. Unless he can account
for these in a way that seems logical to him, he does not rest content.
In earliest times, he peopled his world with gods and demons. Every
object, animate or inanimate, was governed by a purposeful being, and
these beings kept a watchful eye on each man, at least in his own
estimation.

In almost every society, the desire to propitiate these beings, whose
attentions were more often malevolent than kindly, led to the separa-
tion of a special group in the tribe whose business it was to learn the
nature of these supernaturals and to control them. Thus arose the
witch doctors, the medicine men, the priests. As the state of civilization
advanced, the priestly class was more and more set apart, became more
and more specialized. Its members had leisure to think of the forces
around them, to organize and systematize the tribal myths, and even-
tually to establish the accepted version of such legends. Of necessity,
these myths in their final form had to be sufficiently plausible to give
to the people at large an answer they could accept to the basic ques-
tions which occur to everyone: How did the world begin; where did
man come from; what are these great forces that surround us, the sun,
the moon, the storms, the sea?

In every civilization with which we are acquainted, the answers to
these questions were woven into the myths of gods and heroes. Under-
lying the different accounts in different mythologies, there are often
basic similarities, which may represent borrowings from other tribes,
but may sometimes represent fundamental methods of human thought.
Such ideas were passed on from generation to generation, forming the
basis upon which men’s minds functioned. As technologies developed,
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as philosophies evolved, some of these ideas were adapted and used in
increasingly involved ways to explain the nature of the visible world.
They formed the basis of primitive science, if we consider science to
be a system of observation and explanation of the natural world. Be-
yond this, primitive science did not go. There was no attempt to test
ideas by experiment, nor to check hypotheses by predicted facts. Such
a stage was not reached until nearly modern times. Yet from this
fundamental, primitive science all our modern sciences have come.

Although it is possible to trace these ideas and their developments
through the history of any science, historians of general science have
seldom attempted to use the history of chemistry for this purpose.
Since chemistry evolved late, and sprang from physics, technology, and
alchemy, these scholars have turned their attention almost entirely
to the sciences that did arise early in history. These were pre-emi-
nently astronomy and mathematics. Astronomy naturally appeared
early, for the sun, moon, and stars were clearly visible and impressive.
The regularity of their movements must have struck even primitive
man and given him a sense of order which was probably his first reali-
zation of the regularity of nature. The astrological ideas, which at-
tained great importance in the Mesopotamian cultures and spread
from this center over the whole civilized world, also led to an intensive
study of the stars. Astronomy as a science thus existed from very early
times. Mathematics arose from the need for practical measurements
and computations, and when, as was especially so in Greece, it ex-
panded into a science in its own right, it demanded no manual work,
and so fitted into the pattern of pure reasoning which was so charac-
teristic of Greek science.

Therefore, historians of the development of human thought as re-
vealed in the history of science have stressed the evolution of these
sciences and have tended to neglect the trends and developments which
led eventually to a science of chemistry. The historians of chemistry,
on the other hand, have too often concerned themselves only with
strictly chemical laws and processes, without realizing the wider forces
which have affected their development. The history of chemistry
should trace the factors in early philosophy and technology which
slowly led to an independent science if it is to give a true picture of
how this science developed into the giant which modern chemistry
has become.

Modern science is western science. The scientific age came into be-
ing in western Europe. This is as true for chemistry as it is for any
other science of today. The development of western science can be
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traced back to two civilizations, the Mesopotamian and the Egyptian.
From these it can be followed through Greece, Syria, and Arabia to
medieval Europe, and thence directly to the present day. This is not
to say that the scientific ideas and methods of other civilizations such
as India or China were without influence. They have added their
contributions as side streams, which have flowed into the main current
without greatly altering its general direction. Their study has another
value for modern science. Since in these countries science followed its
own pattern, and that pattern differed from the pattern of western
science, the results were different. These results. may serve to show us
today what might be the consequence of tendencies that exist in con-
temporary science. This may guide us in planning our future path.
For this reason, these side streams call for consideration in the general
history of any science.

As indicated above, chemistry has always consisted of two parts, a
practical or technological, and a theoretical. Sometimes one of these
branches has been dominant, sometimes the other. At certain note-
worthy periods, both have flourished together. The history of chem-
istry shows that, when this condition prevails, the greatest advances
are made.

The problem of studying the history of chemistry in its earliest
stages therefore resolves itself into a consideration of the practical de-
velopments of the artisans on the one hand, and the speculations of
the philosophers on the other. It is necessary to trace the activities
of the workers in metal, glass, dyes, and the other substances we now
consider to be chemical, and to follow the ideas of the cosmologists
and philosophers, the earliest scientists. Eventually the two streams
unite to produce a true science, a blend of theory and experiment,
which we call alchemy. This degenerated into a pseudoscience in
many places and under various conditions, but the thread of a true
chemistry was always visible and must be followed to the more open
path of a genuine science once more. Then the steps which lead to
modern theories and their enormous number of applications can be
traced in greater detail from the large amount of available source
material. Such is the path which the historian of chemistry must
attempt to follow.




CHAPTER II

EARLY PRACTICAL CHEMISTRY

he first discovery that permitted primitive man to carry on chemi-
Tcal reactions on any extensive scale was fire.: This discovery
was made in the earliest times and has always been associated with
remains that can be classed as human. Through the millennia, as
prehistoric man slowly developed his cultural patterns, fire gradually
made possible an increasing number of weapons and implements with
which new advances could be made. When early civilizations began
to leave the remains that have been found in graves or on the sites
of cities, these objects took the form of metal articles and pottery. The
stage of cultural development reached by the makers can usually be
determined by these objects. It is only from their examination and
analysis that any picture of the earliest developments of chemistry can
be formed, since the processes employed in making them were almost
never described in any written records that have been found. The
ancient craftsman did not think of the act of smelting a metal as a
chemical operation, or distinguish it from any other act of his life.
Yet, as discoveries were made, they were incorporated in the technical
processes of the culture and, in time, some were fitted into the cosmo-
logical patterns from which ancient science finally evolved.
A good illustration of this is found in the history of iron. Analyti-
cal data indicate that the first iron used in both Mesopotamia and
Egypt was probably of meteoric origin. This metal, called by the

5



6 THE HISTORICAL BACKGROUND OF CHEMISTRY

Egyptians baa-en-pet, iron of heaven, gave rise, perhaps in the Hyksos
period (1680-1580 B.c.), to the idea that the sky from which the iron
came was composed of an iron plate.?2 Thus can be seen the expansion
and cosmological development of what must have originally been the
discovery and speculation of a simple metal worker who probably
worked in or near a temple where his discovery could be passed on
to the priests who formulated the cosmology of Egypt.

The best-preserved objects that have come down to us from ancient
civilizations have been metallic. This is so much the case that it has
become customary to date the periods of man’s development after the
stone age in terms of copper, bronze, or iron. Even the ancients had
similar ideas, although they usually thought of civilization as degen-
erating from an original golden age through ages of copper and iron.
Among the Babylonians both the gods and the planets were associated
with different metals.s

Archaeological discoveries have shown that the earliest metals used
by man were those that occur in native form. Thus copper and gold
are found in the most ancient graves of Egypt and Mesopotamia. Al-
though probably the discovery and utilization of these metals occurred
independently in many different areas, trade routes between different
peoples were established even before there were written records, and
so the transport of various metals between the different civilizations
no doubt played an important part in the diffusion of cultures in the
ancient world.!

Following the utilization of native metals, the next great advance
was the discovery of methods of obtaining metals from their ores.
Smelting of copper by heat in the presence of wood was probably dis-
covered very early by the Sumerians in their prehistoric home in south-
ern Iran.t Since no attempt would be made to purify the ores used,
the discovery of bronze by smelting a mixture of copper and tin ores
no doubt soon followed. The greater hardness and lower melting
point of bronze as compared with copper would account for its wide-
spread use once it had been discovered. In Egypt bronze has been
found as early as Dynasties III or IV (about 2500 B.c.),* whereas at Ur
and Eridu in Mesopotamia bronzes were known in the most ancient
period, 3500-3000 8.c.® Copper continued to be used even after bronze
was known, and remains found at sites on the Sinai peninsula where
it was mined by the Egyptians show that the chief ore, malachite, was
reduced by wood or perhaps charcoal.”

Among the Egyptians, most of the gold originally used contained
varying amounts of silver. When the silver content was high, a white
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gold resulted which was at first considered to be a separate metal, asem
(called electrum by the Greeks and Romans).®? The possibility of com-
bining gold and silver to produce an artificial asem was later recog-
nized, but it is very doubtful whether this was considered a sufficient
reason for denying its essential individuality. The concept of alloys
did not exist in ancient times. Egyptian gold, which itself probably
came from Nubia, was later exported to Mesopotamia where the metal
was very scarce. Methods for purifying and assaying gold and silver
were developed in both areas.

Lead, tin, and iron were used in the ancient civilizations at later
periods than copper, bronze, and gold. After their introduction, the
metal workers and smiths became a recognized class of artisans. They
occupied a special place in all early cultures.® Most of the metallurgi-
cal work was done in compounds attached to the temples, and, though
the priests themselves probably did not do the actual work,!® the asso-
ciation of metals with the gods became clearly established.

This was particularly true in Mesopotamia. The earliest Sumerians
had worshiped gods who were occupied with metallurgy. In later
Babylon, Marduk was “Lord of Gold,” Ea of Eridu was the protector
of the smiths, and the fire god, Gibil, was known as the “divine
smith.” 11 Thus the metallurgical arts were a very important part of
the culture of the two chief powers of the ancient world, Egypt and
Assyrio-Babylonia. The relation of metals to the gods, the temples,
and the priests was well established. The significance of metal work-
ing throughout the world and over long periods of time is reflected
even in language. For example, the Sumerian word for a melting
furnace, udun, through the Babylonian utunu and the Arabic tannur
became, with the inclusion of the Arabic article al, the medieval Latin
Athanor, a standard type of furnace used by the later alchemists.1?
The traditions of the Mesopotamian metal workers traveled very far.

Besides the metals, a great number of other chemical substances
were used by the ancients. Glazes were prepared at a very early period
and later were developed into true glass. Lapis lazuli, which probably
originated in Babylon, was a much-valued article of commerce and
was imported freely into Egypt, where it was classed with the metals.
Artificial lapis lazuli was made in Babylon, and “Egyptian Blue,” a
complex silicate of calcium and copper, was famous throughout the
ancient world even down to Roman times, when the architect Vitru-
vius described its preparation.®

An interesting example of the two tendencies that seem always to
have been present among technologists is given by two types of recipes
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for making glazes that have been found in Assyria. The first of these
dates from not later than the seventeenth century B.c. and was found
at or near Tall ‘Umar (Seleucia) on the Tigris. It was the “property
of Liballit-Marduk, son of U$fur-an-Marduk, priest of Marduk, a man
of Babylon.” It describes the making of green glazes by the addition
of copper to a simple glaze. It is written in a deliberately obscure and
confusing style, It uses the cuneiform signs with their most unusual
meanings, and is full of puns and abbreviations that render its transla-
tion very difficult.’* In contrast, the other recipes are very clear.

X
1) 7 Q

i = \LQJ

Fig. 1. Drawings from seals showing Babylonian and Assyrian furnaces. (Courtesy
of Martin Levey.)

Ko

fl

They were found in the ruins of the Royal Library of Assur-banipal
at Nineveh, which dates from the seventh century B.c, although they
are probably copies of much earlier recipes. The instructions they
contain are given clearly, without any attempt to confuse or mystify
the reader.’s It is evident that the older tablet was written with the
intention of preserving the secret of the process described in it in case
the tablet should fall into the hands of an unauthorized person. It
implies the existence of a secret guild of glaze makers who kept their
processes from the public and used a special terminology to set them-
selves apart. The later tablets, on the other hand, were probably
technical recipes which were not expected to pass outside the hands
of the guild members and so did not require precautions for secrecy.
Many examples of each of these types of records exist in later years.

It is significant that both these recipes involve, in addition to the
description of the technical processes, directions for propitiating the
spirits that might interfere with the process. In the older text such
spirits take the form of a “dead man”; in the later one, of “embryos.”
The latter may be incomplete and developing spirits which watch
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over the developing glaze.® There are also directions for the proper
days on which the work should be done. All of this indicates the
powerful influence of the magical practices of the Assyrians. Even
technical works could not be carried on unless the proper astrological
and demonic aspects of the work were considered. This magical phase
of technology finds its counterpart in many of the later processes that
eventually led to chemistry as a science.

Fig. 2. Men stirring a commercial-sized vessel. From Tepe Gawra. (Courtesy of
Martin Levey.)

It can be seen that the civilizations of Egypt and Mesopotamia had
developed a high degree of technical skill in metallurgy and glass
making. These skills were in all probability originally developed for
the benefit of the king and the temples. Thé common people also had
simpler, practical chemical methods for preparing foods and liquors,
weaving and dyeing cloth, and otherwise filling their daily needs.
There are numerous references in the texts to various detergent agents
used for washing clothes and the body.r” Illustrations of apparatus
that might have been employed in distillations, and even some of the
distilling pots themselves, have been found.!®
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However, the more skillful artisans probably were those in the
temples. Most of their discoveries were handed down orally, although
occasionally, as in the glazing texts, they were recorded on tablets.
The close association between the artisans and the temple priests
probably led to a considerable theoretical knowledge of the processes
used by the artisans on the part of some of the priests.

Such processes were at first, perhaps, chiefly devoted to working up
valuable substances. Very early, however, the artisans must have
begun to seek cheaper materials and methods for preparing imitations
of the precious substances with which they worked. Methods for gild-
ing cheaper metals to resemble gold, or for preparing artificial gems
from glass, soon became part of the trade secrets, and were handed
down from father to son for generations. These secrets in time would
become part of the lore of the temples. Thus, when the priests, and
later the philosophers who studied with them, used their knowledge
of physical substances and their changes to build up a picture of the
“nature of things,” their theories could not help but be influenced by
all types of the process with which they were acquainted.

Egyptian and Mesopotamian civilizations had thus developed a
practical technology utilizing many chemical processes and methods,
which was handed down to later generations. It was this technical
civilization and these technical processes that probably had a great
influence on the thinking of the men who afterward began to specu-
late on why these changes occurred. As far as we know, the artisans
never did this. The priests of Egypt and Mesopotamia, however, did
develop a basic pattern of thinking which strongly influenced the later
western world.
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CHAPTER I11

SCIENTIFIC IDEAS
OF THE ANCIENT WORLD

ince it was from Mesopotamia and Egypt that the ideas of primi-
S tive science reached the Greeks, it is to Mesopotamia and Egypt
that we must look for the earliest traces of our science of chemistry.
The form of rational thinking assumed in these cultures explains
much that we meet later in alchemy and chemistry.

In an attempt to understand the origin of things man is forced to
assume a creation, either from nothing or from some primeval sub-
stance. The idea of nothingness is difficult to conceive. It is far easier
and more comforting to assume some primal material, disorganized
and chaotic perhaps, but related in some way to familiar things. Thus
the Babylonians pictured the world as created from water. Once the
world is organized, however, a most striking feature is the number of
contrary factors that it contains. Day and night, or light and dark-
ness, male and female, hot and cold, wet and dry, or, on the moral
plane, good and evil: for every quality there is an opposing contrary.
We meet them everywhere. Therefore it is easy to conceive of the
primal matter splitting into two contrary substances. From these
contraries, all else can be formed. This idea, one of the most funda-
mental concepts of the Mesopotamian and Egyptian minds, tended
to become personified in their mythologies, and most often found ex-
pression in the ideas of light and darkness, male and female. A god
and a goddess personified light and dark, or more often sun and moon,

12
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the latter the ruler of the darkness. The deity of the sun was usually
male, though sometimes female, but in either case the deity of the
moon was of the opposite sex.!

To these divine beings, other contrary qualities were often attached.
The Babylonians had the sun god, Bel, and the moon goddess, Ishtar
(who sometimes also represented the evening star). The Egyptians rec-
ognized, at least as their civilization matured, Osiris and Isis. Whether
these personified contrary principles were of independent origin is
uncertain. Certainly by the second millennium B.C. communication
between Mesopotamia and Egypt through Syria was well established.
Babylonian became the official language of diplomacy in the whole
complex of nations in Asia Minor and around the eastern shores of
the Mediterranean Sea. Trade routes flourished. There is no doubt
that ideas were exchanged with relative freedom between the two great
civilizations of the region. The ideas that developed are clearly shown
in the writings of Diodorus Siculus. By the time he wrote, around
50 B.C., the ideas of the Egyptian priests were expressed in terms of
Aristotelian philosophy (see p. 27) but the fundamental concepts un-
doubtedly went back to a far earlier period. In writing of Osiris and
Isis, the sun and the moon, he says:

They say that these gods in their patures do contribute much to the
generation of all things, the one being of hot and active nature, the other
moist and cold, but both having something of air, and that by these all
things are brought forth and nourished, and therefore that every par-
ticular being in the universe is perfected and completed by the sun and
moon.?

Having conceived of the contraries in this way, men seemed to feel
an instinctive need for a gap between them, which had to be filled.
1f there were positive and negative, there must be neutral. Some-
thing had to mediate between the contraries. Thus was born the
mystic number three, which has had a special significance from the
earliest times, These ideas can be developed in great detail to show
why number has been so important in man’s thinking, why a whole
school of philosophy could be founded by Pythagoras to devote itself
to the mysteries of numbers, and why even today the devotees of nu-
merology are to be found on all sides. However, the concept of the
two contraries and the mediating third will be found to account for
much of the thinking of the early chemists.*

The Babylonians were keen observers of the stars. Very early in
their history they developed the idea that the heavenly bodies were
controlled by deities who influenced the lives of men. From this it
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was but a short step to the concept that the sun, moon, planets, and
stars governed every event on earth. The “science” of astrology was
born and was carried to an extreme by the Babylonians and Assyrians.
No activity of importance could be begun until the stars had been
consulted. The casting of horoscopes became one of the most impor-
tant activities of the priests. When a child was about to be born,
an assistant stood by the bed of the mother. At the moment of birth,
he clashed his cymbals and the astrologer on the roof immediately
noted the position of the stars.®* The sun, moon, and five planets
were the ruling powers of the world. To each was assigned a special
function and a set of properties. Each specifically controlled a num-
ber of earthly objects, including the metals which played such an
important part~in the lives of the people. The sun, the brightest and
strongest power, naturally controlled the noblest metal, gold. In turn,
the moon usually controlled silver, and the planets the other metals.
The particular metal that was dominated by each planet varied some-
what from epoch to epoch and from writer to writer. However, by
the early alchemical period, Mars was related to iron, Venus to copper,
Saturn to lead, Jupiter to electrum, and Mercury to tin.t Although
in Babylonian times the metals probably had no greater special sig-
nificance than some other materials, the pattern of control of sub-
stances by astral bodies was set and could later be taken over and
expanded by the alchernists.

Another consequence of the ideas of astrology also became of great
significance to alchemy in later times. To the great and mighty powers
in the heavens corresponded the lesser objects on earth which they
controlled. A change in one was reflected in a change in the other.
The great world could be called the macrocosm; the lesser, the micro-
cosm. Macrocosm and microcosm were inseparable. What happened
in one happened in the other. This idea passed through many varia-
tions, some of which will be discussed later.

The chief theoretical contributions of the Babylonians to chemistry
were of an astrological nature. These ideas spread also to Egypt, but
the Egyptian mind had a more practical character. While the Egyp-
tians accepted astrology, they never gave it the importance it assumed
among the Babylonians. Egyptian cosmology was largely mythologi-
.cal, but their science tended to be eminently practical. Fragments of
their mathematical and medical papyri show us that they could ob-
serve objectively and reason acutely.® Thus it was their practical arts
that contributed most to the development of chemistry. This phase
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of their contribution will be considered in the discussion of the rise
of Greek alchemy.

The streams of cosmological thought and scientific ideas of the two
great ancient civilizations, mingling and influencing each other for a
period of two thousand years, were eventually focused on a new nation
whose intellectual curiosity and speculative thought, fertilized by the
older concepts, furnished much of the foundation upon which later
science may be said to be based. This new nation was Greece.
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CHAPTER 1V

GREEK SCIENCE

he Greek scientist, at least in the classical period, was the Greek
Tphilosopher. Speculation, not experiment, was the formula of
the Greek thinker. The names of the philosophers which have come
down to us are the names of men who were seeking to explain the
nature of the whole universe and to justify it to themselves. They
were scldom content to consider minutely a small part of nature.
Everything was done upon a grandiose scale, with sweeping generali-
zations and vast speculations. The only restraint was the intellectual
reasonableness of their ideas. They had to justify their ideas to
themselves and to a highly critical audience of contemporary philoso-
phers, not in terms of gods and supernatural forces, but in terms of
logic.

‘The chief characteristic that distinguishes them from the modern
scientist, who also reasons logically and deduces his ideas from obser-
vation, is their tendency to generalize without sufficient data. For
the modern scientist, the most natural further step is to check his de-
ductions by actual experiment. This the Greek philosopher almost
never did. The society in which he lived prevented him from even
thinking of such a procedure. The philosophers were members of a
small, elite group, the free citizens. The glories of Greece originated
with this small group, but it is often forgotten that this group could
never have made the contributions it did had there not been a much

16



GREEK SCIENCE 17

larger group of slaves to do the manual work which kept the society
running. Work with the hands was for the slave; work with the
mind, for the free citizen. Experiments would have been work. for
the hands. Therefore the philosopher speculated, drew up vast cos-
mologies, reasoned with the most exacting logic, but never thought
of performing the menial labor of practical experiment. This most
characteristic feature of Greek science explains to us the almost in-
comprehensible willingness of the Greeks to accept ideas which held
the germ of truth, but which were embellished with what is now seen
to be an overlay of fantastic theory. If an idea seemed reasonable,
if it fitted into the pattern of a world picture which gradually devel-
oped from all the various schools of Greek philosophy, then it was
an acceptable idea and needed no further justification. The attitude
is perfectly expressed by Plato in the Timaeus:

If then, Socrates, after so many men have said divers things concern-
ing the gods and the generation of the universe, we should not prove
able to render an account everywhere and in all respects consistent and
accurate, let no one be surprised, but, if we can produce one as probable
as any other, we must be content, remembering that I who speak, and
you my judges are but men, so that on these subjects we should be sat-
isfied with the probable and seek nothing further. [To which Socrates
replies] Excellent, Timaeus. We must by all means accept it as you
suggest.t

The importance of Greek philosophical speculation to modern sci-
ence might seem smalil if this attitude were considered by itself. This,
however, cannot be done. The Greek thinkers established generaliza-
tions in which lay the seeds of many of our modern concepts, but,
what is more important, they established for themselves an authority
which was recognized for the next two thousand years. Their ideas
formed the basis upon which Alexandrian, medieval, and renaissance
science were built and were considered the final answer to all problems
by generations which followed them.

In the field of mathematics, a science that requires no experiments,
their development of the subject was, on the whole, valid. In the
physical and biological sciences this was less often true. Yet their
theories form the basis for the story of the intellectual development of
western man. Their explanation of Nature (physis) affected alchemy
and chemistry in every branch. Hence we must follow their ideas to
see how they influenced the development of the science of chemistry.

Greek philosophy, and hence Greek science, began in Ionia, in the
city of Miletos, in the sixth century B.c. This was not an accident.
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Geographically, Ionia lies at the western extremity of Asia Minor,
facing Greece proper, but in direct contact with both Babylonia and
Egypt. The trade routes through Syria and Lydia led directly to
Tonia, and there is little doubt that ideas traveled the same path.2
It is of interest that Ionia was also the point on the mainland that
had the closest contacts with the civilization of Crete. Since we know
nothing of ancient Cretan science, this influence cannot be evaluated,
but the fact is at least worth noting. Thus Ionia was the spot where
the ancient oriental viewpoints met the fresh Greek mind, and Greek
philosophy was born.

The first philosopher whose name, though not his writings, has
come down to us was Thales (640-546 B.c.). Traditionally, he trav-
eled in Egypt and there learned the foundations of geometry and
astronomy. To him is given the credit for first developing a true
scientific interest in these subjects. He took the practical land meas-
ures of the Egyptians, the astrology of the Babylonians, and general-
ized them into sciences. Intellectual curiosity rather than practical
need guided his activities. He was the first of a long line of Greek
thinkers who sought knowledge for its own sake. To him occurred
the question which, in varying forms, occupied the minds of Greek
philosophers for generations: Can everything be regarded as a single
reality, appearing in different forms?®* His reply was in the affirma-
tive, and he found the single reality in water. The Babylonians had
held that water was the origin of the cosmos, but they made no at-
tempt to remove this concept from the field of mythology. Thales,
however, sought to explain his ideas in more physical terms. Water
can be converted into air (evaporation); it can be congealed to a solid.
It can therefore serve as the origin of all things. The pattern thus
set, the attempt to explain the manifold changes in the world around
us in purely physical terms became the leading characteristic of the
Ionian school of philosophy.

Anaximander (c. 611-545 B.c.), a pupil of Thales, generalized the
concept of the first source still further. To him the origin of all
things was the apeiron, the indefinite and infinite. This undifferen-
tiated mass gave birth to worlds which appeared and disappeared as
bubbles in the apeiron. These worlds, though emerging from the
apeiron, were themselves composed of heat and cold. The concept
of opposites, so characteristic of primitive science, was here introduced
in a cosmological explanation of the world. This idea in one form
or another was typical of all Jater Greek physics.*

The idea was expanded by Anaximenes (fl. c. 546, died c. 528), in
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turn, a pupil of Anaximander. Discarding the vague idea of the
apeiron, Anaximenes found the primary material in air. Like the
water of Thales and the apeiron of Anaximander, this original mate-
rial still bore some resemblance to a primitive chaos from which physi-
cal forces produced a visible world. Anaximenes, however, had a
clearer explanation of how the world came into being. Air is subject
to the reverse processes of condensation and rarefaction. Rarefaction
of the air produces fire; condensation leads to formation of water,
earth, and stones.> These processes are going on continuously in both
directions. Everything is in a state of change. It can be seen that
there is no idea of elements involved here; rather the concept is of
states of matter: gas, liquid, solid.® Their interconversions, which
are apparent in everyday life, are made the basis for an explanation
of the whole system of nature.

In 494 B.c. Miletos was captured by the Persians. The Ionian school
of philosophers was driven westward and fertilized the thinking of
other parts of Greece. The philosophers found a particularly favor-
able reception in Sicily and southern Italy where philosophic schools
had also been founded. This was the home of Pythagoras and his
followers. The man himself is more or less legendary, but his school
was well established, a sort of secret brotherhood devoted to a mystical
study of numbers. They had discovered the mathematical relation-
ships in musical harmony, and were responsible for the idea that a
mixing (krasis) of contraries could produce a mean. Applied to music,
this led to harmony; applied to medicine it implied that health con-
sisted in the avoidance of extremes, in a balance of opposing forces.

At more or less the same time Parmenides and his followers, espe-
cially Zeno, had propounded a theory of unity which denied the
existence of motion, separation, or anything else that could imply
disunity. This extreme idea did not itself advance Greek thought,
but it posed problems, the answer to which led to further develop-
ments in the formulation of a cosmological scheme.

Heraklitos, continuing the development of the Ionian school, chose
as the origin of all things fire. His concepts were a definite develop-
ment from those of Anaximenes. He stressed particularly the con-
stancy of change. In fact, it was perhaps the mobility of fire that
made it the logical choice for him as the priinal matter. Like a river,
“everything flows.” A world begins when fire, following the “down-
ward path,” condenses to water and then to earth. In turn, on the
“upward path,” it rarefies once more to fire.® In addition, his was a
“physics of contraries.” Night—day, summer—winter, cold—hot, wet—
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dry, these opposites make up the cosmos, the macrocosm. The same
set of contraries, the same continual change, occur in the microcosm,
man.?

Thus, in the Yonian school there was a continuous progression and
development of the idea of a primal matter organized into contraries,
especially heat and cold, but also stressing moisture and dryness.
These are exemplified in the ideas of fire and water, with the related
concepts of air and earth. Other factors are also involved, but from
the standpoint of later developments of thought these ideas are the
most important. The interaction of these principles leads to rarefac.
tion and condensation, to a constant state of movement and change,
Ideas of elements, of atoms, and of a vacuum have yet to appear.
These concepts emerged as the next step in the development of Greek
philosophic thought.

The last philosopher of the Ionian school was Anaxagoras of Kla-
zomenae (c. 499-c. 428 B.c.). Like all the contemporary philosophers,
he had to explain the cause of motion. The earlier Ionians had as-
sumed motion to be self-evident, but, after Parmenides denied its
existence, it became necessary to account for it in all subsequent theo-
ries. Both Parmenides and Anaxagoras came to Athens in about the
middle of the fifth century B.c., and from this time Athens became the
center of Greek philosophic thought, just as it was the center of art
and drama.

Anaxagoras assumed the existence of an infinite number of minute
particles which he called “seeds.” These were neither created nor
destroyed. Change consisted in their mixture and separation, which
occurred constantly. These seeds were not atoms in our sense since
they contained extremely small portions of everything that exists in
the visible world. The amounts of these were variable in an indi-
vidual seed. On the principle which Anaxagoras introduced, that like
attracts like, seeds which contain more flesh, for example, tend to
group together to form flesh. To account for separation and motion,
Anaxagoras introduced the concept of a guiding intelligence, the
Nous, mind or reason, which was fundamentally responsible for the
constant flux which was part of his picture, as it had been for the
other Ionians,1°

Empedocles of Agrigentum in Sicily (c. 490—. 485 B.c.), a con-
temporary of Anaxagoras, was a physician, but also a philosopher in
the wide Greek sense. He transformed the older ideas of fire, water,
and earth (gas, liquid, solid) into a more precise form, and gave to air
a place equal to the other three. There had been a strong tendency
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to regard air as merely a transition between water and fire. By his
acceptance of air as an equal partner, Empedocles gave to fire a place
in the material world above that of a mere gas. It was an ethereal
substance which by its lightness could well be assigned, as it was by
Aristotle, to the heavenly bodies. Empedocles assumed the existence
of atoms, not infinite in kind as Anaxagoras had assumed, but of only
four different sorts. Now for the first time the theory was clearly
stated that there were only four elements, composed of minute, un-
changing particles. All visible objects were composed of these ele-
ments, or “roots” as Empedocles called them. Instead of assuming
an intelligent Nous to account for movement, Empedocles further as-
sumed the existence of two additional components of all objects: Love
and Strife. Under the influence of Love the elements tended to com-
bine; under.she influence of Strife, they separated. This was the first
attempt to explain combination in terms of a fixed set of forces, and
as such it is the forerunner of the doctrine of affinity which later
became so important in chemistry. Empedocles, however, did not
think in terms of energy as we do when we use the term affinity. To
him Love and Strife were as material as earth, water, air, and fire.
The importance of his idea lay in the fact that all changes which the
elements underwent under the influence of Love and Strife were me-
chanical and governed by law. The philosophy of Empedocles was
materialistic in the extreme.!

Empedocles is also famous for his proof by physical means rather
than by intellectual argument that air is a material body. For this
he used a klepsydra, or water clock. This was a conical object with
openings at the base and at the apex. When placed in water, it took
a definite time to sink, and thus served as a rough measure of time.
Empedocles placed his finger over the opening at the apex and showed
that when the cone was immersed water would not fill it completely.
When he removed his finger, air rushed out of the opening.:? This
experiment, one of the few that have come down to us from classical
times, is noteworthy as showing the beginning of appeal to direct ob-
servation. It is far from an experiment in the modern sense, however,
since it was not designed to test a theory or serve as a basis for new
developments. Rather, it was a lecture demonstration to confirm an
idea already established by a process of reasoning.

The atomic theory reached its culmination, so far as the Greeks
were concerned, in the ideas developed by Leucippos, of whom almost
nothing is known, and by his pupil, Demokritos of Abdera (c. 460-c.
870 B.c.). For the first time, a truly kinetic theory of atoms was ex-
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pressed. Movement of atoms had been assumed by Anaxagoras and
Empedocles, but in what medium the movement occurred was not
clear. In the theory of Demokritos the idea of the void, or vacuum,
is positively expressed. This concept had been rejected as impossible
by Parmenides and his school. Demokritos assumed a void in which
the unchangeable atoms of the four elements, earth, air, water, and fire,
were in continual random movement. These atoms had physical size
and shape, which explained many of their properties. Thus, the
atoms of fire were round balls which did not mix with the other ele
ments. The atoms of the latter had geometrical shapes and could
become entangled with each other to produce visible substances. The
atomic theory of Demokritos was the most completely materialistic
that had been developed up to that time.!* Such atomism was at
least partly responsible for the shift of ideas from the path they had
followed up to this time.

This shift becomes evident in the ideas of the later Pythagorean
school which flourished in Sicily. Preoccupied with number, har-
mony, and form, the Pythagoreans took over some of the theories of
the atomists. They probably first used the word stoicheion (letters)
to signify elements, and they welcomed the idea of geometrical form
as an essential property of atoms. Their ideas of the void were less
clear than those of Demokritos. To them it probably resembled air
rather than a vacuum. However, they were not ready to go beyond
these ideas and accept a completely materialistic cosmos. They con-
cerned themselves more and more with ideas of perfection in the moral
sphere.

The reaction from extreme materialism reached almost its highest
point in Socrates (c. 470-399 B.c.). After failing to find satisfaction
in the theories of the Ionian school while he was young, Socrates
turned to the pursuit of an ideal of perfection for man, as opposed
to nature. This view Socrates passed on to his great pupil, Plato
(c. 428-348 B.c.). It is in Plato that we find to the highest degree a
turning away from scientific cosmologies and an attempt to realize
the ideal through purely intellectual processes. It has been pointed
out that this is an attempt to find the key to nature not in the begin-
ning, but in the end. The cause of things is to be sought not as a
mechanical process which drives from behind, but as a final purpose
which attracts from ahead.* This may seem to be a turning aside
from the attempt to explain the universe in what would now be con-
sidered scientific terms, but Plato was too much a Greek philosopher
not to try to find some sort of physical explanation of the world. Since
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it was the Platonic idea as modified and developed by Aristotle that
governed the thinking of intelligent men for the next two thousand
years, the progress of these ideas must be followed, for science during
this long period followed the paths that were laid out by the two
great philosophers.

Although isolated statements of the scientific ideas of Plato are scat-
tered through a number of his dialogues, they are collected and ex-
pressed most clearly in the Timaeus. This is also the dialogue that
had the greatest influence on medieval thought. Until about 1156 it
was the only Platonic dialogue known directly to the West.** Much
of later chemical thought can be traced to it. Yet the general attitude
of Plato to scientific questions held that they were of secondary im-
portance. “A man may sometimes set aside meditation about eternal
things, and for recreation turn to consider the truths of generation
which are probable only; he will thus gain a pleasure not to be re-
pented of, and secure for himself, while he lives, a wise and moderate
pastime.” 16

In the main, the Platonic explanation of nature is Pythagorean and
Socratic. All things are combined by the divine Intelligence to pro-
duce the best of all possible worlds. Harmony and form are all im-
portant. Plato assumes the four elements of Empedocles, but gives
to their atoms geometric forms made up of bounding planes. For
earth, the planes are squares which can be combined only to give a
cube, a stable figure that cannot be rearranged into another form.
Thus the solidity and stability of earth are explained. The atoms of
the other three elements are made up of enclosing triangles. From
such triangles it is possible to construct various regular polyhedra:
tetrahedra, octahedra, icosahedra. These are assigned to the different
elements on the basis of the properties of the tlements themselves.
Fire, the most penetrating element, must be composed of tetrahedra,
since this figure has the sharpest points and can penetrate best. The
octahedron represents air; the icosahedron, water. In this attempt to
account for the physical properties of the elements by crude mechani-
cal analogies we see a development of the ideas of Demokritos. Plato,
however, unlike Demokritos, did not conceive of the elements as un-
changing. The bounding triangles could rearrange themselves into
other figures, and thus the elements could be converted into one an-
other. In this way, the concept of the “upward and downward paths,”
of rarefaction and condensation as explained by the Ionian philoso-
phers, could be accounted for. Obviously, these “‘elements” of Plato
have nothing in common with our idea of elements, but his explana-
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tion of their interconvertability was of great significance in the theory
of alchemy as it later developed.*”

The use of mechanical analogies by Plato in explaining chemical
changes is clearly shown in the following passage, which also contains
the germ of ideas that long prevailed in the minds of chemists of later
generations.

Congealments. Of all the kinds termed fusile, that which is the dens-
est and is formed out of the finest and most uniform parts is that most
precious possession called gold, which is hardened by filtration through
rocks. This is unique in kind and has both a glittering and yellow
color. A shoot of gold which is so dense as to be very hard, and takes a
black color, is termed adamant. There is also another kind, which has
parts nearly like gold, and of which there are several species; it is denser
than gold, and it contains a small and fine proportion of earth, and it
is therefore harder, yet also lighter, because of the great interstices which
it has within itself; and this substance, which is one of the bright and
denser kinds of water, when solidified is called copper. There is an alloy
of earth mingled with it which, when the two parts grow old and are
disunited, shows itself separately, and is called rust.1s

In this passage are found a number of ideas that later were ex-
panded by the alchemists. Gold is the most perfect metal; other
metals are essentially the same, but contain other admixed substances.
Metals, because of their fusibility, partake of the liquid nature of
water and are therefore called “waters”; like water, they can be solidi-
fied. The formation of “rust” conmsists in the loss of a part of the
whole substance. This, of course, implies a loss of weight.1? The
fuller development of these ideas will be discussed later.

Plato accepted the idea of constant change from the Ionian school.
His description of this process gives a clear idea of the feeling of the
Greek philosophers.

We see that what we just now called water, by condensation I suppose
becomes stone and earth, and this same element, when melted and dis-
persed, passes into vapor and air. Air again, when inflamed, becomes
fire; and again fire, when condensed and extinguished, passes once more
into the form of air; and once more, air, when collected and condensed,
produces cloud and mist, and from these, when still more compressed,
comes flowing water, and from water comes earth and stones once more;
and thus generation appears to be transmitted from one to the other in
a circle.1®

Behind this constant change, Plato felt that there must be something
permanent and fixed.

Suppose a person to make all kinds of figures of gold and to be always
transmuting one form into all the rest; somebody points to one of them
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and asks what it is. By far the safest and truest answer is, That is gold;
and not to call the triangle or any other figures which are formed in
the gold “these,” as though they had any existence, since they are in
the process of change while he is making the assertion.1®

The matter that lies behind the various forms of the elements Plato
considered to be space, which he referred to as the “nurse of genera-
tion.” On this was impressed the form of the substance that was sub-
ject to change, but the nurse of generation itself did not change.

Wherefore, that which is to receive all forms should bave no form;
as in making perfumes, they first contrive that the liquid substance
which is to receive the scent should be as inodorous as possible; or as
those who wish to impress figures on soft substances do not allow any
previous impressions to remain, but begin by making the surface as even
and smooth as possible. In the same way, that which is to receive per-
petually and through its whole extent the resemblances of all external
beings ought to be devoid of any particular form.2°

In the Timaeus Plato expands at great length on these ideas and
applies them to many common observations from both the mineral
and the organic world, but always using his guiding principle of logical
deduction without any thought of experimental tests.

Far more directly influential on later generations than the ideas of
Plato were those of his pupil, Aristotle (384-823 B.c.). Although his
ideas were based on those of Plato, and also, of course, on the whole
current of earlier Greek philosophy, Aristotle developed a number of
principles of his own. He built up a great body of self-consistent
theories that attempted to explain all nature in a more detailed
fashion than any of his predecessors had ventured. Aristotle had a
more practical and, it can be said, a more scientific mind than Plato.
Although his observations in the field of biology were often surpris-
ingly accurate, what is more important is that the picture of nature
that he developed became the one and only accepted standard for sci-
entific thought down to the time of the Renaissance. The Hellenistic
scientists of Alexandria, the Arabs, and the men of Latin Christendom
studied Aristotle so profoundly that his ideas became the unconscious
heritage of all thinkers for two thousand years. Every observed fact,
every new speculation was automatically fitted into the Aristotelian
framework. This gave a unity to men’s thinking, no matter how
diverse their cultural backgrounds. Eventually, when the fusion of
Arabic and western science occurred, there was a common basis from
which new advances could come with far less struggle and confusion
than might otherwise have been so.
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Although Aristotle grew away from Plato as his interest in more
practical and less abstract thinking increased, he never abandoned the
Platonic idea that the final purpose explains the mechanism of the
world.?* Like all Greek philosophers, Aristotle wished to explain
everything. His system of thought was designed to be complete. In
consequence he suffered from the same faults as his predecessors. His
ideas, derived by deduction or from partial observations, were seldom
submitted to any sort of test.?? Like Plato, the best explanation, to
him, was that which seemed most reasonable. Since his explanations
were more often of events in the physical than in the spiritual or moral
world, his influence on later science was correspondingly greater than
that of Plato.

The basis of everything, according to Aristotle, is the first matter
(prote hyle), on which are impressed the specific qualities that give
an individual substance its characteristic form. This first matter obvi-
ously corresponds to Plato’s nurse of generation. The division into
matter and form lies at the basis of all material objects. This first
matter is clearly a development of the water, the air, the apeiron, the
fire of the various Ionian philosophers. However, in the concept of
Aristotle there is a more reasonable explanation of the vast differences
among the innumerable material objects if we consider that a specific
form in each case is impressed on the first matter. It is natural that
in later times more attention was devoted to the aspects of the theory
which involve form, since by these the practical observations of later
workers could be explained,?s but the concept of the first matter re-
mained basic to all ideas that concerned the transformation of one
element into another.

If the first matter was the basis of everything, no room was left for
atoms in a void as postulated by Demokritos, and Aristotle was not
an atomist. Nevertheless he accepted the idea of the four elements,
and, to explain their existence, he assumed the mediation of a set of
qualities. These went back to the physics of contraries of Heraklitos.
Instead of accepting the large number of contraries which Heraklitos
had embodied in his theory, Aristotle confined himself to those that
he felt were actually tangible. These were the qualities of heat, cold,
dryness, and moisture. The first pair were active qualities; the second,
passive. He developed the idea in the following manner:

The elementary qualities are four, and any four terms can be com-
bined in six couples. Contraries, however, refuse to be coupled: for it
is impossible for the same thing to be hot and cold, or moist and dry.
Hence it is evident that the couplings of the elementary qualities will
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be four: hot with dry, and moist with hot, and again cold with dry and

cold with moist, and these four couples have attached themselves to the

apparently simple bodies (fire, air, water, and earth) in a manner con-
sonant with theory. For fire is hot and dry, whereas air is hot and moist

(air being a sort of aqueous vapor), and water is cold and moist, while

earth is cold and dry. Thus the differences are reasonably distributed

among the primary bodies, and the number of the latter is consonant
with theory.2+

To these four elements which make up all earthly matter, Aristotle
felt it necessary to add a fifth element, or essence, the “quintessence,”
which did not partake of the upward or downward path (rarefaction
and condensation) of the earthly elements. This “ether” was an ex-
tension of the idea of Heraklitos in making fire the fourth element,
but, by Aristotle’s time, fire was accepted as equal with the other three
elements, and so a fifth element had to be added for the more ideal
material which the Greek thinker demanded. The ether had a cir-
cular motion, since this was the perfect form, and of it the heavenly
bodies were composed. Although this idea continued to influence
human thought almost to the present day, it was not of any great
importance in explaining the changes that occurred on earth.

It is obvious that Aristotle’s elements are not elements in our sense,
but merely combinations of qualities. Further, these qualities could
be varied in any degree, and so it was possible to transform any ele-
ment into any other. To convert air into water, it was only necessary
that the heat be overcome by the cold, since the moist was common
to both. The elements as we know them were not the true elements.
Fire as it exists was not the element fire, since its balance of hot and
dry was not perfect. It did contain an excess of hotness, however. In
later times this concept led to the idealization of certain properties
of mercury or sulfur to such an extent that these substances came to
represent the qualities themselves.

Combination of qualities to produce elements was the first degree
of combination. The elements, however, could combine in any pro-
portion to produce homoiomeria which corresponded to the seeds of
Anaxagoras. These were the particles out of which blood, stone, flesh
were formed. In turn, these combined to produce anhomoiomeria,
faces, hands, and so on. It is the combination of the elements that is
particularly important for the history of chemistry, for by such com-
binations Aristotle explained all the chemical facts that were known
to him.

Aristotle distinguished three types of combination: synthesis, which
corresponds to our idea of a mechanical mixture; mixis, the com-
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pounding of solid bodies to produce a new body; and krasis, a similar
compounding of liquids. The new bodies so produced were abso-
lutely uniform in composition, and no trace of the original compo-
nents was left. Aristotle thought liquids could combine more readily
than solids, and his followers concluded that liquids alone would
combine.>> Actually, the products of mixis and krasis come closer to
our idea of alloys than of compounds.?® This idea of chemical com-
bination can be recognized even in the early nineteenth century in the
theories of Berthollet.

A clear view of Aristotle’s ideas of the homogeneity of his homoio-
meria is found in his explanation of the making of bronze:

The behavior of the metals is a case in point. For the tin almost van-
ished, behaving as if it were an immaterial property of the bronze: hav-
ing been combined, it disappears, leaving no trace except the color it
has imparted to the bronze. The same phenomenon occurs in other in-
stances t0o.27

To Aristotle, the individuality of a substance is completely lost
when it combines, and the resultant product is something entirely new,
although it may show qualities which result from the components.
These qualities, however, are a property of the new product, not of
the old, and may be immaterial (color) in our concept.

As a further development of his ideas, Aristotle then assumes that
two types of “exhalations” can arise from the earth, one vaporous,
the other smoky. These exhalations are predominantly moist or dry,
respectively. Imprisonment of the exhalations in the earth results in
their change into the substances found there. The moist, “vaporous”
exhalation gives rise to the metals (“waters™), iron, copper, gold, which
are either fusible or malleable. Stones, which come from the dry,
“smoky” exhalation, compress the moist exhalation so that it congeals
“just as does dew or hoar frost.” Hence the metals “are water in a
sense, and in a sense not. Their matter was such as might have be-
come water, but it can no longer do so. . . . In every case the evapo-
ration congealed before water was formed. Hence they all (except
gold) are affected by fire, and they possess an admixture of earth, for
they still contain the dry exhalation.” 2

These ideas are developed at great length in the fourth book of the
Meteorologica, which has been ascribed to a pupil of Aristotle. A
more recent study indicates that it was actually written by Aristotle
himself, although it did not form part of the Meteorologica as it was
originally composed.?* The fourth book has been called the first text-
book of chemistry, for it attempts to explain a bewildering array of
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facts in terms of the Aristotelian theory. It is a detailed application
of this theory in somewhat the manner of an advanced monograph of
the present day.

As an example, that solidification can be produced by both heat
and cold is explained by the fact that heat acts by drying up moisture,
cold by drawing out heat.  In either instance, the cold or dry qualities
of earth are left predominant. Substances solidified by removal of
moisture will dissolve in water, unless the pores left by removal of
the moisture are too small to admit water; bodies solidified by removal
of heat can be melted by heat. Such bodies are ice, lead, and copper.

These ideas of the variation in proportions of the four qualities
occurred in all the explanations of natural phenomena by later Greek
and Roman writers, such as Pliny and Vitruvius.?® They were applied
by Galen to medicine in the form of the theory of the four humors,
blood, phlegm, black and yellow bile, which had to be balanced in
the body if health were to be preserved. This theory was as influen-
tial in medicine as was the theory of the four elements in chemistry.
The influence of Aristotle cannot be overemphasized in any history
of science,
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CHAPTER V

HELLENISTIC CULTURE
AND THE RISE OF ALCHEMY

ith Aristotle, the period of classic Greek philosophy comes to

an end. That this is so is largely due to Aristotle’s most
famous pupil, Alexander the Great (356323 B.c.). Prior to his con-
quests, Greece was composed of a number of small city states which
constantly struggled with each other for supremacy. Athens held the
lead in cultural development, and at times also maintained a political
leadership, but conditions were never stable for very long. Alexander
changed this. By his conquests he imposed a political stability on
Greece that seemed to result in less individuality and originality
among Greek thinkers, while it widened tremendously their world
outlook.

Alexander was the first world conqueror. From Macedon he led
his armies over all the world known to the Greeks and then beyond
into lands previously almost unknown to them. When his conquests
were complete and he died at Babylon in 323 B.c., he had carried
Greek civilization not only into the old centers of culture, Egypt and
Mesopotamia, but he also had extended the rule of Macedon across
Persia and entered India. For the first time the Indian civilization
became generally known to the West. How much Indian thought in-
fluenced western thinkers and how much, in turn, India owes to Greek
philosophy is still a disputed question. The Indian philosophers did
develop theories of atomism which in some respects resemble the

82
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atomic theories of the Greeks, but it is almost impossible to date the
classical Indian manuscripts. Questions of priority have therefore
never been satisfactorily settled. Nevertheless, there seems little doubt
that at this time India was not far advanced in chemical development.
Aside from the stimulus of a new civilization on general thought in
Hellenistic times, the most significant point resulting from the con-
quest of India was that the way was opened for contacts with the
civilization of China, still farther to the East. The importance of
this fact will be discussed later.

Not only did Alexander conquer the eastern nations, he made a
very definite attempt to fuse the peoples of his empire into one homo-
geneous whole by encouraging intermarriage between the Greeks and
the oriental people among whom they moved. He himself married
an eastern princess and at the same time most of his generals took
oriental wives. Wherever he went he planned permanent colonies
that would bring Greek thought and Greek manners to the conquered
people. The most famous of his settlements and the most significant
for the future history of chemistry was Alexandria, which he founded
at the mouth of the Nile in 332 B.c.

When Alexander died unexpectedly at Babylon, his generals chose
a regent to carry on the nominal rule of the Macedonian empire, and
then divided the country into satrapies, which were assigned to the
various generals. The Satrapy of Egypt was taken by one of the ablest
of the generals, Ptolemy. After several years of intrigue, assassination,
and open warfare, the Satrapy of Babylon fell to another general,
Seleucus. He founded his capital of Seleucia on the Tigris, a city
which quickly replaced Babylon as the center of influence in Meso-
potamia. Although Seleucus soon moved his capital to Antioch,
Seleucia remained a great center of Hellenistic thought until its de-
struction by the Romans in 164 A.p.

In 305 B.c. the various satraps assumed the titles of King in their
own areas. The two kingdoms, which from the first dominated all the
others, were Egypt, with its dynasty of the Ptolemies, and the Seleucid
Empire, which covered most of Asia Minor, Mesopotamia, and Persia.
These kingdoms were the centers of Hellenistic thought for the next
three hundred years. This name, Hellenistic, designates the common
culture which spread over the whole Near East during this period.
Although derived from the Hellenic culture of Greece, it was strongly
influenced by the orientals among whom it flourished, and it devel-
oped many characteristic features that distinguish it from classical
Greek culture.?
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The greatest center of this Hellenistic culture lay at Alexandria.
The Ptolemies were patrons of learning in all forms. The great li-
brary and Museum, or university, that they founded attracted scholars
and philosophers from all the world. A number of streams of thought
met and merged, producing new philosophies and religions. In this
great melting pot alchemy arose. Three distinct movements can be
traced whose final union led to alchemy. These were Greek philoso-
phy, eastern mysticism, and Egyptian technology.

Even in the days of Plato and Aristotle, Greek philosophy showed
two definite tendencies. The mysticism of Pythagoras and some of
Plato was opposed by the mechanistic thought of Demokritos and
much of Aristotle. The two aspects were often blended in one indi-
vidual. The Greek desire to explain the entire cosmos in one great
scheme encouraged this apparent paradox.

In the Hellenistic culture these tendencies became more sharply
separated. Eastern mystical schools abounded, and to those who were
mystically inclined they offered a refuge in which scientific thinking
was unnecessary. On the other hand, those who were inclined to a
more scientific outlook were driven to the mechanical approach by
their dislike for the mysticism of their associates. For a time these
two schools of thought developed more or less equally. Eventually,
as will be seen, the mystical schools became dominant. In the early
part of the Hellenistic period, however, this was not true, and as a
result there arose throughout the Hellenistic world, and especially in
its center, Alexandria, a group of men who approached the modern
concept of a scientist more closely than the world had yet known or
was to know again for nearly fifteen hundred years.

Such great names as Euclid, Hipparchos, Ptolemy the astronomer,
and Archimedes of Sicily attest to the stature of the Hellenistic sci-
entists. These men were not only active in the non-experimental
sciences of astronomy and mathematics, but they also turned to actual
experiment to support their ideas. We have seen that the Greek phi-
losophers considered that work with their hands was beneath them.
The Hellenistic scientists in the earlier periods retained some of this
feeling. Archimedes (c. 287-212 ».c.) invented many ingenious mecha-
nisms and performed experiments in the field of hydrostatics, but he
considered his purely mathematical work as his only real contribu-
tion, worthy of preservation for future generations.? Hero of Alex-
andria, who probably lived between 62 and 150 A.p. had lost this
feeling entirely. His main work, the Pneumatics, is devoted to de-
scriptions of mechanical devices such as those that open temple doors
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when a fire is lighted on the altar, or that deliver holy water when a
coin is deposited (a slot machine).

In fact, Hero offers an excellent example of the effect of practical
experimental experience on a student of Greek philosophy in Hel-
lenistic times. Like all his contemporaries he was firmly grounded
in the principles of Aristotle. When he attempted to explain natural
phenomena that did not touch directly on his own work, his explana-
tions were strictly Aristotelian. He wrote of water transformed by
fire into air; of the slime and mud formed when water was poured
onto earth as the “transformation of water into earth.” Yet, when he
came to phenomena with which he was actually concerned in his own
work, he largely abandoned the ideas of Aristotle. Most of the
mechanisms he described were operated by steam (he even described
a steam engine). The pressure of gases was the motive power in all
cases. Therefore he had a very clear idea of the nature of gases, and
in many respects anticipated the kinetic theory. This is clearly shown
by the following extract from his book:

Vessels which seem to most men empty are not empty, as they suppose,
but full of air. Now air, as those who have treated of physics are agreed,
is composed of particles minute and light, and for the most part invisible.
If then, we pour water into an apparently empty vessel, air will leave
the vessel proportional in quantity to the water which enters it. [At this
point he describes the water clock experiment of Empedocles.] Hence
it must be assumed that air is matter. The air when set in motion be-
comes wind (for wind is nothing else but air in motion) and if, when
the bottom of the vessel has been pierced and the water is entering, we
place the hand over the hole, we shall feel the wind escaping from the
vessel, and this is nothing else but the air which is being driven out
by the water. . . . They, then, who assert that there is absolutely no
vacuum may invent many arguments on this subject, and perhaps seem
to discourse most plausibly though they offer no tangible proof. If, how-
ever, it be shown by an appeal to sensible phenomena that there is such
a thing as a continuous vacuum, but artificially produced; that a vacuum
exists also naturally, but scattered in. minute portions; and that by
compression bodies fill up these scattered vacua, those who bring for-
ward such plausible arguments in this matter will no longer be able to
make good their ground.*

He then cites the experiment of blowing air into a globe, proving
that compression can occur. When the pressure is released the air
rushes out. The particles left behind do not grow in size, and so voids
must exist between them. The approach of Hero is very different
from that of Plato which was quoted earlier (p. 17). However, he
is still not enough of an experimentalist to avoid producing further
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arguments based on the very plausibility that he had discounted, such
as that when the sun’s rays penetrate water they do not cause the vessel
to overflow, to support his belief in the existence of a vacuum.

The observations of Hero on combustion led him very close to ideas
which were not actually accepted until the time of Lavoisier and the
beginning of modern chemistry.

That something is consumed by the action of fire is manifest from
coal-cinders, which, preserving the same bulk as they had before com-
bustion, or nearly so, differ very much in weight. The consumed parts
pass away with the smoke into a substance of fire, or air, or earth; the
subtlest parts pass into the highest region where fire is; the parts some-
what coarser than these into air, and those coarser still, having been
borne with the others a certain space by the current, descend again into
the lower regions and mingle with earthy substances. Water also, when
consumed by the action of fire, is transformed into air; for the vapor
arising from cauldrons placed upon flames is nothing but the evapora-
tion of liquid passing into the air. That fire, then, dissolves and trans-
forms all bodies grosser than itself is evident from the above facts.’

The main reason that scientists such as Hero did not anticipate the
discoveries of the eighteenth century was the tendency, held over from
the earlier period of Greek philosophy, to employ experiments to
demonstrate a preconceived hypothesis and not to discover a new
truth.* The theories of Aristotle were used wherever possible to ex-
plain new facts, and, when direct observation led to the expression
of variant ideas, the Aristotelian ideas were used to strengthen the
expression as much as was possible.

The practical interest of Hero in gases was reinforced among the
philosophically minded by the physical theories of the Stoics. Stoic
philosophy originated in the time of Plato and spread especially in
Rome, where it was for a long time the dominant philosophy among
the Roman intellectuals. Although it was of smaller importance in
Alexandria, its influence was also felt there. The Stoics believed
that every phenomenon had a corporeal cause. This took the form
of a current of air, or gas, the pneuma in Greek, the spiritus in Latin.
Such a spirit was contained in every object and acted upon every
object. It was the cause of growth and decay. In man, air currents
discharged from the heart to the various organs brought about life.
Thus air came to be regarded as man’s soul, though it was a corporeal
soul. It is clear that this idea of the pneuma could be interpreted in
a strictly physical sense, or as a rather metaphysical abstraction, de-
pending upon the individual philosopher. In any case, this philo-
sophical concept supplied a basis for an interest in gases and strength-
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ened the idea that a spirit was an essential part of every material
object.”

It should be mentioned at this point that, whereas the influence of
Aristotle, reinforced by the ideas of most of the philosophers who
flourished in Hellenistic times, tended to drive out the atomic ideas
of Leucippos and Demokritos, these ideas were not wholly lost. They
were taken up by the Epicureans and given their clearest expression
in the great poem De rerum natura of Lucretius (c. 96—. 55 B.C.).
Although they did not influence scientific thought at this time, nor
even for long afterwards, they were not lost, and, as will be seen, their
influence was eventually felt once more.

As time passed, an increasing number of mystical religions from the
East established themselves in Alexandria, growing up alongside the
native Egyptian cults. These religions influenced the Hellenistic phi-
losophies, which grew further and further away from the spirit of the
earlier Greek philosophers.

These later philosophies had in common a tendency to turn away
from observation and to rely upon mystic revelation for an under-
standing of nature. In the second century A.p., Gnosticism became
prominent. Its adherents believed that they possessed a secret knowl-
edge obtained by revelation alone. Entry into the society of the
Gnostics was by a mystical initiation. Like most easterners, Gnostics
were not impressed by the Platonic doctrine of the reality only of
good. They believed firmly in evil as well, and reverted to the dual-
ism which had been so characteristic of primitive thinking. In the
third century, these tendencies were intensified in Neoplatonism. Neo-
platonists, who became the dominant philosophers of Alexandria, felt
a definite contempt for reason and science. Direct revelation from the
Deity was the only source of knowledge. Still later, Manichaeanism,
spreading from Persia and Babylonia, brought an uncompromising
dualism of good and evil, most often symbolized by light and darkness.

All these sects, which could equally be called mystic philosophies or
religions, interacted with one another, with purely magical and astro-
logical practices, and with the Jewish and Christian religions which
were an important part of Alexandrian society. It is clear that all
these ideas, so widespread in the Hellenistic world, could not fail to
influence any contemporary movement that had an intellectual basis.®

Apart from the scientific workers of Alexandria, such as Hero, and
the mystical philosophers such as the Gnostics and the Neoplatonists,
there existed a class of practical artisans who probably at first stood
aside from the two groups mentioned. These were the men who pre-
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pared the luxuries for the wealthy classes and the temples. As men-
tioned earlier, Egyptian artisans, working in temple compounds, had
been especially skillful in such trades. The processes that they devel-
oped have been described by the encyclopedic-minded writers of the
Roman period, such as Diodorus Siculus and, above all, Pliny. How-
ever, these descriptions are, in the main, second hand. It is obvious
that these writers merely copied down what they read or were told,
often without any real understanding of the work they were describ-
ing. As a result, much fanciful material was mixed with the practical
details, and serious errors are often found.

Fortunately, our knowledge of the state of Egyptian practical chem-
istry has a much firmer basis than these second-hand descriptions.
Early in the nineteenth century, Johann d’Anastasy, the Swedish Vice-
Consul at Alexandria, acquired a large collection of papyri, written
in Greek. Most of these he later sold in the Netherlands, though he
distributed some in his native land. Translation and study of these
papyri proceeded slowly. In 1885 a papyrus of deﬁmtely chemical
character was revealed. It was found at Leiden, and is known as the
Leiden Papyrus X.* In 1913 another papyrus was found at Stock-
holm ¢ and was shown to be written by the same hand as the Leiden
Papyrus. It is probable that these two papyri were originally placed
together in the tomb of an Egyptian artisan, and that they represent
2 collection of notes for his own use in his workshop.

These papyri date from the third century aA.p., but they are prob-
ably compilations of earlier material. They resemble the Assyrian
glaze texts in that they are clearly written, with no attempt to deceive
the reader. Since they are evidently meant for the use of a skilled
workman, they occasionally fail to describe steps that must have been
essential, but that were so well understood that it was not considered
necessary to write them down. Although no attempt at deception
occurs with the use of mystical phrases, the author does use technical
terms whose meaning is lost today. Hence we do not understand
everything that these papyri contain, but we do obtain a good idea
of the state of the chemical arts in the Alexandrian period.

The Stockholm Papyrus contains mostly recipes for mordanting and
dyeing and for preparing imitation gems. No theoretical ideas from
Greek philosophy appear; the recipes are entirely practical. Magic
practices are not suggested, except on a separate leaf that contains an
invocation to “Sun, Berbeloch, Chthotho, Miach, Sandum, Echnin,
Zaguel.” This may have been part of another papyrus, but its exist-
ence with that from Stockholm implies that magic practices were
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found even among the practical artisans, just as they had been among
the early Assyrian glaze makers.

While the Stockholm Papyrus contains a few recipes relating to
metallurgy, the Leiden Papyrus is almost entirely concerned with the
working of metals. From it we gain a picture not only of the methods
of the metal worker, but also of some of his purposes. Judging from
this papyrus, at least, much of his effort was to produce cheaper imi-
tations of the precious metals, silver and gold. A typical recipe, no. 8,
reads as follows:

Manufacture of Asem [The alloy of silver and gold]. Take soft tin
in small pieces, purified four times; take 4 parts of it and 3 parts of
pure white copper and 1 part of asem. Melt, and, after casting, clean
several times and make with it whatever you wish to. It will be asem
of the first quality, which will deceive even the artisans.

Such expressions as the last occur frequently in these recipes: “the
product will become as a silver object” (no. 3); and the titles convey
a similar idea: “Falsification of Gold” (no. 17), “For Giving Objects
of Copper the Appearance of Gold” (no. 38). It is obvious that the
artisan who compiled these notes was much occupied with producing
imitations of gold and silver that could pass the rough tests applied
at that time. Such tests included the use of a touchstone and the
behavior on heating. There is no indication that he was attempting
to convert base metals into real gold or silver, but there is equally no
reason to suppose that, if he happened to produce a substance that
resembled gold in all respects known to him, he would not have be-
lieved that he had produced gold. No reason was known why any
substance might not, under proper conditions, change into any other
substance.

Besides working with metals, the artisans used a number of reagents
to carry on their processes. Recipe no. 89 describes one of these re-
agents, sulfur water:

A handful of lime and another of sulfur in fine powder; place them
in a vessel containing vinegar or the urine of a small child. Heat it
from below until the supernatant liquid appears like blood. Decant this
latter properly in order to separate it from the deposit, and use.

This recipe clearly describes the preparation of a solution of calcium
polysulfide that was probably used for changing the surface color of
a metal. As will be seen later, such solutions assumed great impor-
tance for the alchemists.

The practical recipes of the Leiden and Stockholm Papyri probably
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represent methods and information assembled over a period of many
centuries. The artisans of Egypt had no doubt been preparing similar
alloys and dyes since the days of the Pharaohs. Other artisans in other
early civilizations probably also had similar recipes at their disposai.
So long as these were purely technical in character, their transmission
was more or less mechanical. In Alexandria for the first time, the
artisans came in contact with the ferment of ideas which has been
described. The theories of the philosophers could be applied to the
processes carried out by the artisans, and the abstruse speculations
could be limited by actual acquaintance with the behavior of matter
in many forms. In other words, for the first time occurred a union
of theoretical and practical chemistry, and from this union came a
totally new growth, alchemy.

The original alchemists must have been men very similar in outlook
to Hero. They knew Aristotelian philosophy and applied it wher-
ever they could, but their practical knowledge of the behavior of
metals was great enough to cause them to modify the theories or
emphasize certain parts whenever this seemed necessary. The exact
date at which they worked is not known, but most scholars believe
that they were active about the first century A.p. This was a time
when scientific philosophy still flourished and mystical ideas had not
yet attained the dominance which they later gained. These men did
not hesitate to work in the laboratory, to invent new apparatus, and
to observe closely the changes that took place in the chemicals they
used. Unfortunately, no contemporary record of their work remains.
Our knowledge of their activities comes from writings of at least two
centuries later, when the intellectual atmosphere was already chang-
ing, and even these writings are known only in manuscripts which
had been copied and recopied for centuries, and into which many
changes must have been introduced. Nevertheless, it is possible to
reconstruct much of what the original alchemists did and the theories
that guided their work.

This can be done from the fragmentary remains of the earliest al-
chemical books that have survived. Such books appear under the
authorship of a strange list of names, for the true writers attempted
to give authority to their works by ascribing them to famous persons
of former times. They are said to have been written by gods and god-
desses such as Hermes or Isis, by Hebrew leaders such as Moses, by
Greek philosophers such as Iamblichos or Demokritos. The works
ascribed to the latter were certainly not composed by Demokritos of
Abdera, but were probably written by a certain Bolos of Mendes in the
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first century A.n. They are usually known as the work of the pseudo-
Demokritos. The names of women appear among these alchemists,
Cleopatra, or Mary the Jewess, who may well have been a real person,
and who is said to have invented much apparatus, including the water
bath (bain marie).1 _

Since the original alchemists were practical Hellenistic scientists,
they possessed a good technical background as Egyptian artisans.
They probably resembled the compiler of the Leiden and Stockholm
Papyri in experience. Certainly much of their work involved methods
he described. At first they attempted to prepare cheaper substitutes
for precious metals. Their technical methods made this possible.
When they began to speculate about their work, applying the domi-
nant Aristotelian philosophy, they had no reason to doubt that the
alloys they produced, which so closely resembled gold, were actually
a form of gold, somewhat less perfect than the true metal, perhaps, but
only needing a little more effort by the artisans to be transformed into
the perfect metal. The Aristotelian idea that all things tend to reach
perfection implied that among the metals the less perfect were always
striving to reach the perfection of gold. Nature carried out this per-
fection process deep in the earth and over a long period of time. The
artisan in his workshop could repeat much of this process in a rela-
tively short time; therefore it was only necessary to improve his meth-
ods somewhat, and he could repeat the natural process completely and
make pure gold by his own art. This was the basic idea of alchemy,
which represents a logical conclusion from the metallurgical practices
of the day. In the application of this idea, a number of other con-
temporary philosophical ideas were applied, and the discovery of
much practical chemistry resulted.

The ancient concept that the changes occurring in the macrocosm,
or great world, were repeated in the microcosm, represented by liv-
ing beings, was fundamental to the thinking of the alchemist. Fur-
ther, in terms of the Stoic philosophy, a spirit (pneuma) was an es-
sential constituent of all things and acted upon a “body” to produce
change. In the microcosm, in plants and animals, the body died, leav-
ing a seed which, impelled by the pneuma, developed through a se-
ries of changes to the final perfection of its species. Logically, then,
the same course should be followed in the macrocosm. Therefore it
was necessary to “kill” the materials with which the alchemist worked.
This meant producing a change in their properties that would bring
them as nearly as possible into the state of the prime matter. On
this, new forms could be impressed. This was done, by analogy with
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the growing seed, through prolonged treatment with warmth and
moisture. The “dead” material could then be expected to develop
through a succession of substances to final perfection as gold. It must
be remembered that the qualities that were observed by these al-
chemists were not merely physical states, such as solid or liquid, but
also color. To us this is relatively only an incidental quality, but
to the Alexandrians it was as fundamental as liquidity or solidity.
These qualities became more important in the minds of the Alex-
andrians than the four Aristotelian elements, for the qualities were
actually seen during the work. Although the idea of the four ele-
ments was never forgotten, and was used in the more fundamental
discussions, most of the explanations of the behavior of physical sub-
stances came to be given in terms of the physical properties of solids
(earths), liquids (waters), gases (spirits), and color. This method of
thinking remained characteristic of chemistry until the time of Robert
Boyle.*2

The Alexandrian technologists were deeply concerned with metals,
but they were also practical dyers, as the Stockholm Papyrus shows.
They knew how to mordant and to produce a succession of colors. It
has been pointed out that their preoccupation with color was also
applied to the process of making gold. A succession of colors in the
proper order was essential. The colors of silver and gold were among
the most characteristic properties of these metals to the alchemist,
and by the colors he produced he judged the success of his operations.:8

On the basis of these ideas, then, the alchemist set about the prac-
tical work of transmutation. First he had to produce the “dead”
material on which the desired forms could be impressed. The Pla-
tonic idea as expressed in the Timaeus is here obvious. The “dead”
mass should have lost most of its metallic properties and it should be
black, that is, lacking in all color. The preparation of this material
was called melanosis, or blackening. This was followed by leucosis,
or whitening (sometimes called silver-making), then by xanthosis or
yellowing (producing gold). In the earliest times a final step, iosis,
was often mentioned. This has been interpreted either as producing
a violet iridescence on gold !# or as cleaning off rust,’® since the Greek
word ios can mean either violet or rust. At any rate, the product of
this step was called “coral of gold” and was regarded as the final step
in transmutation. In later times this process was abandoned and the
sequence black, white, yellow (or sometimes red) became standard.
Thus it can be seen that the chief aim of these alchemists was the pro-
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duction of definite colors on metallic surfaces, and the process of
transmutation, both then and later, was often called tingeing.

The dead mass was to be tinged by a process analogous to the
growth of a seed. Under the influence of prolonged, gentle heat, the
mass was treated with certain spirits and waters which renewed life
in it and caused development. Often a small amount of the metal
to which it was to be converted was added as a “ferment,” or seed
in itself. In this case the whole mass was expected to be converted
by the “seed of silver” or the “seed of gold” into silver (leucosis) or
gold (xanthosis). Although at this time the term philosopher’s stone
was not used, the basis for this concept was already present.¢

The reagents that the alchemists used were called “waters” if liquid,
and were usually substances that would produce a color on metallic
surfaces. Copper could be rendered black either by surface oxidation
or by conversion to the sulfide (melanosis), and could be whitened by
treatment with arsenic applied as the sulfide, orpiment. Yellowing
to gold was usually produced by a solution of polysulfides such as that
described in the recipe from the Leiden Papyrus which was quoted
earlier. Such solutions were called sulfur water (theion hudor), but
in Greek the word for sulfur also means divine. Thus sulfur water
was divine water, and it caused the most important transformation
in the “divine art.” Native sulfur was much used in the preparation
of this liquid, although sulfides could also be used as the starting
point.?

Another important reagent was mercury. Samples of this metal
have been found in graves of the sixteenth or fifteenth century s.c.,
and there are vague references to it in early Greek literature. By the
time of Diodorus, Pliny, and Vitruvius, it was a familiar substance,
and its preparation by roasting cinnabar was well known. Its peculiar
properties aroused much interest. Although it resembled a metal, its
liquid nature usually caused it to be classed among the “waters.” 8
It was not until comparatively late times (500-700 A.n.) that it was
accepted as a metal, and the astrological symbol of mercury that had
been assigned to tin 1® was given to it. Nevertheless, the idea that it
represented the principle of fluidity which all metals contained, as
shown by their fusibility, was in existence early. The ability of
mercury to impart a silvery color to other metals also gave it a special
position among the alchemists.

Alchemical processes required the construction of much apparatus.
Not only was it necessary to treat the metals with various reagents at
elevated temperatures, but also the preparation of the reagents them-
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selves often required a number of operations. It might be necessary
to extract the “spirits” of materials, such as eggs, which on distillation
yielded a fraction containing sulfur that could be used in xanthosis.
The Alexandrian chemists showed an astonishing ingenuity in the
invention of stills, furnaces, heating baths, beakers, filters, and other
pieces of chemical equipment that find their counterparts in use today.
In fact, the still was first invented at this time, and for centuries was
used only in alchemical operations.?®
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Fig. 4. Greek distillation and digestion apparatus. (From M. Berthelot, Collection
des anciens alchimistes grecs.)

There is considerable similarity in the alchemical recipes of the
earliest period, and these in turn set the pattern for later alchemical
writings. The style of these first alchemists is well shown in what is
probably among the earliest of the writings, the Physica et Mystica of
pseudo-Demokritos. The following selection opens the section called
Gold-Making, and illustrates the general tone of the work:

Take mercury, fix it with the (metallic) body of magnesia, or the
(metallic) body of Italian antimony, or with native sulfur, or with sele-
nite, or burned limestone, or alum of Milos, or arsenic [the sulfide], or
what you will. Cast the white earth (so prepared) on copper, and you
will have copper without a shadow. Add yellow electron, and you will .
have gold; with this gold you will obtain the coral of gold reduced to
metallic body. The same result will be obtained with yellow arsenic
(orpiment) and sandarac (realgar) properly treated or cinnabar wholly
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transformed. Mercury alone produces copper without a shadow. Na-
ture triumphs over nature.

Treat pyrites of silver, which is also called siderite, according to usage,
in a manner to render it fluid. For it is rendered fluid with gray litharge,
or white, or by means of Italian antimony. Then sprinkle with lead (I
do not say simply lead, so that you may make an error, but lead of
Koptos), or with our black litharge, or what you will. Warm, then cast
on it a yellow, prepared material, and dye it. Nature rejoices in nature.

Treat the pyrites until they become incombustible, after having lost
the black color. Treat with brine, or uncorrupted urine, or with sea
water, or oxymel, or what you will, and heat until they become like par-
ticles of gold which have not been submitted to the action of fire. This
done, mix in native sulfur, or yellow alum, or Attic ochre, or what you
will. Then add the silver in order to have gold, and gold to have the
coral of gold. Nature dominates nature.?t

It is almost impossible to follow the details of these recipes because
of the vague way in which the various reagents are named. The body
of magnesia, for example, might mean any one of a number of metals
or alloys obtained by reduction of an earth. However, the general
purpose of the recipes seems clear. Thus the first refers to a process
for giving copper a gold or silver color with mercury or arsenic alloys.*
The second describes the treatment of a silver mineral with another
metal to get an alloy that is colored yellow by an undescribed reagent.
The third concerns the roasting of an argentiferous mineral, followed
by treatment with solutions containing sodium chloride. Then a
gold-colored alloy is prepared and treated with alloys of silver or gold
with baser metals.?*

The name chemistry first makes its appearance at about the date of
these recipes. There has been much discussion of the original mean-
ing of this word. The leading theories derive it either from the Egyp-
tian word khem, black, or from the Greek cheo, I cast, or pour. Egypt
itself was the “black land,” and so called from its dark, fertile soil.
Chemistry, which originated in Egypt and made melanosis its first
step, was thus the “black art.” Under the second theory, the name
refers to the metallurgical operations of the early chemists. At any
rate, the addition of the Arabic definite article al gave the word al-
chemy and recalls the contributions of the Arabs, which will be dis-
cussed later. The article was again dropped when the science of
chemistry came once more into its own.* *

* Mahdihassan 2¢ has suggested that the term chemistry is derived from the
Chinese chin-i, gold-making juice (see p. 57), which in the Fukien dialect of south-
ern China is pronounced kim ya. He points out that the Arab contact with China

was in the Fukien area, and suggests that the term reached the West through the
Arab traders.
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As can be seen, the Alexandrian chemists were practical men with
a high degree of skill. They were active at a time when it almost
seemed as if a true science might begin. They carried on numerous
chemical reactions guided by a theory that, if erroneous, at least was
able to explain results, and was sometimes even able to predict: a
yellow substance, sulfur, should under proper conditions give its color
to a metal, tingeing it to gold, which was metallic and yellow. As was
the case with Hero, their practical knowledge permitted them to
modify the Aristotelian theory when necessary. They employed much
apparatus and a wide variety of reagents, many prepared by distilla-
tion of natural products. It is quite possible that many names that
later acquired a symbolic significance, such as “bile of the tortoise,”
were originally meant literally.2s

These workers no doubt early developed a technical vocabulary,
which not only gave them a quick method of describing the materials
they used, but also served to conceal their operations from the general
public. It was an obvious step to call the metals by the names of the
planets which governed them under the system of astrology which
prevailed. Thus gold became the sun; silver, the moon; copper,
Venus; lead, Saturn; iron, Mars; and so on. The astrological symbols
could also be used instead of the names, as a shorthand system. Other
reagents received concealing names, and these differed from place to
place, and from period to period. In this way a vast and confused
system of names and symbols grew up which has ever since made inter-
pretation of alchemical manuscripts a difficult task.2¢ Nevertheless, it
is well to remember the practical laboratory skill of the Alexandrians
who founded alchemy and influenced the thought of all who studied
chemical changes for fifteen hundred years. Even today, alchemical
terms, such as hermetic seal, are still used.

By the fourth century, the rising tide of oriental mysticism began
to affect alchemy. Astrological and magical practices had probably
always been influential among the alchemists, but now these influences
began to grow at the expense of the laboratory studies of the Alex-
andrians. The symbolism of alchemy, if not its practical aspects, ap-
pealed greatly to the Gnostics and the Neoplatonists, and, as Jung has
shown, to many of the deepest psychological urges of the human
mind.?” The mystics began to interpret the death of the metals and
their resurrection and perfection into gold as the symbol of the death,
resurrection, and perfection of the human soul. The identity of the
macrocosm and the microcosm made this a logical idea in any case,
and the mystical philosophies did not hesitate to take over the symbol-
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ism divorced from any practical laboratory methods, and to develop it
in their own way. To the already confused terminology of alchemy
was added a still greater mass of philosophical speculation, using chem-
ical terms, but with almost no chemical content. This served to con-
fuse still further the picture of alchemy that has come down to us, so
that it is only in recent years that the origins have become clearer to
us. Yet there always remained alchemists who retained their interest
in actual laboratory operations. Though the mystically minded re-
ferred scornfully to these men as mere “puffers” or “kitchin cooks,” 28
it was they who preserved and advanced alchemy as a science until it
became chemistry, while the others, lost in a cloud of obscure nomen-
clature and speculation, contributed nothing further to chemistry.

The practical alchemists must have been very obscure workers at
first, for there is no reference to them in the literature of their con-
temporaries. By the end of the third century, however, their work
became better known. The Emperor Diocletian at this time reor-
ganized the political structure and tax system of Egypt. The falsi-
fication of gold must have been an important problem by then, for
Suidas states that the emperor caused all alchemical books to be
burned in 292 Ap.2* Whether or not this actually occurred, it is
indicative of an early and widespread distrust of the alchemists among
the general population which continued as long as alchemy itself
flourished.

The creative period of Hellenistic alchemy came to0 a close at about
this time. The encyclopedia of alchemy compiled by Zosimos of Pa-
nopolis about 300 A.p. already contains much of a mystical and sym-
bolic character. Later writers such as Synesios, Olympiodoros, and
others were chiefly copyists and commentators. The theory of alchemy
had become standardized, and new apparatus and methods were no
longer being discovered. In later Byzantine times alchemy remained
static, although many writers continued to transmit the ideas of the
earlier alchemists from generation to generation.

If alchemy failed to advance in its technical phases during this
period, it underwent a geographical expansion that was of the great-
est significance. As the political power of the Roman Empire de-
clined, the Christian Church grew to a dominant position throughout
the Hellenistic world. The power of the Neoplatonists and other
philosophers was broken, and eventually the learning of Byzantium,
Antioch, and Alexandria came to center in the monasteries and schools
supported by the Christians.
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The early Church grew up in the Hellenistic culture of the eastern
Mediterranean, and was itself a powerful agent in spreading this cul-
ture. The language of the Church was Greek, and Aristotelian logic
was accepted as the method to be used in solving problems. Wherever
missionaries wandered, Hellenistic learning and culture accompanied
them. Much of the early missionary activity in the East occurred in
lands that had been part of the conquests of Alexander the Great and
in which a basis of Hellenistic culture already existed, although some-
times overlaid by a strong oriental influence. The spread of Hellen-
istic thought by the Church was therefore simplified, since it reinforced
a pattern already present.s

In the fifth century the Church was torn by violent disagreements
of a purely theological character. The orthodox position, when
finally established, was a moderate compromise, but the more extreme
factions refused to accept the settlement. The most influential group
of dissidents was led by a Syrian monk named Nestorius, who was ex-
communicated in 431. Since he had a strong following in Syria, he
fled there and established his own church, which became known as
Nestorian. It spread rapidly through Syria and Persia, where it be-
came the dominant form of Christianity. The extreme opponents of
Nestorianism also refused to be satisfied by compromise, and in 451
they too split from the main body of the orthodox church. Under the
name of Monophysites, they obtained their greatest power in Egypt,
but they also established churches throughout Syria and Persia.

Although bitterly opposed in theological matters, both Nestorians
and Monophysites had the same Hellenistic background. They took
with them wherever they went the philosophical and scientific works
of Hellenistic culture. They did not lose contact with the Greek-
speaking churches of the Eastern Roman Empire, and so they were
able to obtain the newer Greek manuscripts as these became available.
The Monophysites carried on their studies mostly in monasteries, but
the Nestorians founded a number of influential academies and were
therefore more effective in spreading Greek culture. Their greatest
school was founded at Edessa in Syria, shortly after they organized
their church. Edessa, however, was still under the control of the
Byzantine emperors, and to avoid persecution the Nestorians were
forced to move their school in 489 to Nisibis in Persia. The school
of Nisibis became the great central university of the Nestorians. Al-
though the official religion of Persia was Mazdaism, the Persian kings
were tolerant of other religions and strongly supported scholars and
learning.s
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The language spoken in Syria was a Semitic tongue called Aramaic.
The particular dialect used in the schools of Edessa and Nisibis be-
came the chief literary form of this language under the name of
Syriac. Since all instruction in these schools was given in Syriac, it
became necessary to have textbooks available in this language. The
Nestorians, therefore, made translations of the Greek manuscripts on
which their learning was based. These included, besides the purely
theological works, books on philosophical, mathematical, astronomi-
cal, and medical topics. The number of alchemical manuscripts that
exist in Syriac shows that the translators did not overlook this subject.
So effective was the work of these translators that many Greek works
are known to us only in Syriac translations. Thus Alexandrian al-
chemy was spread in a new language into Mesopotamia and Persia,
the old Seleucid Empire where enough Hellenistic culture remained
to assure a ready welcome.

The Persian King, Khusraw I (531-578), was an enthusiastic sup-
porter of Greek learning. Under his patronage a medical school was
founded in the city of Jundi-Shapur. The curriculum was that of
Alexandria, and was based on the works of Galen. The teaching was
in the hands of Nestorian scholars who had been trained at Nisibis.
They naturally brought with them the Syriac works that had been
prepared at that school, and, to meet the needs of the medical curricu-
lum, they found it necessary to prepare mew Syriac translations of
Greek medical and scientific texts. It is likely that many alchemical
works were translated in this school.s2 It is of interest that Khusraw
sent to India to obtain drugs for this institution. Among those ob-
tained was sugar. It had been known in India from 300 A.p., but now
was introduced into Persia for the first time. Cultivation of sugar
cane began around Jundi-Shapur, but for a long time sugar was used
only as a medicine.®®

In the year 622 occurred the flight of Mohammed (570-632) from
Mecca to Medina, the Hegira, from which all Mohammedan events
have since been dated. This marks the true birth of Islam, for after
that year Mohammed rapidly spread his religion through all Arabia.
By the time of his death in 632, most of the previously scattered tribes
of Arabs had been united under the banner of the new religion. Then
followed rapid subjugation of the non-Arab states. Syria was con-
quered by 640, Egypt by 641, Persia by 642, and, by the decade from
710 to 720, even remote Spain fell into Muslim hands. Of the impor-
tant near-by cities, only Byzantium resisted capture and thus was en-
abled to carry on Greek culture in its original form for seven hundred
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years longer, a fact of the greatest importance to the cultural history
of Europe, though of lesser importance from the standpoint of the
history of science.

Meanwhile, the Muslim rulers began to fall out among themselves.
The successors of Mohammed had been members of his family, or his
immediate followers. They had assumed the title of Khalif, or Suc
cessor to the Prophet. In 656 the son-in-law of Mohammed, Ali, was
chosen Khalif, but the choice was disputed and civil war followed. In
658 Ali was murdered, and the Khalifate finally passed to Mu’awiya,
the founder of the ‘Umayyad dynasty. He established his capital at
Damascus where his family ruled for about eighty years. These Khalifs
did nothing to interfere with the Christians under their rule, and the
Nestorian schools of Nisibis and Jundi-Shapur continued to flourish.
The Khalifs and their court showed little interest in Greek science,
however, and the literary output of this period was confined to tradi-
tional Arabic poetry.s

Gradually the ‘Umayyad dynasty lost popular support. The stricter
Muslims were dissatisfied with the lack of religion of the Khalifs, and
the Persians grew rebellious. They felt themselves superior to the
Arabs who had been desert nomads when Persia was a civilized state,
One of the chief centers of Persian dissatisfaction was the city of Merv
in Bactria, on the border of Persia and India. Merv was a meeting
place of East and West. It had a strong Hellenistic tradition, and
Greek learning was highly respected. At the same time, it was a
center of Buddhism. Among the most influential citizens were the
family of the Barmakids. They had been the hereditary Buddhist
abbots of Merv, but shortly before the Arab conquests they had become
Mazdeans, and now they became Muslims. They were very much
interested in Greek science, and were ardent Persian patriots. They
were among the leaders in a plot to dethrone the ‘Umayyad dynasty
and replace it by one more sympathetic to Persian culture. As a re-
sult of this rebellion, the ‘Umayyads were overthrown in 750 by Abu’l-
Abbas, called the Butcher because of the ferocity with which he sought
out and killed all the princes of the ‘Umayyads. In fact, only one
escaped, fleeing to Spain where he established a separate kingdom that
became the rival Khalifate of Cordova.ss

The newly founded Abbasid dynasty was a strong contrast to its
predecessor, the ‘Umayyad. It was strongly Persianized and greatly
favored Greek learning. For some time the Barmakid family fur-
nished the chief ministers to the Khalifs, and their influence always
favored scientific studies. In time the court of the Khalifs became a
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center for the encouragement of learning, although this was always
the activity of a relatively small group in the Arab empire.

The Khalif al-Mansur (ruled 754-775) founded a new capital, Bagh-
dad, in 762. It lay at the point of closest approach between the Tigris
and Euphrates rivers, and was not a great distance from Jundi-Shapur.
When al-Mansur became ill in 765 he sent for a Nestorian physician
from the medical school. He was so impressed by the work of this man
that he thereafter gave the strongest support to the institution at
Jundi-Shapur.

The golden age of Baghdad occurred under the Khalifs Harun-al-
Rashid (ruled 786-808) and al-Ma'mun (ruled 813-833). Both were
strongly influenced by Persian culture, and both were eager collectors
of Greek manuscripts. Under al-Ma'mun in 828-829 an institution
called the House of Wisdom was established for the sole purpose of
translating Greek medical and scientific manuscripts.** Under the
direction of the most famous Nestorian translator, Hunain ibn Ishaq
(809-877), an enormous number of first-class translations were made,
both into Syriac and, in increasing numbers, into Arabic.3” The al-
chemical manuscripts of Alexandria once again became available in
a new language. For the first time since the early days of alchemy
they were read by men who were interested in making new contribu-
tions, instead of merely commenting on the older work. Arabic al-
chemy was based largely on a Greek foundation, but it drew on an-
other source not less rich, Chinese alchemy, which must also be con-
sidered.
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CHAPTER VI

CHINESE ALCHEMY

he combination of philosophy and technical ability that led to
Tthe earliest alchemy in Alexandria found a counterpart in China
that resulted in a similar development at a slightly earlier period.
Although alchemy took a somewhat different form in the Far East,
there were enough resemblances to the western variety to have caused
much dispute among historians concerning possible borrowings in one
or the other direction. This cannot be definitely settled with the in-
formation now available, but it seems most probable that, although
some ideas from each culture may have reached the other, actual de-
velopment of alchemy in Egypt and China proceeded independently.
Chinese technical arts involved chemistry from the earliest periods
of Chinese civilization. Copper, gold, and silver were the first metals
known. Gold was not as common as in the early civilizations of Egypt
and Mesopotamia.? The other important metals had become familiar
by the fourth century B.c. Various metallic compounds were pre-
pared, especially from lead and mercury, which were metals particu-
larly interesting to the alchemists. Fabrication of metal and porcelain
objects was carried on with a high degree of skill. Li has discussed
many of the chemical arts of China, and has shown the extensive
knowledge of the Chinese artisans.®
The Chinese have long been noted for their philosophical specula-
tions. Even in the earliest times they had a theory of the constitution
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Fig. 5. Chinese still for preparing mercury. (¥From Li, Chemical Arts of Old China.)

of matter based on the five elements (ww hsing): metal, wood, earth,
water, and fire. The combination of these gave rise to all material
substances. So important was this concept that nearly everything, in-
cluding planets, colors, virtues, was classified into five categories.
Somewhat later, another very important idea appeared. This was the
doctrine of yin and yang, the two contraries. The idea seems fully
developed at the time it appeared. This has led to the belief that it
was brought in from the West, where, as has been seen, it was of
major significance in early cosmologies. In China this doctrine as-
sumed an importance greater even than in the West. Instead of a
number of contraries, as in the physics of Heraklitos, all opposite
properties were summed up in the two great contraries: yin, the fe-
male principle, the moon, negative, heavy, earthy, dry, and symboliz-
ing the less desirable properties of cold, darkness, death; and yang,
the male principle, the sun, positive, active, fiery, and contammg the
more desirable characteristics.*

These concepts received their fullest development in the philosophy
Jf Taoism in the centuries immediately before Christ. Taoism origi-
nated as a highly abstract philosophy during the sixth century B.c.
Its founder was Lao Tzu (“the venerable viscount™), whose book, Tao
Te Ching, The Classic concerning the Way and Values, is the basis of
Taoism. The central concept of his philosophy was that everything
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is controlled by a passive force which he called Tao, a word meaning
“way” or “path.” Man should seek Tao by inaction, by solitude, and
by various spiritual practices.®

Early Taoism was a very pessimistic and difficult philosophy, one
that did not have a wide appeal, but it began to change its character
soon after the death of its founder. The metaphysical idea of the
Tao became more concrete with the passage of time. It came to stand
for the Way of Nature, the physical means by which the cosmos oper-
ates. As such it incorporated the ideas of yin and yang and the five
elements. Its devotees began to search for the Way not by mental and
spiritual methods, as had Lao Tzu, but by physical operations. Magi-
cal concepts were introduced, and the adepts sought to control nature
for their own advantage. Several centuries before the rise of Alex-
andrian alchemy, the Taoists introduced a characteristically Chinese
alchemical system.

The cosmology of the Taoists was well summed up in the Huai-
nan-tzu, written for Liu An (died 122 B.c.), King of Huai-nan, and
an ardent Taoist:

Before the universe took any definite form, it was absolutely shape-
less and transparent, and was therefore called Great Brightness. Tao
originated from emptiness and tranquility. Emptiness and tranquility
created space and time, and space and time created ethereal essence
(¢k’i). The essence had boundaries. The portion which was thin and
volatile floated up to form the sky, and the heavy and dense portion
condensed and coagulated to become the earth. Since it is easier for
volatile things to come together than for heavy and dense materials to
condense and coagulate, the sky formed before the earth took definite
shape. Yin-yang resulted from the concentration of the essence of heaven
and earth. The essence of Yin-yang by its concentration formed the
four seasons, and the essence of the four seasons by its distribution
formed the multitude of things. The accumulation of the hot elements
in Yang originated fire, the essence of which became the sun. The ac-
cumulation of the cold elements in Yin created water, the essence of
which became the moon. By the interaction of the sun and moon, the
heavenly bodies were produced. While the heaven received the stars and
planets, the earth received water and dust.®

By this time, alchemy had become sufficiently well established to
incur the suspicion of the authorities, just as it did in the West. In
144 B.C. an edict was issued against the makers of “counterfeit gold.” 7
In 56 B.c., a high court official, Liu Fisiang, attempted publicly to make
gold for the emperor, and failed completely. This resulted in even
greater disfavor for the alchemists, so that references to the art dis-
appear from the literature for a time.®
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The alchemists, however, evidently continued their work. In about
142 A.p. appezred the Ts'an t'ung ch’i of Wei Po-yang. Davis calls
this the earliest known work devoted exclusively to alchemy. It con-
tains much material of a mystical character, and conceals many of its
methods and reagents under fanciful names, just as was done in the
West. Nevertheless, it gives evidence that its author was a practical
chemist. The following description relates to some process in which
volatilization and crystallization take place, and appeals to every
chemist who has watched a violent reaction occur:

Above, cooking and distillation take place in the caldron; below blazes
the roaring flame. Afore goes the White Tiger, leading the way; follow-
ing comes the Gray Dragon. The fluttering Scarlet Bird flees the five
colors. Encountering ensnaring nets, it is helpless and immovably
pressed down, and cries with pathos, like a child after its mother. Willy-
nilly it is put into the caldron of hot fluid to the detriment of its feathers.
Before half the time has passed, Dragons appear with rapidity and in
great number. The five dazzling colors change incessantly. Turbulently
boils the fluid in the caldron. One after another, they appear to form
an array as irregular as a dog’s teeth. Stalagmites which are like mid-
winter icicles are spit out horizontally and vertically. Rocky heights of
no apparent regularity make their appearance, supporting one another.
When Yin and Yang are properly matched, tranquility prevails.?

This book also contains a passage which explains the central pur-
pose of Chinese alchemy, a purpose that clearly distinguishes it from
the Alexandrian, with its aim of making imitations of precious metals:

Longevity is of primary importance in the grand triumph. Huan-
tan (returned medicine) is edible. Gold is mon-corruptible, and there-
fore the most valuable of things. The men of the art, feeding on it,
attain longevity. Earth, traveling in all seasons, delineates boundaries
and formulates rules to be observed. The gold dust, having entered the
five internal organs, spreads foggily, like wind-driven rain. Vaporizing
and permeating, it reaches the four limbs. Thereupon the complexion
becomes rejuvenated, hoary hair regains its blackness, and new teeth
grow where fallen ones used to be. If an old man, he will once more
become a youth; if an old woman, she will regain her maidenhood. Such
transformations make one immune from worldly miseries, and one who
is so transformed is called by the name of chen-jen (true man).10

The Chinese alchemist wished to make gold, it is true, but not
merely for the sake of gold itself. He believed that by eating gold,
or some similar preparation, he could attain eternal life, and become
a hsien, an immortal with almost limitless powers. While natural
gold would serve this purpose, it was difficult to obtain, and most
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alchemists were poor. It was therefore more convenient for them to
make the gold themselves. Thus Chinese alchemical literature is
divided into two parts: the preparation of gold from baser metals, and
methods of consuming it to achieve immortality. The second purpose
was completely absent from Alexandrian alchemy.

The greatest alchemical work of China is the Pao-p’u-tzu of Ko
Hung (about 281-361).* The title has been translated both as “The
Master Who Preserves Pristine Simplicity” 22 and as the “Solemn
Seeming Philosopher.” * It was a name adopted by Ko Hung him-
self. The book is long, but in part it gives a very complete descrip-
tion of Chinese alchemy. Ko Hung explains the value of the Gold
Medicine (Chin tan):

The more the Gold Medicine is heated, the more exquisite are the
transformations it passes through. Yellow gold will not be changed
even after long heating in the fire, nor will it rot after long burial in
the earth. The eating of these two medicines [Huan tan, returned medi-
cine, and Chin i, gold fluid, or gold-making fuid 18] will therefore
strengthen one’s body that he will not grow old and die. This is a case
‘of deriving strength from an external substance, comparable to the
maintenance of fire by oil and the protection of the leg from rotting
in water by a smear of copper blue, which merely acts on the surface.14 *

The book contains elaborate descriptions of the preparation of a
number of different forms of the medicine. For example,

The fourth medicine is called Huan tan (returned medicine). Im-
mortality will come to the eater in a hundred days after eating. Above
him will hover pheasants, peacocks, and red birds, and at his side will
be fairies. Yellow gold will be formed immediately by heating a knife-
blade full of the medicine admixed with a catty of quicksilver {the phi-
losopher’s stone]. Whoever has his money painted with it will have it
back on the same day that he spends it. Words painted with this medi-
cine on the eyes of common people will keep spirits away from them.1¢

Besides this magical material, Ko Hung also describes practical
chemical operations such as the preparation of stannic sulfide, “mosaic
gold,” which resembles gold in appearance and which he obviously
believed to result from the transmutation of tin:

Tin sheets, each measuring six inches square by one and two eighths
inches thick, are covered with a one tenth inch layer of a mud-like mix-
ture of red salt and Hui Chih (potash water, lime water), ten pounds

* Needham 15 says that the translations of Wu and Davis are in general full of
misunderstandings. When volume 5 of his extensive work on Chinese science ap-
pears, it will treat chemistry and industrial chemistry, and a considerable ‘amount
of new material on Chinese alchemy will undoubtedly be available.
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of tin to every four of red salt. They are then pliced in a red-earthen
pot and properly sealed. After heating for thirty days with horse manure,
all the tin becomes ash-like and interspersed with bean-like pieces which
are the yellow gold. The gold may also be obtained by ten refinings by
the action of burnipg charcoal. Twenty ounces of gold are obtained
from every twenty pounds of tin used.1?

As a result of recent translations of the Taoist classics, the general
principles of Chinese alchemy are now fairly clear. Alchemy was
under the control of the Deity of the Stove, a beautiful woman dressed
in red. She was in charge of cooking and of preparing medicines, and
thus also of alchemy. Sacrifices were made to her before attempting
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Fig. 6. Chinese alchemical furnace. (From Li, Chemical Arts of Old China.)

the work.® The alchemists were well acquainted with mercury, which
they regarded as a distinctive substance. They knew of its preparation
from the red ore, cinnabar, and this mineral too was regarded with spe-
cial reverence. In fact, at times cinnabar was more highly regarded
than gold as a medicine for prolonging life. Several emperors are
reputed to have died after partaking of mercury compounds in the
attempt to secure immortality. The Chinese alchemist also believed
that a special medicine could be used to cause transmutation. Often
it was the same substance as that which produced immortality:

As an instance from recent times, we may consider the case of Hua
Ling Ssu, a talented, learned, and well-informed scholar who had . been
sceptical about things not found in the Classics. However, he once
came across a Tao-shih (secker of the Way) who professed to have knowl-
edge of the method of the Yellow and the White. He asked the Tao-
shih to make good his words by deeds, which were as follows: lead was
treated in an iron vessel with a certain powdered medicine and silver
was obtained. The silver was further treated with some other medicine,
and gold was made.1?

As in the quotation concerning the Huan tan previously given, this
obviously refers to what later European alchemists called the philoso-
pher’s stone.
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Like the Alexandrians, the Chinese alchemists used a wide variety
of apparatus. Probably their most important piece of equipment was
the ting, a caldron that usually stood on three legs, and that served
as a reaction vessel for the experiments. A number of types of fur-
naces and baths existed, as well as crucibles and stills.2

The clearest exposition of the alchemy of China is found in the
Pao-p’u-tzu.  After this period, as in Alexandria, the mystical and
magical phases of alchemy began to predominate. The Taoist philoso-
phy was steadily degenerating into a religion of magic and supersti-
tion, and alchemy followed the same path. By the sixth century it had
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Fig. 7. Chinese furnaces containing watercooled areas. (From Li, Chemical Arts
of Old China.)

separated into two branches: exoteric alchemy (wai tan), which was
still based on chemical methods, and the more predominant esoteric
alchemy (nei tan), in which the terminology of chemicals and labora-
tory operations was used to express mystical and philosophic concepts.
The Wu Chén Pien (Essay on the Understanding of the Truth) of
Chang Po-tuan (983-1082) is such a work.?* Gradually even exoteric
alchemy became lost in superstition, and so, in China, alcherny failed
to contribute to any further advances. The conservative character of
Chinese culture and the failure of the degenerate Taoism to appeal
to the intellectuals were no doubt the citief causes of this failure.

If Chinese alchemy had little influence on the culture of China, its
teachings were not lost. During the years in which it flourished, China
was not an isolated nation. It is probable that some trade routes
across Asia existed even in Babylonian times. This would explain
the transmission of the doctrine of the contraries to China at an early
period. In later times, contacts between China and the West were
well established.

In 150-140 B.C,, a tribe of nomads from northern China, the Yiieh-
Chi, were driven from their homes. After many wanderings they
finally settled in Bactria, the easternmost province of the Persian em-
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pire, where Merv was located. In 128 B.c. the Chinese general and
diplomat, Chang K'ien, visited this tribe and sent back a report to
the Emperor Han Wu-ti. The way was opened for trade between these
territories. This was of great importance, for Bactria also had a
flourishing trade with the Roman empire. In 106 B.c. the first through
caravan along this “silk route” reached Persia, and subsequently regu-
lar traffic passed between the Roman West and the Chinese East.*®
This traffic was intensified when Bactria became a great Buddhist
center under King Kanishka (120-153 a.p.). Not only merchants but
also priests and pilgrims now made the journey from China to Persia.
Records of such journeys have been left by Fa Hsien (405-410), I Ching
(671-695), and others, showing that the way was kept open for cen-
turies.?

Travel in the reverse direction was also common. Marcus Aurelius
sent an embassy to China in 166 Ap. The Nestorians carried their
missionary activity as far as China, and in 781 erected the famous
monument at Sian in Shensi which bears an inscription in both Chi-
nese and Syriac. Arabic travelers and traders continued the traffic
after the Arab conquests. The accounts of Sulaiman the Merchant
and the geographer Abu Zaid tell of visits to China in the ninth cen-
tury. The story of Aladdin in the Thousand and One Nights shows
that China was known to the Arabs.?

India, which lay between Persia and China, could not avoid the
influence of both countries. Buddhism, which originated in India,
spread to China which became its chief home. Muslims invaded India
and introduced Mohammedanism as one of its chief religions soon
after the Arabic conquests began. The Indians had developed pro-
found philosophies from the earliest times, and they had undoubtedly
been in contact with Hellenistic thought from the time of Alexander
the Great, but India developed little chemistry and less alchemy until
the dleventh century. Most of the science of India was connected with
her medical teaching. When alchemy did arise, it was closely con-
nectéd with the idea of healing. This iatrochemical school, which
sought chemical remedies for disease, reached its peak from 1300 to
1550, at a time when a similar movement was beginning in the West.
It seems apparent from the studies of Ray that Indian alchemy was
chiefly an importation, both from: the East and from the West.?®

It is evident then that the ideas of Chinese alchemy could have
reached the West by a number of paths. The study of Arabic al-
chemy clearly shows that they did.
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CHAPTER VII

ARABIC ALCHEMY

he beginnings of Arabic alchemy are traditionally associated with
Tthe names of men who were probably never alchemists. With
the passage of time, the records of those who practiced the art become
clearer, and by the tenth century, most of the alchemists are compara-
tively well-known figures. Their writings follow definite patterns,
and some of the trends of their thought are surprisingly modern.

There is no doubt that the roots of Arabic alchemy lie in Greek
science. Although the direct path of the translations of the Hellenistic
alchemical manuscripts cannot be traced as accurately as those of
astronomical and mathematical works, it is clear that alchemy reached
the Arabs through Egypt and through Syria and Persia. There is also
evidence that ideas from China helped to form the theories that were
generally accepted in the tenth century.

Later Muslim alchemists ascribed the beginning of their science to
Khalid ibn Yazid, historically an ‘Umayyad prince who lived about
665-704. He was supposed to have learned the details of the art from
a Christian monk, Stephanos, whose namne recalls that of a famous
Byzantine alchemist. Khalid was said to have been responsible for
the translation of many alchemical manuscripts.

The next great alchemist, according to later accounts, was Ja'far al-
Sadiq (699/700-765), the sixth Imam, or descendant of Mohammed’s
son-in-law Ali, who was the last member of the Prophet’s family to
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hold the Khalifate. Ja’'far, these accounts say, became a master of the
art and in turn trained the most celebrated of the Arabian alchemists,
Jabir ibn Hayyan, who was supposed to have flourished in the ninth
century.

Practically all of these accounts have now been shown to be incor-
rect. There is no evidence that the actual Khalid® or the actual
Ja’far 2 ever concerned themselves with alchemy. The writings of
Jabir are the compilations of a religious sect.* The first important
authentic records of Arabic alchemy appear at the time of the great
flowering of Arabic science in Baghdad in the tenth century.

This is not to say that there were no alchemists in the Muslim world
before that time. These adepts of the earlier period seem to have
written mystical works of which only fragments have come down to us.
The so-called Book of Krates (Krates is an Arabic distortion of the
name Demokritos) was probably composed in Egypt by a Copt, pos-
sibly earlier than the eighth century. It is a typical visionary and
revelational book of Hermetic literature.t An Egyptian mystical
alchemist, Dhu-1-Nun (died 859-860),5 carried on this tradition, which
was no doubt taken directly from the late Greek alchemists who had
almost abandoned practical work.

The mystical school was represented during the golden age of Arabic
alchemy by Muhammad ibn Umail (about 900-960), whose Silvery
Water and Starry Earth ¢ served as the source for many later mystical
writings. This compilation of alchemical writings, ascribed to Greek
philosophers and alchemists, Egyptian kings, Roman emperors, and
Arabic Khalifs and princes, is typical of the allegorical alchemy that
flourished on Egyptian soil.” At about the same time (900) appeared
a work best known in its Latin translation as the Turba Philosopho-
rum, in which an attempt was made to adapt Greek cosmological
and alchemical theories to Arabic science. It took the form of a con-
versation among nine pre-Socratic philosophers who discussed their
views and finally reached a compromise that fitted well into Arabic
thought.® Although this work was more rational than the writings
of the mystics, it stood with their works in almost complete opposition
to the relatively clear ideas and actual experiments of the Jabir Corpus
and of al-Razi, whose works must now be considered.

It was with the writings ascribed to Jabir ibn Hayyan that firmer
ground was finally reached. These comprise a vast collection of works
on all phases of alchemy, astrology, cosmology, mysticism, and related
topics that were said to have been written by Jabir, the pupil of Ja'far
al-Sadiq. The writings have been examined in great detail by Kraus *
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and have been shown to represent the compilations of a Muslim sect
known as the Isma’iliya. According to the beliefs of this sect,® the
descendants of the son-in-law of Mohammed, Ali, were the true leaders
of Islam, and Muhammad ibn Isma'il, the seventh of these, and hence
the seventh Imam, occupied an especially important place. Therefore
his father, Ja’far al-Sadiq, the sixth Imam, was also an important
leader. To him they ascribed knowledge of every kind. The sect
tended strongly to mystical doctrines, neo-Pythagorean numerology,
and a cosmology that stressed the relation between macrocosm and
microcosm. They were particularly interested in alchemy, astrology,
talismans, and numerological speculations. They gained great power
in the Muslim world, governing Egypt from the tenth to the twelfth
centuries. The famous Assassins, under the Old Man of the Moun-
tain, were a branch of the Isma’iliya, and the sect exists today.

The interests of this sect, in spite of mystic tendencies, led them to
study the sciences of their time and to compile encyclopedic works
that included surveys of all the available alchemical literature. Al-
chemists among them apparently carried on original work. It is quite
possible that there was actually an alchemist named Jabir whose
father, Hayyan, was an active member of the Isma’iliya, and who was
murdered while working for this sect.’* This Jabir may even have
written the Book of Mercy, one of the earliest works in the Jabir
Corpus.i* However, the internal evidence shows clearly that the vast
number of books ascribed to Jabir (over two thousand in the Kraus
bibliography) could not have been written in the ninth century, the
time of their supposed composition, nor by one author. Rather, they
were written over a period of years by a number of different authors
belonging to the Isma’iliya. The earliest works are more technical,
the later more speculative and mystical. Throughout all of them the
doctrines of the Isma'iliya are clearly expressed. Reference is continu-
ally made to “my master, Ja'far al Sadiq.” The works were evidently
completed by 987 when al Nadim compiled his famous Fihrist, the
“Book of the Catalogue,” which lists all the learned works known to
the author, and which includes in the section on alchemy a long list
of books by Jabir. Al Nadim gives a biographical account of Jabir **
in which he expresses doubt concerning the authenticity of the works.
Later Arabic alchemists had no such doubts, however, and Jabir was
recognized as the master alchemist of the Muslim world. His fame
extended to the West where works attributed to him under the name
of Geber subsequently exerted a great influence.
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The basic ideas of the Jabir Corpus* can be traced to the Greek
alchemists of Alexandria, and hence to the theories of Aristotle. The
Jabir concept of matter is founded on the four Aristotelian principles,
heat, cold, moisture, dryness. Actual metals consist of a combination
of two of these, which give to the metal its properties. These are
called the “exterior” qualities. In addition, the metal contains in-
nately the other two qualities as “interior” qualities. Thus gold has
the exterior qualities heat and moisture, but the interior qualities of
cold and dryness. These are the exterior qualities of silver. In order
to convert silver to gold, it is only necessary to bring out the interior
qualities of the gold. This is done by the use of an “elixir,” a sub-
stance that is not mentioned explicitly in Greek alchemy. It is men-
tioned frequently by the Chinese alchemists with whom the gold medi-
cine is an essential part of the system. It is thus probable that the
two streams of alchemy, East and West, have met and fused in the
central Arab world. The doctrine of the two contraries, derived from
both systems of alchemy, is encountered in Jabir where the two im-
mediate constituents of the metals, as opposed to their more funda-
mental qualities, are taken to be sulfur and mercury. This doctrine
has a long subsequent history.

A peculiarity of the Jabir system is its emphasis on the use of vege-
table and preferably animal substances in the preparation of the elixir.
Like most other Arabian alchemists, the Jabir works lay great stress on
sal ammoniac, a substance not known to the Greeks. This was first in-
troduced to the Arabs under the Persian name nushadur, and the name
sal ammoniac, which had been applied to a special kind of rock salt
from the neighborhood of the oracle of Ammon in Egypt, was later
transferred to it. The Persian name suggests that ammonium salts
originally came from Persia or even farther east, but it has not yet
been possible to determine when or where they were introduced to the
Arabic alchemists.’¢ At any rate, two varieties were known, one ob-
tained from mineral sources, the other from distillation of animal
products such as hair. The latter would actually be a crude ammo-
nium carbonate rather than ammonium chloride. The volatility of
these salts apparently impressed the Arabs greatly, and much impor-
tance was attached to them. It may have been because of the animal
origin of some of this nushadur that animal substances were consid-
ered so significant in the Jabir system.

The Jabir system departs most sharply from Aristotelian ideas in the
concept of the four principles. To Aristotle, the principles were
simply accidents that differentiated the prime material. The Jabir
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Corpus, influenced by the theories of the Stoics,’s gave them a far more
material nature. Heat, cold, dryness, and moisture were actual natures
that could be separated from material substances, and that combined
in definite proportions to form material substances once more. They
had an independent and concrete existence. The task of the alchemist
was therefore to determine the proportion in which they entered into
substances, to prepare the pure natures, and to combine them in the
proper amounts to give the desired products. This idea may seem
very modern, but it was not applied in a modern way.

The determination of the amount of each nature in a substance was
based on the principles of numerology. The “Principle of the Bal-
ance,” as worked out in the later books of the Corpus, involved elabo-
rate arithmetical computations, but its basis was mystical, neo-Pythago-
rean numerology. It makes no appeal to the modern reader.

The second part of the problem led more directly to chemical opera-
tions. The Greek alchemists had used distillations in many of their
processes, but they did not apply them as extensively to animal prod-
ucts as did Jabir. The Jabir works describe the destructive distilla-
tion of a very large number of such substances. This almost always
resulted in the formation of gases, inflammable materials, liquids, and
ash. These results fitted perfectly into the concept of the four ele-
ments, corresponding to air, fire, water, and earth. These “elements”
were considered to be themselves composed of two natures, one pre-
dominating, and both linked to substance, the prime matter of Aris-
totle. Therefore a continuation of the distilling process was expected
to separate the individual natures. Addition of substances that would
absorb one nature during the distillation was also of value.

Water is put into a cucurbit, and a substance is added which has a
strong dryness, such as sulfur or a similar thing. Thus the moisture of
tiie water will be dried by the dryness (of the sulfur) and by the heat
(of the fire of distillation); the moisture will be entirely burned off, and
there will remain (of the water) only the isolated cold.1®

Repetition was the secret of success. The water should first be dis-
tilled alone seventy times. “This number of distillations is indis-
pensable.” 27 Then a sponge impregnated with the drying material
was added, the liquid was distilled, a fresh impregnated sponge was
added to the distillate, and the distillation repeated. Seven hundred
such distillations were required to give pure Cold, “a white and pure
substance which, when it is touched by the air, congeals into a white
body, and, when it is touched by the smallest degree of moisture, dis-
solves and is again transformed into water.”
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When these pure qualities were thus obtained, they were combined
in the proper amounts to produce a desired substance. It is unlikely
that seven hundred and seventy such distillations were actually car-
ried out with the apparatus available at the time, but the theory on
which the alchemists worked convinced them that, if they did succeed
in this number of operations, they would certainly obtain the pre-
dicted result.1&

This led to the use of apparatus of all kinds, and the Jabir Corpus
contains many descriptions of the practical laboratory apparatus used
by the alchemists of that day.

The natures produced in the manner described were true elixirs in
the Chinese sense, and were used to “cure” the “sick” metals, that is,
the imperfect ones, converting them to the perfection of gold by bring-
ing about the proper proportion of natures. This is a Chinese con-
cept, though modified by the numerological ideas on which so much
of the Jabir theory is based.

It can be seen that the Jabir theory of alchemy is much more pre-
cise and logical than any of the Greek alchemical ideas that have come
down to us. The classification of substances shows a similar logic and
clarity of thought that seems to have been characteristic of the prac-
tical Arabic alchemists, as distinguished from the mystical type rep-
resented by ibn Umail. Minerals were classified * as “spirits,” sub-
stances that volatilize entirely in fire; “metallic bodies,” fusible sub-
stances that can be hammered out giving off a noise; and “bodies” or
minerals, fusible or non-fusible, but which shatter and are pulverized
when hammered. The spirits include sulfur, arsenic (the sulfides),
mercury, sal ammoniac, and camphor. Metals include lead, tin, gold,
silver, copper, iron, and khar sini, the “Chinese barb,” an alloy whose
exact composition is not known. This name strongly implies a rela-
tion with China. In some of the Jabir books, mercury is classed as
a metal, and, in this case, khar sini is not mentioned. It evidently was
used to complete the seven traditional metals when mercury was
classed with the spirits. Minerals were divided into three groups:
those that contain some spirit, but have the form of a body, such as
malachite, lapis lazuli, turquoise, or mica; those with a small amount
of spirit: shells, pearls, vitriols; and those with almost no spirit: onyx,
dust, and aged vitriols. There are many subclassifications of the
major groups. This tendency to classify substances in terms of what
are essentially physical properties is very characteristic of the better
Arabian alchemists.

The group of works that make up the Jabir Corpus is similar to
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the encyclopedic productions of another Isma’iliya society, the Ikhwan
al-Safa, the Brethren of Purity (sometimes called the Faithful Brethren)
which flourished at Basra, the seaport of Baghdad, in the second half
of the tenth century. Their writings also include compilations of
alchemical, astrological, numerological, and related material. Their
chemical ideas closely resemble those issued under the name of Jabir
ibn Hayyan.2° :

The second great name in Muslim alchemy also belongs to the tenth
century. Abu Bakr Muhammad ibn Zakariya al-Razi (860-925),
called Rhazes in Latin, was one of the greatest Muslim physicians.
Most of his works deal with medical matters, but he was also greatly
interested in chemical topics. He brought to his chemical studies a
practical, scientific approach that had scarcely been seen before him.
He is the first-of the distinguished physicians who, for the next five
hundred years, were the chief contributors to the advance of chemistry
as a science. He wrote a number of alchemical books, of which the
Kitab Sirr al Asrar, the “Book of Secret of Secrets,” is the best known.2t
In spite of the name, this is actually a book of technical recipes. It
reflects the fact that al-Razi was not at all interested in the mystical
and allegorical aspects of alchemy. Although he believed in the pos-
sibility of transmutation, he was first and foremost a practical chemist.

In three sections of this book he discusses substances, apparatus,
and methods. The classification of substances is very elaborate. In
the main, it is similar to that of Jabir: the volatile spirits, the metallic
bodies, and the stones, vitriols, borax, and salts. Numerous recipes
are given for preparing these substances. For comparison with the
Leiden Papyrus (p. 39), the recipe of al-Razi for preparing calcium
polysulfide follows:

Take 2 parts of lime that has not been slaked, and 1 part of yellow
sulfur, and digest this with 4 times (the weight) of pure water until it
becomes red. Filter it, and repeat the process until it becomes red.
Then collect all the water, and cook it until it is decreased to half, and
uwse it. And Allah knows (what is best).22

This is much clearer than the Greek recipe, but, from the chemical
point of view, it is essentially the same. Much more original is the
following:

Take equal parts of calcined al-Qili (sodium carbonate) and unslaked
lime and pour over them 4 times their amount of water and leave it for
8 days. Filter the mixture, and again add al-Qili and lime to the extent
of one-fourth of the filtered solution. Do this 7 times. Pour it into half
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(the volume) of dissolved sal ammoniac. Then keep it; for verily it is
the strongest sharp water. It will dissolve Talg (mica) immediately.2s

These sharp waters were an important discovery of the Arabic
alchemists, including, as the example shows, caustic alkalies. The
origin of the word alkali is also apparent from the recipe. ALQili
was crude sodium carbonate obtained by leaching ashes. The term
sharp waters also included such acids as were used: vinegar, sour milk,

-and lemon juice. These sharp waters were used as solvents for metals
and other substances. The addition of ammonium salts to the alkalies
increased their effectiveness for such purposes.

One of the books of the Jabir Corpus, the Kitab al-Rijad al-akbar,
the “Great Book of the Garden,” contains recipes for sharp waters
that closely resemble those of al-Razi, though Jabir’s descriptions are
usually more detailed. Both authors may have used the same sources,
but it is more probable that one drew from the other. It is not clear
which book was written first.2+ _

The writings of Jabir and al-Razi were particularly notable for their
clarity and freedom from mysticism and allegory. They naturally ap-
pealed to the more practically minded alchemists and they exerted a
great influence on later Arabic alchemists, as well as on alchemists of
the West.® Their classification of substances and their descriptions
of apparatus and methods were widely copied. Both these authors
tacitly assumed the reality of transmutation, although they did not
give it the central place in their systems that was assigned to it by the
mystics.

Nevertheless, there was one famous Arab physician who doubted even
the reality of transmutation. This was Abu ‘Ali al-Husain ibn Abdal-
lah ibn Sina (980-1037), called Avicenna in the West, the greatest phy-
sician of Islam. His Canon of medicine became the standard work on

- the subject and was studied both in the East'and the West for six cen-
turies. His works cover nearly every branch of natural science. Many
of his observations on chemistry are included in the Kitab al-Shifa, the
“Book of the Remedy.” 2¢ In the physical section of this work he
discusses the formation of minerals, which he classifies into stones,
fusible substances, sulfurs, and salts. Mercury is classified with the
fusible substances, metals, because “it is the essential constituent of
malleable bodies, or at least is similar to it.” This idea is due to the
fusibility of metals, for he later says, “It seems that mercury or some-
thing resembling it is the essential constituent element of all fusible
bodies, for all of them are converted into mercury on fusion.” The
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ideas of ibn Sina are basically Aristotelian, but he identifies the vapor-
ous and smoky exhalations that Aristotle thought formed metals and
earths with mercury and sulfur, an idea already expressed by Jabir.

The true originality of ibn Sina is best seen in his views of the
possibility of alchemical transmutation. He says,

As to the claims of the alchemists, it must be clearly understood that
it is not in their power to bring about any true change of species. They
can, however, produce excellent imitations, dyeing the red (metal) white
so that it closely resembles silver, or dyeing it yellow so that it closely
resembles gold. They can, too, dye the white (metal) with any color they
desire, until it bears a close resemblance to gold or copper; and they can
free the leads from most of their defects and impurities. Yet in these
(dyed metals) the essential nature remains unchanged; they are merely
so dominated by induced qualities that errors may be made concerning
them, just as it happens that men are deceived by salt, qalgand (green
vitriol), sal ammoniac, etc.

I do not deny that such a degree of accuracy may be reached as to
deceive even the shrewdest, but the possibility of eliminating or impart-
ing the specific difference has never been clear to me. On the contrary,
I regard it as impossible, since there is no way of splitting up one com-
bination into another. Those properties which are perceived by the
senses are probably not the differences which separate the metals into
species, but rather accidents or consequences, the specific differences be-
ing unknown. And, if a thing is unknown, how is it possible for anyone
to endeavor to produce it or to destroy it? . . .

It is likely that the proportion of the elements which enter into the
composition of the essential substance of each of the metals enumerated
is different from that of any other. If this is so, one metal cannot be
converted into another unless the compound is broken up and converted
into the composition of that into which its composition is desired. This,
however, cannot be effected by fusion, which maintains the union, and
merely causes the introduction of some foreign substance or virtue.

There is much I could have said upon this subject if I had so desired,
but there is little profit in it nor is there any necessity for it here.??

The skepticism of a rational physician like ibn Sina was not found
even in the writings of the other great Arabic physician, al-Razi, who
accepted the truth of alchemy. Nevertheless, this opinion of ibn
Sina reached the West and had considerable influence on the later
course of alchemy there.

The Arabic alchemists thus far discussed were residents of the east-
ern half of the Muslim world. Many were Persians, like al-Razi, and
there seems little doubt that Hellenistic learning, including practical
alchemy, came largely through Persia. The more mystical branch of
alchemy, as has been seen, developed largely in Egypt. After the great
advances in alchemy during the tenth century, little time was required
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for this subject to spread to the Khalifate of Cordova, and Moorish
alchemists soon appeared.

Greek physical and mathematical works reached Spain at the end
of the tenth century, and the works of Jabir and al-Razi probably
arrived at about the same time.?® It is significant that the name of
the noted Moorish astronomer, Maslama al-Majriti (died about 1007),
is attached to one of the first alchemical books known to have been
written in Spain, for Maslama, or one of his pupils, introduced the
writings of the Brethren of Purity to the West, and thus helped to
introduce the ideas of alchemy there. The book, Rutbat al-Hakim,
“The Sage’s Step,” an alchemical treatise which Maslama is supposed
to have written, was actually composed after his death.?® The al-
chemical theories that it contains are typical, but one of its recipes is
interesting for its description of the calcination of mercury:

I took natural, quivering mercury, free from impurity, and placed it
in a glass vessel shaped like an egg. This I put inside another vessel like
a cooking pot and set the whole apparatus over an extremely gentle fire.
The outer pot was then in such a degree of heat that I could bear
my hand on it. I heated the apparatus day and night for 4 days, after
which I opened it. I found that the mercury (the original weight of
which was 3 of a pound) had been completely converted into a red
powder, soft to the touch, the weight remaining as it was originally.so

This is very clearly the work of an experienced chemist. The Arabs
had no balances sensitive enough to record the actual change in weight
in this reaction, but the quantitative spirit shown in the description
as well as the theories of Jabir on the amounts of the natures in
substances show that many Islamic alchemists were groping toward a
quantitative approach.

During the eleventh, twelfth, and thirteenth centuries, a number of
alchemists wrote original books and commentaries on the older writ-
ings, but they added almost nothing to the work of the great chemists
of the tenth century. During these years, the orthodox party in Islam
gained the mastery, and more mystical ideas prevailed, so that the
promise of a true scientific approach to chemistry was not fulfilled.
Muslim science lost its drive, and scientific leadership passed into
other hands. Fortunately, at this time, the West, which would have
been quite unready to receive Greek scientific ideas at an earlier
period, was able to accept the theories that were passed on by the
Arabs. Thus the tradition of science was not lost, as it had been in
China where no new group was able to carry on when Taoism degen-
erated into mysticism and charlatanism.
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The Arabs performed their greatest service in passing on the ideas
of Hellenistic civilization and the Hellenistic adepts who were the
true founders of alchemy, but this was by no means their only contri-
bution. Combining ideas from both Alexandria and China, they gave
to alchemy the explicit formulation of the sulfur-mercury theory of
the composition of substances, .they added a clear statement of the
doctrine of the elixir, the philosopher’s stone, and, probably again
under Chinese influence, they clarified the concept of the therapeutic
virtues of the stone in curing “sick” metals, and perhaps human ill-
nesses as well. On the practical side, they discovered sal ammoniac,
they prepared caustic alkalies, they recognized the properties of animal
substances and their importance to chemistry, and they introduced on
a broad scale the method of destructive distillation of these substances
as a means of analyzing them into their “ultimate components.” Their
classification of minerals became the basis for most of the systems used
later in the West. Chemistry owes the Arabic alchemists far more
than has usually been recognized, and their contribution to the devel-
opment of the science was 2 major one.
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CHAPTER VIII

THE TRANSMISSION OF CHEMISTRY
TO THE WEST

and undergoing an important systematization at their hands,
the art was lost to western Europe. The Romans had never taken the
interest in the theories of nature that had been so characteristic of
the Greeks, and, with the decline of the Western Roman Empire,
almost all traces of scientific speculation disappeared in the regions
that had been under its control. Technical arts must have continued
to exist, but the requirements of feudal society were relatively limited,
and no written records remain of the methods employed by the arti-
sans of this time.

Conditions in the eastern half of the Empire were somewhat more
favorable to the preservation of scientific ideas, for the Byzantine Em-
pire was essentially Greek in culture, and it preserved the Greek clas-
sics and much of Greek science. The efforts were confined almost
entirely to preservation, however, with little or no addition of new
knowledge. Thus it was that, while the Muslim alchemists were
enlarging and organizing alchemy in a very significant way, the Byzan-
tine alchemists were merely copying or commenting on the alchemical
manuscripts of earlier days.

The technical arts of Constantinople seem, in general, to have fol-
lowed the same path. Methods already familiar to us from the papyri
of Leiden and Stockholm were transmitted orally from one genera-

74

During the long period when alchemy was passing to the Arabs
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tion to the next. There was, however, one notable exception to this
statement. In the middle of the seventh century the architect Kal-
linikos of Heliopolis discovered the inflammable mixture known as
Greek fire, or marine fire. This was a burning liquid which was pro-
jected from tubes called “siphons” onto enemy ships. It caused fires
that could not be extinguished by water. Mixtures of materials such
as bitumen, resin, and naphtha had been in use long before to set
fire to enemy ships or fortresses, but this Greek fire evidently con-
tained a new principle that increased its inflammability and permit-
ted its forced ejection from the siphon. The composition was kept a
state secret, known only to the Emperor and to the family of Kallini-
kos, who prepared the material. Even today we are not sure what
was the essential ingredient. It seems possible that it was saltpeter,
a substance that had not been known before, and that is not specifi-
cally mentioned in manuscripts until the twelfth century.!

The Byzantines obtained Greek fire at a time when their military
position was extremely weak, and when the Arabs were making their
greatest conquests. By the use of the fire the Greeks were able to
destroy the attacking Arab fleets shortly after 672 and again in 717.
They thus prevented the capture of Constantinople, which would
otherwise almost certainly have occurred. If this had happened in the
seventh or eighth centuries, much of the learning of Greece would
have been lost, for western*Europe was not then prepared to accept
scholarship as it was in the fifteenth century when Constantinople
finally fell and Greek scholars fled to find a ready welcome in renais-
sance Europe. Here then is an instance in which chemical discovery
played an important part in the cultural history of the West.

Apart from the invention of Greek fire, which was kept so secret
that it had almost no effect on the development of chemistry, the
artisans of Constantinople did occasionally compile books of miscel-
laneous recipes, and some of these found their way west. By the tenth
century, there were signs that a new interest in science and technology
was beginning to arise in this area. The first evidences were found in
the circulation of manuscripts containing such collections of recipes.
At first these recipes were very similar to, or even identical with, those
of the Leiden and Stockholm Papyri, but with the passage of time, new
methods and discoveries were incorporated, and the compilations
grew in size and originality.

The earliest of these compilations was the Comgpositiones ad tin-
genda or Compositions for coloring mosaics, skins, and other things,
for gilding iron, concerning minerals, for writing in letters of gold,
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for making certain cements, and other documents relating to the arts,
to give it its full and descriptive title.? It was probably composed in
Alexandria about 600 and translated into Latin by a Lombard about
750. Similar to it are the Mappae Clavicula, or “Little Key to Paint-
ing,” known in manuscripts of the tenth and twelfth centuries, but
probably first composed about 800; the book of Heraclius On the
Colors and Arts of the Romans of about 1000; and the List of Various
Arts of the monk Theophilis, also of about 1000. All these works are
technical compendia which contain recipes for gilding, dyeing, and
working glass and metals.»® The Compositiones ad tingenda first
uses the term “vitriol” to refer to impure iron sulfate, which had pre-
viously been called chalcanthum.* The work of Theophilis, which
first describes the art of painting in oils, is noteworthy for the clarity
. and detail of its recipes.®

None of these works contains any theoretical discussion; none has
an alchemical character. They represent the development of the tech-
nological side of chemistry, which for so long had shown no evidence
of originality. Now, from the eleventh century on there was an
awakening that was reflected in these and similar manuscripts.

One of the important technical advances of the period was a great
improvement in the art of distillation. The Hellenistic alchemists
had invented apparatus and methods; the Arabs, with their interest
in resolving substances into spirits and bodies, had utilized the Hel-
lenistic operations, but all these efforts had been limited by the qual-
ity of glass for the apparatus and the crude methods for condensing
and receiving the distillate. Now the artisans in Italy began to im-
prove glassware. This better glass was used at the famous medical
school of Salerno in southern Italy, and about 1100 a further impor-
tant step was taken. :

Perhaps influenced by the suggestions of the Arabs that something
to absorb one nature should be added in attémpting to purify another
nature (see p. 66), various salts such as common salt or tartar (potas-
sium carbonate) were added to wines in a distilling vessel. These ab-
sorbed part of the water and permitted recovery in the distillate of a
“water” which burned.¢ A recipe of Master Salernus of Salerno (died
1167) gives an early description of such a water, and the twelfth cen-
tury manuscript of the Mappae Clavicula (though not the tenth cen-
tury version) contains a recipe, partly given as a cryptogram, which
read as follows: “By mixing pure and strongest wine with three parts
of salt and heating in a vessel customary for that purpose, a water is
produced which, when kindled, inflames, yet leaves the material un-
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burned.” * This was obviously a dilute alcohol solution that burned
at a temperature so low as not to inflame the material on which it
was placed. Such a solution became known as aqua ardens, burning
water. Interest in this substance developed rapidly. The Florentine
physician, Thaddeus Alderotti, devised methods of cooling the coil
and receiver of his distilling apparatus instead of merely the stillhead,
as had been the previous practice.* It soon became possible to pre-
pare strong solutions of alcohol, which were known as aqua vitae,
water of life. These were widely used by physicians of this and later
periods, such as Arnold of Villanova® and John of Rupescissa. The
latter ascribed to alcohol the quality of the supreme remedy against
corruption, the fifth element, or quintessence,’® and this view became
common among physicians. It was probably ultimately derived from
the old Greek concept of the pneuma, which could act on everything
and become potentially everything.! After the thirteenth century,
recipes for preparing alcohol are frequent, though the present name
was not applied until its use by Paracelsus in the sixteenth century.
He derived the name from the Arabic term al kohl, which had first
been applied to powdered antimony sulfide used in darkening the
eyebrows. In time the word came to mean any fine powder, and so
to signify the essence of things. Alcohol was the essence of wine, and
so Paracelsus referred to alcool vini or alcohol vini. Later the word
vini was dropped and the name alcohol assumed its modern signifi-
cance.’ 12 ,

An even more important result of the improvement of distillation
methods was the discovery of the mineral acids. This apparently oc-
curred in the early thirteenth century. Hellenistic alchemists had fre-
quently calcined vitriols, but they had never condensed the volatile
products. This was now done. A Byzantine manuscript of the end
of the thirteenth century describes the preparation of nitric and sul-
turic acids. The important works issued under the name of Geber,
to be discussed later, which were composed in the early fourteenth
century, also describe methods of distilling mixtures of vitriol and
saltpeter or sal ammoniac. Nitric acid and aqua regia soon became
common reagents and were produced on a large scale. Sulfuric acid
was less frequently prepared, and free hydrochloric acid was not de-
scribed until the time of Libavius in the sixteenth century.:

The discovery of the mineral acids greatly increased the power of
the chemist to dissolve substances and to carry out reactions in solu-
tion. The advance over the use of weak organic acids was tremendous.
In addition, the demand for such substances as alcohol and mineral
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acids gradually tended to bring about the development of a primitive
chemical industry. Chemical progress began to be made, not in the
monasteries and homes of the workmen, but in apothecary shops and
actual chemical centers.* This trend was important, for it helped
the decline of feudalism by stimulating the growth of towns and a
middle class at the end of the middle ages.

In the preparation of nitric acid, saltpeter was required. As was
shown earlier, this substance may have been known in Constantinople
in the seventh century, but it was not described in any manuscript of
that time. Its first public use seems to have been in Italy about 1150,
Aside from its utilization in the manufacture of nitric acid, it found
its chief application in making black powder, a mixture of sulfur,
charcoal, and saltpeter. The history of this substance is far from
clear. Popular tradition ascribes the discovery either to the English
friar, Roger Bacon, or to the German monk, Berthold Schwarz. It is
practically certain that Bacon was not the discoverer,’® for he himself
wrote in his Opus Majus (1267-1268):

Certain things inspire such terror at sight that the flashes from storm
clouds disturb far less—beyond comparison; by works such as these
Gideon is believed to have operated in the case of the Midianites. And
an experiment of that character we take from that boyish trick which
is performed in many parts of the world, namely that by a device made
of a size as small as a human thumb, by the force of that salt called sal
petrae, such a horrible noise is produced in the rupture of such a small
thing as a little parchment that it is felt to surpass the noise of violent
thunder, and its light surpasses the greatest flashes of lightning.1e

Thus the properties of gunpowder and its use in firecrackers were well
known by the mid-thirteenth century.

The monk, Berthold Schwarz, is probably a mythical figure, but he
was supposed to have lived in Freiberg, which became a center for
the manufacture of cannons, first used about 1360.27 This may ac-
count for his supposed association with gunpowder.

The actual invention of gunpowder took place in China, and the
first mention of it appeared about 919. By 1000, explosive bombs
were used in catapults and this huo yao (fire chemical) began to be
used in a number of devices for naval and land warfare. It is likely
that the Mongols carried the knowledge of this substance to the West.18

The first western description is found in the Book of Fires for Burn-
ing Enemies, ascribed to Marcus Graecus. The first compilation of
this work probably took place in the eighth century,*® but the earliest
manuscript in western Europe dates from the late thirteenth century
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and no doubt represents a compilation of recipes from all preceding
periods.?¢ It describes the preparation of substances resembling Greek
fire, discusses saltpeter, and gives methods for preparing black powder.
The development of gunpowder as an instrument of warfare took
place chiefly in the fourteenth century, and this chemical product,
perhaps more than anything else, was responsible for the overthrow of
the feudal system. Again a chemical product produced a major revo-
lution in society.

The advances discussed so far, revealed for the most part in the
technical manuscripts of the eleventh to thirteenth centuries, are essen-
tially those of practical chemists. Cosmological theories of the origin
of metals and the causes for the changes observed throughout the
world are not found. It is quite likely that some of the observations
recorded may have been under the influence of the stimulation of
knowledge that resulted from the close contact between Arabic and
European scholars in the period under discussion, but the effects of
this contact have been recorded in quite a different class of manu-
scripts.

Beginning with the work of Constantinus Africanus (c. 1020-1087)
in the eleventh century, a large number of western scholars became
aware of the scientific treasures available in the Arabic language. By
the twelfth century this was recognized especially in Spain where the
contact between Moors and Spaniards was very close. It was soon
realized that a vast store of material lay at hand in the fields of
philosophy, science, and medicine, not only of Arabic origin, but also
going back to the Greek period. A similar realization occurred in
Sicily and southern Italy, where the Italians were in contact not only
with Arabs from Africa, but also with Greeks from Constantinople,
As a result there arose in these regions schools of translation and indi-
vidual translators who made it their life work to hand over to Latin
workers the treasures of the Arabic world.

Just as the Syrian schools of translation had made the Greek manu-
scripts available to the Arabs, now the Spanish and Italian scholars
furnished Latin versions of the works of Aristotle and Ptolemy, of
al-Razi and ibn Sina. Such men as Hugh of Santalla (1119-1151),
Robert of Chester (fl. 1145), and Gerard of Cremona (1114-1184) made
their versions of the philosophical, astronomical, mathematical, and
medical treatises available to western scholars.22 We are well ac-
quainted with the specific translations that these men made in these
fields, but, just as with the Syrian translations of alchemical manu-
scripts, which were mostly anonymous, so we find that the names of
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the men who produced the Latin versions of the alchemical manu-
scripts were seldom attached to their work. Robert of Chester, in
1144, is supposed to have translated the alchemy of Khalid ibn Yazid
and his Christian teacher (here called Morienus instead of Stephanos
as in the Arabic version), but even this translation may have been
falsely attributed to Robert.23

In any case, whoever the translators may have been, there appeared
throughout Europe in the twelfth and thirteenth centuries a flood
of Latin alchemical manuscripts which were almost entirely transla-
tions from the Arabic, though in the latest period some additions may
have been made by the western alchemists themselves. All schools of
Arabic alchemy were represented. The mystical alchemy of Egypt is
found in the Tabula Chemica of “Senior Zadith Filius Hamuel” 2¢
(that is, ibn Umail); in the Turba Philosophorum with its discussion
of the cosmological theories of the alchemists; and in the famous
Emerald Tablet of Hermes 25 in which these ideas are expressed in a
condensed and allegorical style. The Emerald Tablet was one of the
most quoted documents of later alchemists. The elaborate classifica-
tion of material substances of the more practical alchemists, such as
the Jabir Corpus or the works of al-Razi, are represented by a number
of translations. The Book of Secret of Secrets of al-Razi was trans-
lated in Sicily, and a number of works by followers of al-Razi were
translated and ascribed to the master himself.2¢

The most famous of these was the book On Alums and Salts, which
was actually written by a Moorish alchemist of the eleventh or twelfth
century, and was translated into Latin at the beginning of the thir-
teenth century. The work draws from many sources, including al-Razi
and Jabir, as well as from some of the more mystical alchemists, and
it includes observations made by the author himself. It uses the clas-
sification of substances into spirits, metals, stones, and salts, and gives
descriptions of the properties of many materials.?” Such classifications
were carried still further in the various Lapidaries, such as that as-
scribed to Aristotle.?8 In these the Aristotelian theories were used to
explain the nature of gems and minerals, including their medicinal
uses.

By the beginning of the thirteenth century, the theories, classifica-
tions, and methods of the Arabic alchemists were easily available to
western scholars. The number of alchemical manuscripts from this
time proves the great appeal that this subject held. The scattered
location of the various manuscripts, however, sometimes made it dif-
ficult for any one reader to obtain more than a limited idea of the
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subject. In the thirteenth century this difficulty was overcome. The
century was pre-eminently one of great encyclopedists, men who sys-
tematically compiled, organized, and digested the great amount of
scientific knowledge that had become available. The chief names
among them are Batholomaeus Anglicus (fl. 1230),2® Vincent of Beau-
vais (c. 1190—c. 1264),%° and Albertus Magnus (1193-1280).3* These
men took all knowledge for their field. They consulted all the learned
manuscripts they could find, and sometimes they added to these their
own observations. Most of their descriptions were necessarily second
hand, however, and errors are found in their works. Nevertheless it
is surprising how thorough and accurate a picture of the world they
were able to give.

Their theories of the nature of matter were basically Aristotelian,
usually expressed in terms of the sulfur-mercury theory of metallic
composition. As believers in Aristotle, they did not deny the truth
of the possibility of transmutation, although both Vincent and Albert
expressed reservations concerning the conditions under which it could
be carried out. They knew that many charlatans claimed to be al-
chemists. On the whole, these encyclopedists were rational and clear-
sighted men. They did not indulge in mystical speculation and alle-
gorical imagery. They performed the task that they set for them-
selves: collecting and systematizing the various facts and the theories
of the nature of the world and the properties of substances. It is true
that they seldom consulted the recipe books of the practical chemists,
and so knew little of the new discoveries that were being made. Al
bertus mentions alcohol, but otherwise none of this work was men-
tioned in their encyclopedias. They themselves made no new discov-
eries, but their labors paved the way for the workers who followed,
and their books were everywhere consulted by the alchemists and
chemists who lived after them,

Practically contemporary with these great scholars were three other
men who themselves contributed little to chemical advance, but who,
because of their authority in other fields, later came to be considered
authorities in alchemy as well. These were the Catalan scholar and
missionary, Raymond Lull (c. 1285-1815),32 the Catalan physician,
Arnold of Villanova (died 1311),% and the English friar, Roger Bacon
(died c. 1292).34

The period of the twelfth and thirteenth centuries was one of great
importance in the history of chemistry. It marks the beginning of
the great advance of chemistry in western Europe, an advance that
at first had a somewhat tentative character. Greek and Arabic al-
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chemical theories became known to the scholars, while fundamental
discoveries were being made in practical chemistry. As yet, there
seemed to be little connection between the two movements. The prac-
tical discoverers did not theorize; the scholars did not keep abreast of
the practical advances. Yet, there must have been many men with
chemical interests who were aware of both movements. It was only
a matter of time, therefore, before the two branches of chemistry
would once more join hands.

Meanwhile, there was a rather notable absence of the mystical ele-
ment in chemical theory. The scholars thought of transmutation, if it
occurred, as a physical phenomenon, obeying natural laws. Wilson 3
has drawn a parallel with the early days of Greek alchemy, where the
period of contemplative mysticism came later than the period of actual
discovery. This parallel can be extended to China and Arabia, in
both of which alchemy degenerated after an initial period of a more
scientific viewpoint. It was because this tendency toward degenera-
tion, which was later seen also in the West, did not assume overwhelm-
ing force that it was possible for a science of chemistry to develop in
western culture, though it had failed to appear in every other culture
mentioned.
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CHAPTER IX

THE FOURTEENTH AND
FIFTEENTH CENTURIES

y the end of the thirteenth century, most of the translations from
B the Arabic had been completed. European scholars could now
carry on their work independently. This new independence, how-
ever, did not at once lead to a rapid development of science. Rather,
it seemed that the scholars had to work over their material and ponder
it for a prolonged period before they could use it creatively. The
writers of the fourteenth and fifteenth centuries were, therefore, less
original than might have been expected in view of the striking ad-
vances of the twelfth and thirteenth centuries. Actually, the great
achievements of this later period lay in the founding of new univer-
sities and the organization of those already in existence, the discovery
of printing, and the tremendous expansion of knowledge of the world
brought about by the activities of the explorers. The results of these
achievements for science become more apparent among the scholars of
the sixteenth century.

This period of relatively slow progress was found in chemistry as
well as in other sciences. There was no lack of activity, but it did not
lead toward scientific chemistry as we know it today. Rather, activity
centered in the production of more and more alchemical manuscripts.
Since alchemical theories were well established and practical proce-
dures did not vary greatly, most of the manuscripts merely repeated
what had been said earlier. An increasing tendency toward allegory
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and mysticism characterized the period, and charlatans were frequent.
Once again alchemy fell into disrepute in official circles. Pope John
XXII issued a decretal against it, and various civil and ecclesiastical
authorities denounced it There was considerable popular distrust
of alchemists, reflected in the satirical Cannon Yeoman’s Tale of
Chaucer and the fact that Dante placed the alchemists deep in the
Inferno. None of this disapproval seems to have hindered the popu-
larity or spread of alchemy itself, or the production of new manu-
scripts on the subject.

One of the most influential books of this period, and one that was
quoted and copied very frequently, was written about 1310, appar-
ently by a practicing Spanish alchemist who ascribed his work to the
great Arabic alchemist, Geber. This is a Latin form of the name
Jabir, but there is otherwise almost no connection with the actual
works of the Jabir Corpus.? Four books are usually ascribed to Geber:
The Investigation of Perfection, The Sum of Perfection or the Perfect
Magistery,* The Invention of Verity, and the Book of Furnaces.
These discuss at some length the reasons for the truth of alchemy.
They then give the accepted theories of the compositions of metals, in
which the smoky and humid exhalations of Aristotle are identified
with sulfur (and arsenic sulfide too, in this case) and mercury. The
metals other than gold are considered imperfect, or sick, and are to
be cured by the philosopher’s stone, which converts them to gold.

The most significant part of the Geber books lies in the practical
directions. These show clearly that the author was familiar with
laboratory apparatus and operations. He describes furnaces and other
equipment in detail, and gives clearer directions for purifying or pre-
paring substances than the instructions of his forerunners, and even
those of many who followed him.

His description of the purification of salt, for instance, could be
followed by anyone: “Common salt is cleansed thus: First burn it,
and cast it combust into hot Water to be dissolved; filter the Solution,
which congeal by gentle Fire. Calcine the Congelate for a Day and
a Night in Moderate Fire, and keep it for use.” *

Of more importance is his recipe for a “dissolutive water.”

First B of Vitriol of Cyprus, lib. I of Saltpeter, lib. II and of Jamenous
Allom one fourth part; extract the Water with the Redness of the
Alembeck (for it is very Solutive) and use it in the before alleadged

* The term “magistery,” which is widely used in alchemical literature, originally
signified a method. 1t retained this meaning, but gradually came also to mean the
agent used in the process in which this method was utilized.s
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Chapters. This is also made much more acute, if in it you shall dissolve a
fourth part of Sal ammoniac; because that dissolves Gold, Sulphur, and
Silver.8

This is one of the best descriptions of the preparation of mixtures of
sulfuric, nitric, and hydrochloric acids yet to be given.

The books make it clear that Geber was also a practical metallurgist,
for the properties of the metals are well described, and the cupellation
method of separating gold and silver is given in detail. This is a
process in which samples of gold or silver are heated with lead in a
vessel made of bone ash. The lead forms litharge which separates with
the impurities, while the heavier gold or silver sinks to the bottom as
a metallic globule. The process is 2 very old one, and presupposes
some acquaintance with the use of a balance,® but it had not been so
clearly described before. The works of Geber show that behind the
speculations of the alchemists there had developed a large amount of
practical chemical knowledge, especially relating to the metals. This
knowledge was not openly published again for another two hundred
years,

As Geber explained the practical details of chemistry more clearly
than had been done previously, so the physician Petrus Bonus of
Ferrara gave an especially clear exposition of alchemical theory in his
Pretiosa Margerita Novella, the “Precious New Pearl,” published in
1330:

Thus, in the generation of metals, we distinguish two kinds of moisture,
one of which is viscous and external, and not totally joined to the earthy
parts of the substance; and the same is inflammable and sulphureous;
while the other is a viscous internal humidity, and is identical in its
composition with the earthy portions; it i3 neither combustible nor in-
flammable, because all its smallest parts are so intimately joined together
as to make up one inseparable quicksilver: the dry and the moist par-
ticles are too closely united to be severed by the heat of fire, and there
is perfect balance between them.

The first matter of all metals, then, is humid, viscous, incombustible,
subtle, incorporated in the mineral caverns with subtle earth, with which
it is equally and indissolubly mixed in its smallest particles. The proxi-
mate matter of metals is quicksilver, generated out of their indissoluble
commixtion. To this Nature, in her wisdom, has joined a proper agent,
viz., sulphur, which digests and moulds it into the metallic form. Sul-
phur is a certain earthy fatness, thickened and hardened by well-tempered
decoction, and it is related to quicksilver as the male to the female, and
as the proper agent to the proper matter. Some sulphur is fusible, and
some is not, according as the metals to which it belongs are also fusible
or not. Quicksilver is coagulated in the bowels of the earth by its own
proper sulphur. Hence we ought to say that these two, quicksilver and
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sulphur, in their joint mutual operation, are the first principles of
metals. The possibility of changing common metals into gold lies in
the fact that in ordinary metals the sulphur has not yet fully done its
work; for if they were perfect as they are, it would bé necessary to change
them back into the first metallic substance before transmuting them into
gold; and this has been admitted to be impossible.”

The definition of sulfur as an “earthy fatness” should be particularly
noted, for this idea became the basis for later theories of combustion.

Upon these techniques and ideas, the alchemists of the fourteenth
and fifteenth centuries based their writings. In general, they merely
repeated them endlessly, without introducing any new ideas. Most
of the manuscripts were attributed to some famous writer of the past,
probably in the hope that the well-known name would attract more
readers. Thus a considerable body of manuscripts was. attributed to
Arnold of Villanova. These writings were similar to each other and
tended to stress mercury as the main source of the philosopher’s stone
at the expense of sulfur, whose importance was minimized. Animal
substances were considered to be of little value.® Although this school
of alchemical thought was prominent in the fourteenth century, it
was vigorously opposed by many writers, and eventually, as will be
seen, sulfur came to hold the main place in chemical theory.

Support for the importance of sulfur came from the large body of
writings attributed to Raymond Lull. These works were written
after the death of Lull, who, in his genuine writings, declared his dis-
belief in alchemy. In the Lullian Corpus, sulfur, artificially made, is
the natural heat, and mercury is the material substance and radical
humidity of all liquefiable substances.?

In similar fashion, works of later alchemists were attributed to
Vincent of Beauvais, Roger Bacon, and Albertus Magnus, although
some authors did publish under their own names. None does
much more than repeat the general theories and typical recipes that
have been described. It is therefore obvious that, in the alchemical
manuscripts themselves, chemistry had reached something of a dead
end. This type of literature continued well into the eighteenth cen-
tury, and has not entirely vanished even today.’® It became increas-
ingly mystical and allegorical. Eventually, its devotees came to regard
practical laboratory chemistry as an inferior species, whereas the true
adepts were concerned only with the perfection of the human soul.

It is therefore necessary to look elsewhere if we wish to trace the
development of chemistry as a science. During the fourteenth and
fifteenth centuries, such a development can be followed chiefly through
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incidental references in medical and scientific works. Physicians and
natural scientists were concerned with chemical substances, and
though they might accept the theories of the alchemists (which were,
of course, essentially the Aristotelian ideas of all educated men of t?lis
time), they did not use these theories solely to justify or explain 4
chemical transmutations. Such men were far more practical, and they
were using chemical compounds for practical purposes. In addition,
physicists were studying principles that later became of great impor-
tance in chemistry.

For example, the theory and construction of balances was under
active study. Jordanus Nemorarius in the thirteenth century had
written on this subject, and his work was commented upon and en-
larged by Blasius of Parma (died 1416).1* Nicholas of Cusa (1401-
1464), a leading humanist, advocated continual use of the balance, and
even suggested an experiment of weighing earth and seeds, and then
the plants that resulted, and the ashes from burning the plants. This
would show how much earth entered into the composition of plants.:?
He did not carry out the experiment, but his idea shows that a quan-
titative approach was developing. The experiment obviously con-
tains the germ of the idea tested by Van Helmont in 1648 (p. 105),
although the latter was more interested in water than in earth as a
component of plants.

Giovanni da Fontana (fl. 1440), a military engineer and physician,
used rockets and gunpowder to construct diabolical figures that flew
in the air or were propelled under water, greatly alarming the spec
tators. That he could safely use his knowledge of chemicals to per-
form these tricks without suffering as a magician, indicates the more
sceptical attitude toward supernatural matters that was beginning to
appear.!?

It was natural that physicians should be well acquainted with chemi-
cal compounds. Even though many of their medicines were composed
of elaborate mixtures of animal products, sometimes of an exceedingly
disgusting nature, they utilized many substances that had first been
prepared by the alchemists, and that were prepared by the apothe-
caries as soon as a demand arose. Further, the notion that the elixir
not only cured metals, but also could prolong life and cure human
diseases, made it imperative for progressive physicians to keep abreast
of alchemical theory. Many physicians were also alchemists. Hence
the use of chemical substances as medicines was widespread.'* Iatro-
chemistry, the use of chemicals for healing human illnesses, was estab-
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lished before the days of Paracelsus, although it was he who first
popularized the subject.

The views of John of Rupescissa on alcohol as the quintessence of
wine have already been mentioned. He went on to develop the theory
that quintessences could be extracted from nearly everything. Thus
he is enthusiastic over the quintessence of antimony, prepared as a
sweet, red liquid by extracting “mineral antimony” (the sulfide) with
vinegar.’> Rupescissa had already shown in an alchemical work, the
Liber lucis, that he was acquainted with alchemy and could describe
its methods with unusual clarity. In his espousal of alcohol as the
quintessence, he applied his alchemical ideas to medicine, and so may
be considered the founder of medical chemistry.1

Michel Savonarola, grandfather of the reforming monk of Florence,
was familiar with chemical remedies. He used chemical methods in
his studies on the evaporation of mineral waters, which he described
in a book on baths published about 1450. He gave qualitative tests
for distinguishing salt from soda.”

It can be seen from these incidental references that chemical
methods were gradually being applied in a number of fields, and that
an appreciation of the possibility of using these methods was develop-
ing among scholars in fields other than alchemy. Nevertheless, it is
not possible to judge from these references how far chemical tech-
nology and the chemical approach had actually progressed. With the
coming of the sixteenth century, this situation changed completely.
For the first time, chemical methods were described in full detail.
Chemistry still did not stand on its own feet; it was still a servant of
medicine, mining, and other specialties, but the writings of the six-
teenth century scientists at last show how far chemistry had progressed,
and how it could be used to further scientific advance. The way was
opened for the men who, in the seventeenth century, could be called
chemists.
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CHAPTER X

THE SIXTEENTH CENTURY,
A PERIOD
OF TECHNICAL CHEMISTRY

he sixteenth century was a period of great scientific advance.
Many of the new social and cultural developments favored a
different approach to old problems. Among these were a widened
geographical outlook due to the discovery of the New World, the
spread of knowledge through the printing press, and the increased
availability of the classic Greek authors due to the dispersal of the
Byzantine scholars after the fall of Constantinople in 1454. As a re-
sult, all sciences showed a period of active development. This was
most spectacular in the older, better-established sciences, and the
names of Vesalius (1514-1564) in anatomy and Copernicus (1473-1543)
in astronomy testify to the vigorous new spirit that was abroad.
Chemistry was not yet a science pursued independently for its own
sake, and did not make the rapid progress that occurred in other
fields. Nevertheless, in less obvious ways, it made significant advances.
For the first time, chemical methods were described by most of the
chemical authors in a full and clear manner. The technologists who
employed chemical processes were not alchemists and often did not be-
lieve in the possibility of transmutation. Their interest lay in the
actual accomplishment of some practical purpose. Such men had
always existed, and the hints of their activities discussed in the previ-
ous chapter indicate that they had been making rapid progress. With
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the opening of the sixteenth century, the extent of this progress be-
came apparent.

Books on practical technology appeared with increasing frequency.
Such works seldom discussed chemical theory in detail. The old ideas
of Aristotle and the sulfur-mercury modification of these were taken
for granted, and, when any theoretical explanation was offered, it was
in these terms. Theory, however, was seldom stressed. The chief
chemical works of the period discussed methods, apparatus, and re-
agents.

This is not to say that the alchemists were inactive. Printing of
alchemical books had begun slowly, and few appeared before 1500,
After that time, however, a great flood of such works came from the
presses. The older classics were printed in collected editions, and
many new authors appeared in print.> Since nearly all of these merely
repeated what had been said earlier, this type of literature made
almost no contribution to chemical progress. In addition, the increas-
ing tendency toward allegory and mysticism in alchemical writings
showed that the subject was following the same course in Europe as
it had in Alexandria, China, and the Muslim world. It was only be-
cause of the new scientific outlook of the western world that chemistry
did not again sink into the morass of sterile commentary and super-
stition that had characterized the later period of the other cultures.
The practical technologists gave a new impetus to chemical thought
which permitted chemistry to continue to advance in new directions.

The period under discussion is thus one in which the technological
branch of the science progressed while the theoretical side remained
relatively inactive. As has been said, this was not a condition favor-
able for the most rapid advance of chemistry as a whole. Nevertheless,
the new discoveries and the new outlook of the technologists uncov-
ered so many new facts that new theories had to be evolved to explain
them. The technological advances carried with them the seeds of new
theories, and, in the seventeenth century, theoretical progress once
more became rapid.

The opening of the sixteenth century was marked by the publication
of an important book, the Liber de arte distillandi de simplicibus, usu-
ally called the Little Book of Distillation by Hieronymus Brunschwygk
(c. 1450-1513), which appeared in 1500. Brunschwygk was interested
in obtaining the essential medicinal agents of plants by distilling
“waters” from them. The plants were macerated and mixed with
water or alcohol before treatment, thus giving, in effect, steam distil-
lation. He frequently used a water bath in his distillations, and con-
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Fig. 8. Water bath and stills with Rosenhut. (From H. Brunschwygk, Liber de
arte distillandi de simplicibus.)

densed the plant essences in a conical alembic cooled by air, which
was called a Rosenhut.2 All his apparatus and methods were described
in detail. In 1512 he published an enlarged edition of his work, the
Great Book of Distillation. The impetus thus given to the study of
distillation and the preparation of medicines from plants was influen-
tial throughout the century, as shown by the number of distillation
books that were published at this time.®

Of even greater significance was the progress in metallurgical and
mineralogical chemistry. It is clear that miners and assayers had been
active for a long time and had developed their methods to a high
degree without recording them in permanent form, for early in the
sixteenth century there appeared two anonymous books that described
an advanced state of the art. They were published in German rather
than in Latin, and so show that they were the work of practical miners
and not scholars. Such men were now willing to explain their methods
for the benefit of younger workers.

The two books were the Niitzliches Bergbiichlein and the Probier-
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biichlein.t They first appeared about 1510 and were reprinted fre-
quently in the following years, often with the addition of new mate-
rial. The first is chiefly of geological and mineralogical interest; the
second is mainly concerned with assaying. The early hints of assay-
ing methods given by Geber are shown to be part of a well-developed
system for testing the values of ores, chiefly those of gold and silver.
The methods of dry assaying given in the Probierbiichlein are still
valid today. Most important is the fact that the methods are quantita-
tive. Balances are used routinely, and it is assumed that they can be
easily bought. Careful directions are given for the manufactire and
calibration of weights.> Obviously, in the mineralogical field, quanti-
tative determinations are taken for granted. In most cases the alchem-
ists had employed very crude methods of weighing, but the care and
accuracy of the assayers is now revealed. This could not fail to influ-
ence workers in other fields of chemistry. The spread of quantitative
ideas is shown in the work of Giovanbattista della Porta (1545-1615)
who described the distillation of essential oils for perfumes, and for
the first time gave yields.®

The publication of these small practical handbooks of mining and
metallurgy shows that these subjects were of widespread interest. The
fact that they appeared in Germany indicates that the northern Euro-
pean countries were becoming active scientifically. The chief scientific
center in earlier centuries had been Italy, but now the rest of Europe
was taking up the work.

The interest in metallurgy was greatly stimulated by the appearance
of three outstanding works on this subject in the sixteenth century.
These were the De la pirotechnia of Vannuccio Biringuccio (1480-
c. 1539), published in 1540, the De re metallica of Georg Bauer, usu-
ally called by the Latin form of his name, Agricola (1494-1555), pub-
lished in 1556,26 and the Treatise on Ores and Assaying of Lazarus
Ercker (died 1593), published in 1574.° All these works gave detailed
descriptions of the practice of mining, the treatment of ores, and the
preparation of reagents such as mineral acids .and salts needed in the
chemical processes employed.

Biringuccio was a practical metallurgist who wrote, in Italian, the
earliest work to cover the whole field of metallurgy. It was largely
based on his own observations and experience. As in the Probierbiich-
lein, the quantitative spirit was evident. The accuracy of his assaying
methods was clear, since he stated that whatever was promised by the
assay should be obtained in the full-scale operation.® This was obvi-
ously a matter of great importance to the mine owners, and it shows
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that the development of quantitative methods was due to very prac-
tical considerations which did not interest the alchemists.

Lazarus Ercker was superintendent of mines for the Emperor Ru-
dolf II. His book also records the results of his own experiences and
was written, as he stated, for the instruction of young miners. He
devoted much attention to the construction of balances and the cali-
bration of weights, and dismissed all theoretical ideas in a few brief
sentences.

Georgius Agricola was a physician in the mining regions of Ger-
many. He was the most learned of these metallurgical authors. He
wrote a number of books in Latin on various aspects of mining. In
his De natura fossilium, published in 1546, he classified minerals into
earths, stones properly so-called (including gems as distinct from rocks),
solidified juices (salts), metals, and compounds (such as galena or
pyrites).* This was clearly derived from the Arabic classifications,
and was based on physical properties, the only possible basis at that
time. Because of its style, completeness, and excellent illustrations,
his De re metallica became a very popular work. Although Agricola
was not a practical metallurgist as were Biringuccio and Ercker, he
had observed the mining industry for most of his life, and he described
the processes of metallurgy with a clarity that was new. The full de-
scription of the preparation of chemical substances found in the last
part of the volume set an example that influenced writers of more
purely chemical books in later times.

The works of these metallurgical writers were of importance also
in that they set down, for the first time, some of the observations of
the practical miners who were more influenced by what they saw than
by any theory of the alchemists. The latter, for example, held firmly
to the belief that there could be only seven metals, corresponding to
the seven heavenly bodies. The miners noticed other metals, and some
of these were mentioned in the metallurgical books. Zinc, cobalt, and
bismuth were first discussed in these publications. Even more impor-
tant for the future of chemistry was the stress laid on the need for
accuracy and quantitative methods, and the fact that an example was
set for describing chemical methods, apparatus, and preparations with
full detail and clearness, so that anyone could repeat the work.

Of still greater significance for chemical progress was the work of
an entirely different type of man. Philippus Theophrastus Bombastus
von Hohenheim (1493-1541), who called himself Paracelsus, was one
of the most controversial figures in the history of both medicine and
chemistry. A physician of great originality of mind and extreme vio-
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lence of temper, he spent most of his life wandering from place to
place engaging in stormy controversies with the regular physicians
who still followed the theories of Galen. So violent was the opposition
he aroused, that most of his writings could not be published during
his lifetime. About twenty years after his death they began to be
printed. They soon attracted a large number of readers. The ideas
of Paracelsus changed the course of medicine and chemistry decisively.

Paracelsus drew his ideas from the writings of men like John of
Rupescissa and Arnold of Villanova, who had stressed the use of chemi-
cal remedies to cure disease, from the distillation books of Brun-
schwygk and his successors, and from the metallurgical writers of the
period. He grew up in a mining district and so had first-hand knowl-
edge of metallurgy. He was also influenced by the astrological theo-
ries of his day, and many of his works are marred by a mystical ap-
proach, by a strange terminology, and by a very confused style of
writing. In many instances, it is by no means clear exactly what his
ideas were. The main outlines of his chemical theories of medicine
are well established, however.

To Paracelsus, the term alchemy had a much wider meaning than
had previously been given to it. It signified any process in which
natural products were made fit for a new end. This included even
such processes as working iron or baking bread. Since he believed
strongly in the theory of the similarity between the macrocosm, the
great world, and the microcosm, man, he held that human digestion
was also an alchemical process, directed by an alchemist whom he
called the Archaeus. This alchemist separated poisonous substances
from nutritious ones in the body. The most important aim of al-
chemy was to prepare medicines, or arcana, which could restore bodily
balance disturbed by disease. Therefore, though Paracelsus believed
in the possibility of transmutation, he held that this was not the chief
purpose of the alchemist. His views brought him much nearer to the
modern concept of chemistry than anyone before him.

To prepare his medicines, he subjected a large number of metals
to a standardized set of reactions, thus obtaining a series of salts of
the various metals in solution. Such salt solutions he called “oils.”
In this way, for the first time he generalized chemical reactions instead
of considering every process as an individual treatment of a separate
substance.’? At the same time, the use of mineral substances in medi-
cine greatly increased the number of remedies available, although
there is little doubt that in some cases the remedies were distinctly
dangerous to the patient.
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The stress laid by Paracelsus on iatrochemistry, the use of alchemy
(or chemistry) for preparing remedies, strongly modified the older
theories of medicine. Although his ideas encountered strenuous op-
position among conservative physicians, a large group of Paracelsists
arose in the second half of the sixteenth century and spread his iatro-
chemical doctrines widely.’®* The new outlook of the iatrochemists
lIaid the foundations for the modern idea of chemotherapy. At the
same time it stimulated the search for new remedies, and so hastened
the discovery of new chemical substances.

In addition to this effect of the work of Paracelsus in practical
chemistry, he made one contribution to theoretical chemistry that was
quickly adopted by almost all chemists. Besides the traditional mer-
cury and sulfur as components of the metals, Paracelsus added a third
component, salt. This was actually only a concrete expression of the
older idea of spirit, soul, and body, or, more accurately, gas, liquid,
and solid, which had always been in the minds of the alchemists. The
mercury-sulphur theory left no satisfactory place for the body. By
the time of Paracelsus, air (which Paracelsus often called by the gen-
eral name “chaos”) had lost its previous importance among the ele-
ments, and fire had taken its place. Fire was most often considered
a combustible principle. Sulfur represented this inflammable prin-
ciple, the soul; mercury was the “water” or spiric; and now salt be-
came the earthy body. Thus, when wood burns, “that which burns
then is sulfur, that which vaporizes is mercury, that which turns to
ashes is salt.” ¢ This concept fitted in so well with the observations
made when substances were dry-distilled, as was commonly done when
they were “analyzed,” that it was accepted easily, and this doctrine of
the tria prima almost completely replaced the older mercury-sulfur
theory. It should be noted that Paracelsus still assumed the four
Aristotelian elements as basic, though he laid little stress on them,
and that his sulfur, mercury, and salt were not the common substances
familiar under those names, but their more abstract essences.

The contributions of Paracelsus tended to change the course of
chemical development, but there was so much fantasy and mystical
speculation in his writings that his ideas did not begin to spread im-
mediately. Active publication of his manuscripts began about 1560,
after the appearance of a number of alchemical books had somewhat
prepared the reading public for his type of reasoning.’* The violent
polemics between his adherents and opponents helped to publicize his
doctrines. The first Paracelsans accepted his theories with most of
their attendant fantasies. Gradually, however, the more chemically
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minded began to sift out his chemical contributions, and later iatro-
chemists by no means accepted all his ideas.

About the end of the sixteenth century, several publications ap-
peared that were supposed to have been written in the fifteenth cen-
tury, before the time of Paracelsus. Of these, the writings of Johann
Isaac Hollandus and Isaac Hollandus, father and son, show little
originality, but include many ideas that are typically Paracelsan.s
Since these works claimed to precede those of Paracelsus, many of the
anti-Paracelsus faction were happy to accuse Paracelsus himself of
plagiarism. It has now been positively established that these works
date from the last part of the sixteenth century, and drew their ideas
from Paracelsus, rather than the opposite.

A similar claim to a fifteenth century dating is found in the works,
more important in the history of chemistry, that are attributed to
Basil Valentine, a supposed Benedictine monk. His works were pub-
lished by Johann Tholde of Hesse, who had himself written a book
on salts. The works of Basil Valentine resemble those of Paracelsus
in many respects, using the terms Archaeus, arcanum, and chaos, and
the concept of the tria prima. They were also used by the anti-Para-
celsans to belittle the originality of their chief foe.” No evidence
for the existence of a Basil Valentine has been discovered, and it is
now known that the writings issued under his name are post-Para-
celsan. It is usually thought that the publisher Thélde was the actual
author of the Valentine literature,® though this conclusion is not
accepted by everyone.r” There is no doubt, however, that the works
were written at the end of the sixteenth century.

The most famous of the books of Basil Valentine is the Triumphal
Chariot of Antimony, published in 1604, which extols the medicinal
use of this metal and its salts. From a chemical point of view it gives
very clear descriptions of the preparation of antimony compounds.
It has been called the first monograph devoted to the chemistry of a
single metal. The book is an excellent example of the clear descrip-
tion of chemical methods and results typical of the late sixteenth
century.

This clarity of presentation reached a new height in the works of
Andreas Libau, or Libavius in the Latin form (c. 1540-1616), a school
teacher and physician whose interest in chemistry increased as he
grew older, so that at length he was able to write the first true text-
book of chemistry. Libavius was an iatrochemist, but not a blind
follower of Paracelsus. In spite of his belief in a number of medieval
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superstitions,®® his mind was far more logical and rational. He was
strongly influenced by the work of Agricola, whom he resembled in
many respects.

His chief work, the Alchemia, published in 1597, attempts to include
in a single book all the subjects that are today regarded as chemical,
but that, until his time, had been scattered through the literatures of
alchemy, pharmacy, metallurgy, and similar subjects. He used the
term alchemy, as did Paracelsus, to include what we now term chem-
istry, and in his opening sentence defines it as follows: “Alchemy is
the art of producing magisteries and of extracting pure essences by
separating bodies from mixtures.” 2 He divided alchemy into two
parts, encheria, the methods of operation, and chymia, the combining
of chemical substances. His classification of the divisions of chemistry
was logical, and his descriptions were clear. The book long served as
a textbook of chemistry. It is interesting to note that Libavius still
admitted the truth of alchemical transmutation, in spite of his logical
treatment of chemistry. He was not clear in his explanation of the
theory of a number of chemical reactions, such as the precipitation
of copper by iron, or the conversion of metals to oxides, which he
regarded as a kind of transmutation.??

He was more accurate in his practical directions, especially in his
book on technical chemistry, the Syntagma, which he published in
1611-1613. Here he gave clear directions for the preparation of aqua
regia and sulfuric acid. He recognized the identity of this acid prepared
by burning sulfur in moist air with the acid prepared from vitriol.
He gave the first directions for the preparation of hydrochloric acid
(spiritus salis) by heating salt with water in the presence of clay, that
is, in clay crucibles. His name was long associated with tin tetrachlo-
ride (spiritus fumans Libavii), whose preparation he described briefly.
He drew up detailed plans for the construction of a chemical labora-
tory, although such a laboratory was not constructed until 1683 at
Altdorf.28

His books thus sum up the spirit of the sixteenth century, with its
emphasis upon the practical at the expense of the theory, and with
its great suecess in establishing chemistry as a science in its own right,
one worthy of independent study. The emphasis on chemistry by
the metallurgists and the Paracelsans had finally resulted in a true
textbook of chemistry.
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CHAPTER XI

CHEMICAL PRACTICE AND THEORY
IN THE FIRST HALF OF THE
SEVENTEENTH CENTURY

he emphasis by the iatrochemists on the use of chemical reme-
Tdies continued to inspire men to study chemical reactions as the
seventeenth century dawned. The rational path of investigation
pointed out by Libavius was increasingly followed. As the number of
available reagents increased, so too did the number of new compounds
and the number of reactions studied. The emphasis was on practical
laboratory operations, but theoretical speculation, so little developed
in the previous century, became more frequent. As will be seen, the
first steps in this direction were faltering and there was little unanim-
ity of thought, but during the seventeenth century a pattern of chemi-
cal thinking emerged, and, by the end of the century, chemical philos-
ophy was a flourishing and popular subject.

At this time, too, chemistry began to assume the position of an
independent science. Those who followed it were followers of a new
profession. Many were still members of other trained groups, but
some would be called chemists today. Until this time, most of the
men who took a deep interest in chemistry had been physicians, but,
with increasing frequency, pharmacists began to work and publish in
the field. They were particularly fitted to pursue the subject since
they operated laboratories and carried on most of the preparation
of iatrochemical remedies. Few physicians actually soiled their hands
in laboratories, and so their interest in chemistry tended to be theo-
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retical. The pharmacists, with their practical knowledge, became in-
creasingly important in the development of chemistry. For the next
two hundred years a large number of fundamental chemical discov-
eries were made by pharmacists or men with pharmaceutical training.
This was particularly true on the continent of Europe. In England,
chemical advances were made by a different type of investigator, the
scientific amateur.

The Libavius tradition of practical chemistry lasted well into the
new century. One of those who followed this tradition was the French
pharmacist Jean Béguin (died about 1620). About 1604 he began to
give lectures on chemistry to the general public and in 1610 he pub-
lished his Tyrocinium Chymicum, “The Chemical Beginner.”* The
book became very popular and went through many editions. It is
interesting to note that in it Béguin distinguished the viewpoints of
the physicist, the physician, and the chemist toward the facts of na-

ture.?2 This is definite evidence that the chemist was now recognized |

as an individual scientist.

Béguin’s book contains almost no theory. It is a heterogeneous
collection of recipes for the preparation of chemical remedies. Never-
theless, it shows in many ways how far the “kitchin cooks” had pro-
gressed. An interesting example is the description of the digestion of
minium (lead oxide) with vinegar, and the distillation of the resulting
crystals to produce a volatile substance that we now know is acetone.
Béguin adds that if the receiver is “not very exactly luted on with the
Retort, so great a fragrancy (filling the whole Jaboratory) will be lost
as I doubt not but if the odours of all odourate Vegetables were gath-
ered together, and mixed, it would far exceed them.”? In the 1615
edition of his book, Béguin explains the reaction between antimony
sulfide, Sb,S3, and mercuric sulfate by an almost modern equation.*

Another practical chemist, this time a physician, was Angelo Sala
(1576-1637). In 1617 he described the preparation of copper vitriol
(CuSO,-5H,0) from weighed amounts of copper, spirit of sulfur (sul-
furic acid), and water. He then decomposed the compound and
found the same ingredients and in the same proportions as he had
used in his original synthesis. This demonstrated the continued ex-
istence of the constituents in the salt, which ran counter to the old
Aristotelian ideas, and also showed, as he stated, that the artificial
and natural vitriols were the same.s

A far greater chemist than Béguin or Sala was Johann Rudolph
Glauber (1604-1670).¢ He was self-taught in chemistry, and he wan-
dered over much of Europe learning the methods in use in various
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Fig. 9. Distillation apparatus of Glauber. (From French translation of Glauber’s
Furni Novi Philosophici.)

countries. At length he settled in Amsterdam, where he constructed
an excelient laboratory. Most of his life was spent in chemical ex-
perimentation. He was one of the earliest industrial chemists and
chemical engineers. In his Furni Novi Philosophici, “New Philo-
sophical Furnaces” (Amsterdam, 1648-1650), he described much chemi-
cal apparatus and many chemical operations. In Pharmacopocia
Spagyrica (Niirnberg, 1654) he gave recipes for many iatrochemical
medicines. In Teutschlands Wohlfahrt, “The Prosperity of Ger-
many” (Amsterdam, 1656), he applied chemical principles in his elab-
orate recommendations for making Germany an economically self-suf-
ficient country. His final illness and death probably resulted from his
investigations on the chemistry of mercury and arsenic in poorly ven-
tilated laboratories.”

Glauber was much interested in metallurgy and in the manufacture
of acids, bases, and salts. Among other procedures, he prepared strong
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sulfuric acid and greatly improved the method of Libavius for the
preparation of hydrochloric acid. His most famous recipe was for the
treatment of ordinary salt with sulfuric acid, followed by distillation.
The residue from the reaction contained sodium sulfate, a salt to
which Glauber attributed marvelous powers. He himself called it
sal mirabile, and it has since been known as Glauber’s salt. Contrary
to his usual custom, he made some attempt to keep the method of
preparing this salt a secret, and his enthusiasm in extolling its virtues
led to his being considered something of a charlatan by those who do
not know of his other work.

More important for the history of chemistry was his great interest
in salts in general. Since he had available the common mineral acids,
he could treat a large number of metals and metal oxides with them
to prepare neutral salts. He often obtained these in pure form and
in large quantities. He was thus able to recognize that salts were
made of two parts, one coming from an acid, the other from a metal
or its earth (oxide). His studies further showed that neutral salts could
react with each other to produce new salts: double decomposition. In
the preparation of saltpeter (potassium nitrate) from nitric acid and
sal Tartari (potassium carbonate), he used the evolution of carbon
dioxide as an indicator for the neutral point. By such reactions he
learned that different acids have different strengths. He expressed
this fact in terms that showed that he was groping toward the idea
of chemical affinity.

As one metal is of a different nature from another, that such as are
alike, love each other, and such as be unlike abhor and shun each other;
and when there are divers Metals in one mass, and you would separate
them, it is” necessary that you do it by adding such a thing as is of af-
finity to the more imperfect part, and is at enmity with the perfect part.
As for examp. Sulphur is a friend of all the Metals, save Gold, and that
it hates; but yet it loves (even in imperfect Metals) one better than
another.8

The terminology of love and hate is here essentially that of Em-
pedocles 2100 years before; but, while the Greek philosopher thought
of Love and Strife as physical bodies, it is clear that Glauber consid-
ered them to be forces. .

Thus Glauber went béyond Libavius in his grasp of the nature of
the inorganic reactions that he carried out. He also made observations
in organic chemistry, preparing such substances as ethyl chloride, ace-
tone, acrolein, and benzene, but the nature of these compounds was
too complex to be understood by a seventeenth century scientist.
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Even though Glauber was first of all a practical chemist, he had a
greater theoretical understanding than his predecessors of the six-
teenth century. Thus it is not surprising that his contemporaries who
were more interested in theory should make striking changes in the
long accepted ideas of the nature of matter. The chemist who most
combined theory with practice in his work at this time was Jan Baptist
Van Helmont (1577-1644). Although many of his theories were erro-
neous, his contributions to the advance of chemistry were very great.?

Van Helmont was a wealthy physician who lived near Brussels.
He spent most of his life in retirement, carrying out chemical experi-
ments. He considered himself a philosophus per ignem, a philosopher
by fire, which approximately signifies a professional chemist.

Van Helmont rejected strongly the Aristotelian idea of the four
elements, since he felt that neither fire nor earth was a fundamental
constituent of substances. Air was an element, but it could not be
changed into any other form, and where it did exert any influence,
as in aiding the burning of a fire, it was doing so only by a mechanical
action. This left water as the basis of all chemical substances, and
much of Van Helmont's experimental work was devoted to proving
the importance of water in nature. Van Helmont was a follower of
Paracelsus and accepted much of the latter’s mysticism, but he did not
stress the importance of the three principles, mercury, sulfur, and salt,
very strongly.

The most famous attempt of Van Helmont to prove that water could
be converted into other substances was his willow-tree experiment.
This was an actual performance of the experiment suggested by Nicho-
las of Cusa two hundred years before. Van Helmont planted a tree in
a weighed amount of earth, watered it for 5 years, and then showed
that, while the tree had gained 164 pounds, the weight of earth re-
mained the same. To him, this proved that all parts of the tree had
been formed from water. Of even greater chemical interest was his
experiment with a weighed amount of sand. This was fused with
excess alkali to form water glass, which liquefied when exposed to air,
obviously a conversion of earth to water. The water could be recon-
verted to earth by treatment with acid, and the amount of earth
(silica) recovered was the same as had been used originally.

These experiments do not seem to us a very good demonstration of
the elemental nature of water, but they illustrate two aspects of Van
Helmont’s work which show that his thinking was much closer to that
. of the modern chemist than had been the thinking of his predecessors.
The first was the quantitative nature of his experiments. He used the
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balance almost routinely. Stemming from this, and still more impor-
tant, is the implicit assumption on his part that matter is not created
or destroyed in the changes that it undergoes. The law of conservation
of mass was not stated until much later, but Van Helmont and those
who followed him used the principle continuously. The use of the
balance no doubt caused a widespread acceptance of this principle,
for there would be little point in weighings if it were not true. The
instrument introduced by the assayers for purely practical purposes
was leading to important theoretical advances in chemistry.

Another significant advance resulted from Van Helmont's theory
of the elements. Air could not be converted to water, as many earlier
philosophers had thought, yet, when water evaporated, it gave rise to
an airlike substance. Many chemical reactions also liberated similar
substances. These could not be air, and so must represent a new class
of materials. The product of evaporation of water easily returned to
water, and so Van Helmont considered it to be a vapor. The other
substances were more permanent, and for them he found a new name.

I call this spirit, unknown hitherto, by the new name of Gas, which
can neither be contained by vessels, nor reduced into a visible body,
unless the seed being first extinguished. But Bodies do contain this
spirit, and do sometimes wholly depart into such a Spirit, not indeed
because it is actually in those very bodies (for truly it could not be de-
tained, yea the whole composed body should fly away at once) but it is
a Spirit grown together, coagulated after the manner of a body. . . .1¢

The word “gas” was most probably derived from “chaos,” which
Paracelsus had used as a generalized term for air. The use of this
new word never died out completely on the continent of Europe, but
in England Robert Boyle replaced it by the term “air,” and it was not
until the nineteenth century that it was re-established in English.1t

To Van Helmont, a gas was subtler than a vapor, but denser than
elementary air. The difference in properties between gases and vapors
lay in a different arrangement of sulfur, mercury, and salt in the
smallest parts.? Experimentally, Van Helmont prepared gas by a
number of different reactions, and frequently used the term gas syl-
vestre, “wild spirit,” to designate it. Most of the specimens he pre-
pared were actually carbon dioxide obtained from such sources as burn-
ing charcoal, fermenting grapes, or acids and salt of tartar (potassium
carbonate), but he also obtained impure samples of oxides of nitrogen,
sulfur dioxide, and hydrogen. He knew that his gases did not always
have the same properties, though he did not ascribe much importance
to this fact. He has been called the father of pneumatic chemistry.




SEVENTEENTH CENTURY PRACTICE AND THEORY 107

As an iatrochemist, Van Helmont applied many of his ideas to living
organisms. Following Paracelsus, he assumed the existence of an
Archaeus to direct bodily reactions, but he generalized the concept by
declaring that all reactions in life were controlled by “ferments,”
which were a sort of individual formative energy. This terminology
continued in use until late in the nineteenth century. It cannot be
said that Van Helmont's conception of ferments had much in common
with the modern idea of enzymes, though this comparison is some-
times made. In spite of the rather mystical character of many of
his biochemical theories, Van Helmont did carry out much practical
work on the chemistry of body fluids, and so he helped to lay the
groundwork for a scientific biochemistry.

Two of Van Helmont's prominent successors carried his ideas of a
chemical mechanism of life much further than he himself had done.
Francois de la Boe, whose name was Latinized to Sylvius (1614-1672),
and Otto Tachenius (c. 1620-1690) were undoubtedly influenced by
the mechanical theories of chemistry that developed by the middle
of the century, which tried to simplify all chemical ideas. They were
also acquainted with the practical discoveries of Glauber. As iatro-
chemists, they felt the need to explain all life processes in these mod-
ern terms, and so they reduced all reactions in the living body to the
interaction of acids and alkalies. The impressive effervescence of
carbonates with acids seemed enough to account for living forces. It
was the violent conflict of antagonistic substances that produced life.*s
This actually was a revival of the old doctrine of contraries, but it
was expressed in the then most modern language.

The pharmacists who prepared iatrochemical drugs were closer to
the laboratory itself than were the iatrochemical physicians, and so
were more concerned with the nature of the materials with which
they worked than with devising all-embracing theories of life. They
devoted much of their time to distillations, especially of plant and
animal products. They believed that by this process they were “ana-
lyzing” the substances into their constituents. Since they obtained a
volatile liquor, an inflammable substance, and a water-soluble residue
in many cases, they were prepared to accept the three principles of
Paracelsus: mercury, sulfur, and salt. They also found in many of
their distillations that they obtained a heavier liquid and an insoluble
solid, and so they added to the Paracelsan elements two more: phlegm
and earth. The first three were the active principles; the latter two,
the passive principles; and so arose a concept of five elements.* A
whole series of pharmacists who gave public lectures on chemistry at
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the Jardin du Roi in Paris, Davidson, de Clave, Le Févre, Glaser, and
Lémery, held to the basic belief in the five principles, although they
differed greatly among themselves in their application of these prin-
ciples to chemical theory.1s

It can be seen that the first half of the seventeenth century was a
period of increasing precision in practical chemistry. The impor-
tance of quantitative experiments was appreciated; the idea of the
indestructibility of matter was intuitively realized; and the nature of
acids, bases, and salts and of many of their reactions began to be
understood. At the same time the theoretical development of chem-
istry was in a chaotic state. Nearly every chemist developed his own
explanation of the fundamental structure of matter.’* Most of the
theories that were put forward at this time did not survive the cen-
tury, but they played an important part in the history of chemistry
nevertheless. They arose because the men of this age could not accept
the theories that had been current for two thousand years, and by
their variety they swept the older theories from the scene. Yet, they
could fill the vacuum that was thus created for only a short time.
New discoveries that poured from the laboratories demanded better
explanations than could be offered by the mystical and occult forces
of the Paracelsans on the one hand, or the oversimplified explanations
of the more rationally inclined iatrochemists on the other. By clear-
ing the ground, the varied and individualistic theories of this period
opened the way for the corpuscular theory that followed them and
that, in its gradual development, led to the ideas of modern chemistry.

REFERENCES

1. T. 8. Patterson, Ann. Sci., 2, 243298 (1937).

2. Héléne Metzger, Les doctrines chimiques en France du début du XVIIe a la
fin du XVIlle siécle, Vol. I, Les Presses Universitaires de France, Paris, 1923, pp.
39-40.

3. Patterson, op. cit., p. 260.

4. Ibid., p. 278.

5. R. Hooykaas, Chymia, 2, 77-78 (1949).

6. P. Walden, Glauber, in G. Bugge, Das Buch der grossen Chemiker, Vol. I,
Verlag Chemie, Berlin, 1929, pp. 151-172; Eva V. Armstrong and Claude K. Deischer,
]. Chem. Educ., 19, 3-8 (1943).

7. Walden, op. cit., p. 155.

8. Armstrong and Deischer, op. cit., p. 5.

9. F. Strunz, Van Helmont, in G. Bugge, Das Buch der grossen Chemiker, Vol. 1,
Verlag Chemie, Berlin, 1929, pp. 142-150; J. R. Partington, Ann. Sci., 1, 359-384

(1936).




SEVENTEENTH CENTURY PRACTICE AND THEORY 109

10. J. B. Van Helmont, Oriatrike, or Physick Refined, translated by J. C., London,
1662, p. 106.

11. Partington, op. cit., p. 372.

12. Strunz, op. cit., p. 147.

13. Metzger, op. cit., p. 202,

14. Ibid., p. 310.

18. Ibid., pp. 20-97, 311-312; Clara de Milt, J. Chem. Educ., 18, 503-509 (1941).

16. Metzger, op. cit., pp. 163-164.



CHAPTER XII

THE SPREAD OF ATOMISTIC
THEORIES

he Aristotelian theory of form and matter led logically to the

belief that every chemical change, with its resulting change in
the properties of the substances involved, was actually a transmuta-
tion. The reaction products were completely new, and nothing of the
old substance remained except, perhaps, some ‘virtue” or hidden
quality. This idea was firmly held throughout the Middle Ages.
Every individual substance was considered to be completely homogene-
ous and continuous.! The properties of material substances were due
to “substantial forms and real qualities,” which, in the Middle Ages,
were believed to be actual entities attached to matter. A body was
white because it contained the “form of whiteness,” and this state-
ment was felt to be a completely adequate explanation of the prop-
erty.? Substances were endowed with personality; they loved and
hated (affinity). These qualities later came to be called “occult.”
They were the special object of attack by seventeenth century physi-
cists and chemists.

Even in the early Renaissance, men began to challenge some of these
concepts. The first attacks came when the humanists began to trans-
late the works of the Greek atomists. The first century B.c. poem of
Lucretius, De rerum natura, which explained the Epicurean version
of the atomic ideas of Demokritos, was first printed in 1473 This
reintroduced the concept of the void, or vacuum, in which were float-
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ing the minutest particles of substances, the atoms, endowed with
shape and size, and in continuous motion. In 1575 appeared the first
complete translation of Hero’s Pneumatica (p. 34).* This was a less
philosophical, more practical explanation of the behavior of matter,
founded directly on the properties of gases. It did not assume a con-
tinuous vacuum. Undifferentiated particles were separated only by
pores of varying sizes which permitted expansion and contraction of
the gases. Hero was not attempting to present a complete picture of
the nature of the whole cosmos. Though his theory, like that of
Demokritos, considered matter to be particulate, it was far less com-
prehensive than the theory expounded by Lucretius.

These atomic idéas, at first expressed as theories only, began to
receive experimental support from studies such as those of Béguin,
Sala, and Van Helmont. As evidence accumulated that the same
substance persisted through a series of chemical changes, it was natural
to assume that minute atoms were the unchangeable parts that car-
ried through all the steps. Van Helmont did not find this a necessary
assumption, but a number of his contemporaries did.

Daniel Sennert (1572-16387) thought that the existence of the small-
est individual particles, which he called “minima,” was proved when
vapor from spirits of wine penetrated writing paper, or when a large
volume of vapor during distillation contracted to a small drop of
liquid.> Joachim Junge, or Jungius (1587-1637), explained many re-
actions in atomic terms. He denied that the replacement of iron by
copper in a copper sulfate solution was a transmutation, seeing in it
only an exchange of atoms. Many physicians, anti-Aristotelian in
outlook, similarly used atomic explanations for the reactions that
they observed.”

At first, an attempt was made to preserve at least a part of the older
theory by dividing compounds into two classes, “natural” and “arti-
ficial.” Natural compounds were those that resulted from true trans-
mutations; artificial compounds, those that could be resolved into the
substances from which they were made. As more and more experi-
ments were performed, the number of artificial compounds became
50 great that the distinction had to be abandoned.®

These earlier atomists were usually professedly anti-Aristotelian, but
they continued to endow their atoms with the forms and qualities of
the Aristotelians. They made the idea of atoms familiar to the sci-
entists of the day, but they did not attempt any new explanation of
chemical properties.® The rationalists of the seventeenth century
moved on to new concepts. Galileo (1564-1642) accepted the views
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of Hero, but he endowed his particles with motion, giving to motion
an importance equal to size and shape in fixing the properties of
atoms.’® This was the basis for the “mechanical philosophy” which
completely altered the views of physicists and chemists in the seven-
teenth century. At almost the same time, Francis Bacon (1561-1626),
accepting a particulate theory of matter without accepting the Demok-
ritan atoms as such, believed that heat was a form of motion and that
science should strive to investigate “the discovery of forms,” that is,
to explain the properties of matter.1t

The most influential atomic theories and attempts to explain nature
in mechanical terms were those of Pierre Gassendi (1592-1655) and
Ren¢ Descartes (1596-1650). Both men tried to establish a complete
world system, after the manner of the Greek philesophers, but chem-
ists took their ideas only from the parts that seemed applicable to
chemical reactions, thus building up a new “mechanical” chemistry
that went far toward banishing the occult forces from properties
and reactions.

Gassendi was a convinced Epicurean and had written a life of Epi-
curos and an exposition of his philosophy. He accepted the experi-
mental proof of the existence of a vacuum which came from the work
of Evangelista Torricelli (1608-1647),'2 who invented the barometer
in 1643. Gassendi considered that the atoms moved in this void. He
attempted to account for all the properties of matter by the size and
shape of the atoms. Heat was due to small, round atoms; cold, to
pyramidal atoms with sharp points, which accounted for the pricking
sensation of severe cold. Solids were held together by interlacing
hooks.* There is a reminder here of the Platonic elements whose
shapes accounted for their properties. This aspect of atomism was
stressed heavily by chemists in the following years.

Descartes did not believe in atoms as such, but rather in a continu-
ous but infinitely divisible matter.’* No vacuum was possible, but
the original particles of matter, by their own movement, were abraded
into large particles of varying shapes. These made up the “third ele-
ment,” terrestrial matter, which comprised chemical substances whose
shapes were important, just as in the system of Gassendi. The par-
ticles were infinitely divisible in theory, but actually, because of their
relatively slow motion, they did not undergo very much change. Be-
tween these particles were much smaller particles of the “second ele-
ment,” a swiftly moving, subtle matter that was the air element. The
interstices that remained were filled by extremely fine particles, also
swiftly moving, of the “first element,” fire, formed from the abraded
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particles of the other elements, and easily deformable, so that they
filled all the remaining space and left no room for a vacuum. The
motion of the third element was imparted by the more rapidly moving
particles of the second element, and motion could account for many
of the properties of bodies. Heat increased the motion of the second
element, and so also of the third. Many of the properties of matter
explained by Gassendi as due to physical shape were explained by
Descartes as due to motion or relative rest. Even light was a form
of motion of the subtle particles. The second element was termed
“ether” by Descartes, and his concept of a subtle, all-pervasive par-
ticulate fluid underlay the later attempts to use this idea to explain
the difficulties physicists found with light, heat, and electricity.'s

The aim of these philosophers was to do away with all mysterious,
occult, or personalized forces, and to explain nature on a mechanical
basis. The greatest exponent of this mechanical approach to chem-
- istry was the outstanding English investigator Robert Boyle (1627-
1691).

Boyle was a representative of a type of scientist found especially in
England during the next century and a half, the amateur investigator.
Whereas the greatest contributions to chemistry on the continent of
Europe came from pharmacists or men with pharmaceutical training,
the major advances in England resulted from the work of men who
pursued science as an avocation. They were independently wealthy,
or they held positions that gave them ample time to carry on investi-
gations and to develop new theories. As a result, they tended to
advance the theoretical side of science, whereas the continental phar-
macists were discovering new substances and new reactions.

The first important experimental work of Boyle was his study of
the properties of air, which he published in New Experiments Physico-
mechanical, Touching the Spring of the Air and Its Effects (1660). He
applied the newly discovered air pump of Otto von Guericke (1602-
1686), Burgomaster of Magdeburg, to produce a vacuum and study
the physical behavior of air. These studies led to the enunciation of
what is now usually called “Boyle’s Law.” They were so influential
among his fellow scientists that the vacuum produced by the air pump
became known as the vacuum Boylianum. The pump itself was built
for him by his assistant, Robert Hooke (1635-1703), who later made
important contributions of his own to science.

Boyle’s work helped greatly to eliminate some of the old concepts
of “sympathy” and ‘“‘abhorrence” from physics. It gave a mechanical
explanation of suction as resulting from pressure of the air,'® and it
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indicated the path that Boyle was to follow in chemistry for the rest
of his life. His main purpose was to present a mechanical picture of
chemical reactions, to do away with all occult forms and qualities, and
to explain the behavior of substances by analogy with a machine,
specifically to consider the world as “a great piece of clockwork.” 17

One essential part of his plan was to clear away the old ideas,
especially those of the Aristotelian elements and the Paracelsan prin-
ciples, as well as the theory that bodies could be resolved into their
ultimate parts by fire, that is, by destructive distillation. This task
Boyle undertook in his most famous book, The Sceptical Chymist,
published in 1661. In the form of a dialogue between supporters of
the older theories and Carneades, the sceptical chemist (Boyle himself),
he presented convincing arguments to destroy most of the former
beliefs. The book was exceedingly influential in establishing the
newer outlook among chemists of the seventeenth century. True to
its title, however, the book did not present a substitute for the ideas
which were cast aside. This has led some to believe that Boyle was
a complete sceptic in science, performing experiments for their own
sake and not attempting to evolve a unifying theory to explain his
work. The extreme variety of his experiments and the apparently
unsystematic order of their publication would seem to support this
view. Actually it is far from being correct.

Boyle was guided throughout all his work by what he himself
named the “‘corpuscular philosophy.” He, like Hero, pictured air as
fundamentally corpuscular, and his early experiments on its elasticity
confirmed the picture. He knew the theories of Gassendi and Des-
cartes, and he used certain aspects of each of them, but he built up his
own view of the mechanical universe in which the fundamental quali-
ties were matter and motion. His ideas were most fully explained in
The Origin of Forms and Qualities (1666).

Boyle conceived of small, solid, physically indivisible particles that
were the building blocks of nature. These were associated into larger
groups which often acted as units through a number of chemical re-
actions. Size and shape of these units gave physical properties to
substances, but their motion was equally important, and a change in
motion resulted in a change in properties. Attraction and affinity
were explained by the mutual fitting together of moving particles.2®

The unifying principle in all the varied experiments that Boyle
carried out was the attempt to use the idea of matter and motion to
explain mechanically all chemical reactions and all physical proper-
ties and to discard all occult theories. In the course of his work,
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Boyle, an expert experimenter, made numerous important discoveries
and offered many important suggestions which were very stimulating
to later chemists.

He worked out the method for isolation of phosphorus from hints
given by its original discoverer, Brand,*® and used this new substance
in his studies on the chemistry of air. He investigated acids and
alkalies and the use of indicators. He described many tests useful
in qualitative analysis.? Very influential among later chemists were
his studies on the nature of fire and of calcination, which he inter-
preted in terms of his corpuscular theory. He believed that fire was
composed of small particles in rapid motion, for, like most of his
contemporaries, he believed that motion accounted for heat. He
sealed various metals in glass flasks and heated strongly to convert
them to their calces (oxides). He then opened the flasks and weighed
the product. The increase in weight was attributed to fire particles
that had penetrated the glass and combined with the metal.. Many
chemists adopted this theory, and it was not conclusively refuted until
his experiments were checked by Lavoisier. This is an excellent illus-
tration of the lengths to which the corpuscular theory could be carried.

Boyle also studied combustion in the open air, and recognized that
part of the air was needed for the process to continue. He thought
of air as a mixture of a number of distinct sorts of particles: vapors
of water and other exhalations, a peculiar substance that supported
combustion, and the basic air particles that accounted for the “spring”
(elasticity). Theése last particles gave air its gaseous properties, but
did not react chemically. This recalls Van Helmont’s idea of a gas.
The first two kinds of particles accounted for all the reactions of air.
These ideas were later extended by Hooke and Mayow.2

Although Boyle conceived of matter as entirely corpuscular, his ideas
of elements were not at all modern. He gave a definition of an
element in the appendix to The Sceptical Chymist that has often been
quoted as a forerunner of the ideas of Lavoisier:

And to prevent mistakes, I must advertize You, that I now mean by
Elements, as those Chymists that speak plainest do by their Principles,
certain Primitive and Simple, or perfectly unmingled bodies; which not
being made of any other bodies, or of one another, are the Ingredients
of which all those call'd perfectly mixt Bodies are immediately com-
pounded, and into which they are ultimately resolved.z2

Actually, Boyle did not believe in elements in our sense of the word.
To him the aggregates of the ultimate particles made up most known
substances which could therefore be transmuted into almost any other
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substance by a rearrangement of the particles. In fact, Boyle still
believed in the possibility of transmutation, and was interested in
transmuting gold, not for alchemical reasons, but to prove his cor-
puscular theory.?* His theories were fundamentally less advanced
than those of many of his contemporaries. It was his experimental
work, his arguments against Aristotelian and Paracelsan ideas, and his
emphasis upon mechanical and corpuscular explanations that exerted
such a great influence on later chemists.

The only important scientist who fully accepted Boyle’s chemical
ideas was Isaac Newton (1642-1727), who was much interested in
chemistry and included a number of chemical queries at the end of
his Optics.* Newton’s theories of matter were essentially those of
Boyle, though he did assume an attraction between particles that
Boyle would probably have considered occult. Newton apparently
also believed that the particles of material substances were not funda-
mental, and that transmutation was possible.?s

This view of the non-elemental nature of the particles of matter
was not held by most seventeenth century chemists. They followed
Libavius in their definition of the aim of chemistry, which they be-
lieved to be to extract pure principles and to discover how these were
combined in known compounds. Inevitably, this led to the idea that
ultimate particles, elements, could be obtained. As the various cor-
puscular theories developed, it was natural to expect that indivisible
particles of the elements, that is, atoms, should exist. These atoms
could not change, and so, at last, the idea of transmutation was re-
jected, even by strict Cartesians.® It then remained only to account
mechanically for the reactions and properties of these elements, for,
whatever variations in theory were held by seventeenth century chem-
ists, all were united in rejecting any occult explanations.

One of the most influential chemists of this period was Nicolas
Lémery (1645-1715), an apothecary of Paris who gave public lectures
on chemistry in the tradition of the Jardin du Roi, and who pub-
lished a very popular textbook, the Cours de chimie, in 1675. The
book was largely practical, and in its recipes for the preparation of
chemical medicines it drew heavily on the work of the preceding
pharmacist-chemists, especially Christofe Glaser.2* When it did discuss
theory, it was entirely atomistic in viewpoint. Lémery did not adhere
specifically to any one theory, any more than did Boyle?® but he
was less interested in motion and more in the shape of atoms. He
explained physical and chemical properties by shape. Acids had
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sharp spikes on their atoms, accounting for the pricking sensation
they exert on the skin. Alkalies were highly porous bodies into which
the spikes of the acids penetrated and were broken or blunted in
producing neutral salts.??

The explanations of Lémery were superficial, it is true, but they
seemed reasonable and obvious even to non-chemists. Intelligent lay-
men had previously been turned away from chemistry by the vague
and mystical explanations of the alchemists and iatrochemists. Now
Lémery gave simple accounts of the natural world and popularized
his theories in his lectures and textbook. The result was a widespread
interest in chemistry on the part of the educated public. This in-
creased the number of potential chemists for the future, and pro-
moted fuller and more open discussion of chemical ideas. The effect
on the further development of the science was great.?

At about this time, scientists themselves were organizing groups to
meet and discuss the problems that they faced in their laboratories.
At first, these were informal meetings at the homes of various sci-
entists. Such were the private academies of Mersenne or Justel in
Paris, or the group of which Boyle was a member that met at Oxford
and in London, and that was known as the Invisible College. From
these groups arose the formal organizations of the Académie des Sci-
ences in Paris (founded in 1666) and the Royal Society in London
(founded in 1662).52.32 International correspondence between such
groups was a regular occurrence. The scientists, including of course
the chemists, were able to discuss their work with their associates,
submit to constructive criticism, and, finally, to publish their results in
the journals that the new societies established. The importance of
the relatively rapid publication of new discoveries that these journals
made possible can hardly be overestimated.

The seventeenth century, then, resulted in a true chemical revolu-
tion, which was actually a part of the greater revolution of all the
experimental sciences. The old, mystical doctrines were overthrown,
the idea of atoms was firmly established, the experimental laboratory
was given a new and more important place in science, and the chem-
ists themselves were associated into strong and mutually helpful
groups. The general public became aware of the progress and pos-
sibilities of the science. Although the phrase “Chemical Revolution”
is usually applied to the work of Lavoisier and his associates at the
end of the eighteenth century, it was the complete change in outlook
during the seventeenth that prepared the way. There was still no
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unanimity of specific chemlcal theory,? but there was a general agree-
ment as to the basic pr1nc1p1es and methods to be used in finding the
path of further progress.
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CHAPTER XII1I

' THEORIES OF THE
EIGHTEENTH CENTURY:
PHLOGISTON AND AFFINITY

uring the second half of the seventeenth century and throughout
most of the eighteenth, the attention of chemists came more
and more to be centered on the problems of the nature of combustion
and the forces that held chemical compounds together. At the same
time, practical chemistry greatly increased the knowledge of elements
and compounds; quantitative methods came to be accepted as essen-
tial to chemical investigation; and the whole new field of the chem-
istry of gases was opened up. The combination of all these factors
made possible the foundation of modern chemistry by Lavoisier and
the French school at the end of the eighteenth century.

As this period opened, the old concept of expressing the nature
of a substance in terms of its properties had by no means been aban-
doned, though the idea of atomism had been almost universally ac-
cepted. Applied to the ideas of combustion, these concepts led to a
belief in atoms of fire substance, but did little to alter the age-old
ideas of what happened when a substance burned. Theories of the
nature of this phenomenon had from earliest times been based on
direct observation of a fire. It seemed self-evident that this was one of
the most important changes that went on in nature, and many Greek
philosophers had made fire the central point in their cosmologies.
The changes of material bodies in fire always interested the alchemists,
whether mystical or practical. The importance ascribed to sulfur,
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the principle of combustibility in the sulfur-mercury theory of metal
composition, is sufficient evidence of this.

The most obvious fact in observing fire was that flame was escaping
from the burning object. Something was being lost, and the relatively
light ash left when an organic substance was consumed was further
proof of this. Thus the inflammable principle, whatever it was, was
naturally assumed to be escaping during combustion. This idea per-
sisted as chemical theories grew more and more precise.!

The practical metallurgists of the Middle Ages knew quite well
that when metals were heated they were converted to a heavier
powder, the calx, but they probably did not bother to connect this
with the burning of organic substances, since they were not interested
in theoretical matters, They did not concern themselves with the con-
ditions needed for combustion to take place.

Nevertheless, the idea gradually grew up that air was needed if
combustion was to occur. The germ of this idea is found in the
works of Paracelsus, who believed that air contributed something
mysterious to life. This concept was made more specific by a Scottish
alchemist, Alexander Seton (died 1604), called the Cosmopolite.> His
book, Novum Lumen Chymicum, was published after his death by his
follower, Michael Sendivogius (1556 or 1566—1636 or 1646), who added
to it a tract, De Sulphure. In these works has been found the appar-
ently specific source of the doctrine that air contains a vital spirit that
nourishes life.* This vital spirit was identified with niter, by which
was meant not the solid salt, but the essential spirit of niter that
caused its violent reaction in gunpowder. This led directly into an-
other ancient belief, stemming from the Aristotelian doctrine of the
two exhalations from the earth. It was supposed that, as sulfur and
niter were needed to produce the explosion of gunpowder, so a spirit
of sulfur and a spirit of niter produced such natural phenomena as
thunder, lightning, and earthquakes.* These things were generally
accepted by scientists of the seventeenth century and were responsible
for some of the experiments of Boyle on combustion. Thus, he tried
to burn sulfur in a vacuum?® and failed, proving the need for air.
This need was recognized even earlier by Jean Rey (c. 1575-1645),
in 1630. John Mayow (1641-1679) in 1674 and especially Robert
Hooke in his Micrographia of 1665 expressed very clearly the idea that
some part of the air was necessary for combustion, but not the whole.
Hooke believed that the nitrous particles existed in niter, but Boyle
thought that they were only trapped in this salt.” It is easy for the
modern reader to see in all these works more than the writers intended,
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for their ideas of chemical combustion were very vague, and they
thought of the removal of inflammable material as a sort of solution
rather than as a combination in the modern sense. Even Rey, who
believed that part of the air combined with a metal during calcina-
tion, considered the combination an absorption analogous to that of
water on sand when the two are mixed. Nevertheless, if these ideas
had been accepted and studied by the active laboratory workers of the
eighteenth century, chemical progress might have been more rapid.
In actual fact, these theories were little noted at the time, and another
explanation came to be generally accepted. This was the phlogiston
theory.

In France and England the atomistic theories had led to an attempt
to explain the universe in purely mechanical terms. This was quite
satisfactory to the physicists, but the chemists, confronted with a vast
and growing mass of confusing and individualized compounds and
reactions, could not feel completely at ease in a clockwork universe.
They did their best with the mechanical theories, but, when they were
presented with a concept that grew out of the older chemical ideas of
Van Helmont and that seemed to embrace many otherwise unrelated
facts, they were quite ready to receive it. It was in Germany that the
older ideas retained their greatest influence, and it was from Germany
that the new theory emerged.

Johann Joachim Becher (1635-1682) resembled Van Helmont in
many ways. He had similar, partly mystical ideas, and felt a great
interest in organic compounds. To him, metals were only a by-prod-
uct in the plan of the Creator, which was centered in organic life.
Therefore, any explanation of combustion had to be based on the
burning of organic substances. Becher accepted air, water, and earth
as elements, but air, as Van Helmont had stated, could not take part
in chemical reactions, and water had only its own specific properties.
It followed, according to Becher, that the differences in chemical com-
pounds resided in the different sorts of earth that composed them.
He distinguished three kinds of earth: the vitreous, the fatty, and
the fluid.® The first, corresponding to the Paracelsan salt, gave body
to substances; the second, Paracelsan sulfur, gave combustibility; and
the third, Paracelsan mercury, gave density and metallic luster. The
second, or fatty earth, terra pinguis, was found particularly in animal
or vegetable matter, and it left these bodies when they burned. It is
clear that this theory of Becher was merely a restatement of older
iatrochemical ideas, and by itself it would probably have exerted no
more influence than many other contemporary theories.
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It was, however, taken up by Becher’s pupil, Georg Ernst Stahl
(1660-1734), and made part of a unified theory that appealed greatly
to other chemists. The explanation of combustion, at first merely a
part of this generalized theory, eventually became the central doctrine
of chemistry. As such it held sway until nearly the end of the eight-
eenth century.

Stahl was a physician, and mystically inclined, but he was also in-
fluenced by the strong metallurgical tradition of the German chemists
which had been exemplified by the work of Agricola and Ercker. In
his chemical theories he centered his attention on inorganic com-
pounds rather than organic, as his master, Becher, had done.?

He accepted the existence of atoms, but, in addition to their me-
chanical properties, he endowed them with intrinsic ones. The par-
ticles of elementary substances were drawn to each other by a sort of
Newtonian attraction. The resulting compounds were usually re-
ferred to as “mixts” at this period.’® There were relatively few such
simple mixts, and gold or silver were typical examples. The mixts
could unite to more complex compounds, whose particles were still
too small to be seen, and these compounds in turn could form aggre-
gates whose particles were large enough to be visible.* The resem-
blance of these ideas to those of Boyle is clear.

The original elements could never be isolated, for they could not
leave one mixt without entering another. Therefore, though each
element had specific properties, these could be observed only in its
compounds, and so the element could be known only by the effects
it produced.r? The elements of Stahl were the same as those of Becher.
To the fatty earth, however, he gave the name phlogiston, from the
Greek word for burned, or inflammable. The term had been used
as early as 1606 by Hapelius, but not until the time of Stahl did it
become common.!?

Stahl, with his great interest in metals, centered more attention
on phlogiston than Becher had done on his terra pinguis. He agreed
with Becher that, when combustion occurred, the inflammable prin-
ciple was lost. Thus, when a metal was heated, it lost phlogiston
and was converted to the calx (the oxide, in our terms). The metal
was therefore a more complex substance than the calx. Regeneration
of the metal occurred when the calx combined with phlogiston once
more. This was not necessarily a simple matter, The phlogiston lost
from a metal was dispersed throughout the air, which was essential
as the medium to carry away the phlogiston. Air thus retained the
character of a mere mechanical aid to combustion which had been
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assigned to it by Van Helmont, but the established need for air if
combustion was to take place was explained. Plants could absorb
phlogiston from the air once more, and animals could obtain it from
plants. Thus plant and animal substances were rich in phlogiston
and could react with metallic calces to restore the phlogiston and con-
vert them to metals again. The most useful substance for this purpose
was charcoal, which was considered extremely rich in phlogiston.1¢

Since phlogiston was an elementary principle, its nature could be
known only from its effects. Stahl concentrated his attention upon
the chemical phenomena of combustion. In this field, the phlogiston
theory supplied an excellent explanation for the then known facts.
All the facts that are now considered under the head of oxidation-
reduction were involved in this theory, though the explanation was
essentially the reverse of our own. Where we consider a substance,
oxygen, to be taken up, Stahl considered a substance, phlogiston, to
be given off. In either case, the concept is one of the transfer of
something from one substance to another. It was essentially this con-
cept of a transfer that made the theory so useful and made it possible
to include so many facts under its heading. It was thus the first great
unifying principle in chemistry.’® Its success accounted for the im-
portance it assumed for eighteenth century chemists.

The inconsistencies of the theory at first were mostly its failures to
account for physical changes. To Stahl these were unimportant. The
fact that, when an organic substance burned, the apparent products
weighed less than the original substance, while calcination of inorganic
substances, recognized as the same process, led to increased weight in
the products, was of so little importance to Stahl that he did not even
mention it. If he considered the matter at all, he probably believed
that phlogiston was weightless.’® Phlogiston, after all, was a principle
that could not be known directly, not a definite physical substance
as we conceive one. Therefore Stahl and many of his successors felt
no inconsistency in disregarding facts that did not fit into the chemical
picture. It was only later when the idea of a chemical substance as a
physical entity became accepted by the chemists that this point became
crucial for the phlogiston theory.

Stahl’s theory did not at once achieve acceptance by all chemists.
The most influential chemist of his time, Hermann Boerhaave (1668
1738), did not even mention it in his lectures or in his famous text-
book, Elementa Chymia, published in 1732. In this work Boerhaave,
professor of medicine, botany, and chemistry at Leiden, set the pattern
for chemical instruction in the first half of the eighteenth century.
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Although he was not a phlogistonist, his ideas could be fitted into the
pattern of the phlogiston theory, and the eventual fusion of the con-
cepts of Stahl and Boerhaave, both drawing on the ideas of Van
Helmont, Boyle, and other seventeenth century chemists, led to a
chemical system from which Lavoisier could develop his brilliant new
ideas.

Like Stahl, Boerhaave believed that air played only a mechanical
part in chemical phenomena,*” but he did not entirely exclude the
possibility that it might, in some cases, play some part in certain
reactions.’®* He thought of fire as a substance composed of fine par-
ticles that could penetrate other materials and alter the force of attrac-
tion that held them together.?* He distinguished between fire as
manifested in heat and fire manifested in combustion, a distinction
not previously made. This opened the way for a consideration of fire
as a material substance, a concept used by Lavoisier in developing his
theory of caloric, and to later thermochemical ideas, such as Black’s
theory of latent heat.?* Boerhaave believed that chemical reaction
was essentially the same as solution. The solvent, or menstruum, usu-
ally a liquid, was composed of fine particles that pushed their way
between the particles of dissolved substance. The atoms of each then
remained suspended and related to one another as required by the
affinities of each substance for the other.”* Boerhaave here introduced
the term affinity in the sense it retained for the next century.?? From
these ideas it was easy for Boerhaave to deduce that increased weight
after calcination was due to the uptake of fire particles, which had
weight, by the substance being calcined. This had been the explana-
tion of Boyle, and its espousal by a second very influential chemist
gave it great prestige. The idea that fire, heat, and light were material
substances, originally suggested by the Cartesian idea of the ether
and now supported by such strong authorities, became an accepted
part of chemical thought until, in the nineteenth century, the concept
of energy made it unnecessary.

The spread of the phlogiston theory and its almost complete accept-
ance by the middle of the eighteenth century coincided with a rapid
accumulation of chemical facts. More and more chemists began to
think of elements as substances just as material as any of the com-
pounds with which they dealt in their laboratories. Both elements
and compounds should obey the same laws, physical as well as chemi-
cal. It was no longer possible to think of abstract principles that
could be made to fit any theory by disregarding inconvenient facts.
It was thus impossible to ignore any longer the increase in weight of
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metals on calcination. As long as the part played by gases in chemical
reactions was not understood, as long as air was assumed to be a sub-
stance that could not play a chemical role, the correct explanation
of the increase could not be found. Nevertheless, a great amount of
ingenuity was expended in attempts to find it.

The theory of Boyle and Boerhaave that fire particles were taken
up during calcination satisfied many. Others confused density with
absolute weight and assumed that the lower density of the calx actu-
ally indicated a loss of substance. Still others believed in the buoyancy
of phlogiston, or assumed that it had a negative weight which caused
an increase in weight of the calx when the phlogiston was lost. In the
last days of the theory, when the part gases played in combustion was
realized, it was sometimes assumed that, as phlogiston was lost, another
substance with greater weight was taken up.?* The disagreements
among the phlogistonists, the accumulation of unsatisfactory theories,
and the constant need to revise these theories as new facts were dis-
covered made the fall of the phlogiston theory inevitable as soon as a
more rational theory became available.

Side by side with the development of the phlogiston theory went the
development of theories of affinity. The term itself dates back perhaps
to Albertus Magnus, and crude, qualitative lists of the order of reac-
tivity of metals toward various reagents had been given even in the
writings of Geber,?¢ but only when the occult forces of love and hate
as an explanation of affinity had been banished by the mechanical
theories of Boyle did it become possible for a more quantitative ap-
proach to give results. Even so, a further qualitative stage had to be
passed, and the fundamental explanation of the actual cause of attrac-
tion between atoms remained unsatisfactory.

The wide acceptance of the physical theories of Newton could not
but impress the chemists, and affinity began to be considered chiefty
in terms of his ideas. Essentially, it was assumed that every particle
of matter was endowed with a certain attractive force that uniquely
caused all its chemical and physical reactions.?® Although this theory
was spectacularly successful when applied in astronomy and physics,
it was in most cases too vague to apply to the special problems pre-
sented by individual chemical reactions.2¢ The theories of Boerhaave
on reaction and solution already discussed indicate how this concept
of affinity was used to explain chemical behavior, but, in order to
make the Newtonian concept generally useful, chemists felt the need
to draw up tables of affinity that would express the reactivity of indi-
vidual compounds toward each other, and that could, it was hoped,
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be used to predict the reactivity of other compounds in similar reac-
tions. Such tables of necessity had to be based on actual experiments,
and for this reason they were regarded with some suspicion by the
atomic theorists of the period, who still felt it was better to reason
abstractly than to test by experience.?” Nevertheless, these tables
typify the tendency of most chemists to use laboratory data as the true
guide to further work, which became increasingly significant in the
eighteenth century.

The first attempt to draw up such a table was made in 1718 by
Etienne-Francois Geoffroy (1672-1731), usually called Geoffroy the
Elder to distinguish him from his brother who was also a chemist.
Geoffroy’s basic idea was that “whenever two substances which have
some disposition to unite, the one with the other, are united together
and a third which has more affinity for one of the two is added, the
third will unite with one of these, separating it from the other.” 28
Geoffroy prepared a table with sixteen columns, each headed by the
alchemical symbol for a chemical substance. In each column he listed
the substances that were found by experiment to react with the sub-
stance at the head of the column. The order was such that each
substance had a greater affinity for the parent material than any that
stood below it in the column. Thus, in the first column, the heading
was “acid spirits,” and below were the symbols for fixed alkali salts
(carbonates), volatile alkali salts (ammonium salts), absorbent earths
(non-effervescing bases), and metallic substances.

The fixed alkali salts are placed in the column immediately below the
acid spirits, since I know of no substance which will separate these, once
they are united, and on the other hand whenever one of the three types
of substance below is united to acid spirits, it abandons its place in favor
of fixed alkali salts which when added combine directly with the acid.

This type of table became very popular and reached its culmination
in 1775 in the elaborate compilation of the Swedish chemist, Torbern
Bergman (1785-1784). Bergman had contributed greatly to the devel-
opment of quantitative analysis, and so knew the difference in reaction
of many compounds in the “wet way” (in solution) and in the “dry
way” (by fusion). He prepared tables of affinity resembling those of
Geoffroy for fifty-nine substances in each of these two methods of
reaction. He distinguished between ‘“‘attraction of aggregation” in
homogeneous substances, which resulted only in an increase in mass,
and “attraction of composition” in heterogeneous substances, which
resulted in compound formation. He distinguished two main types
of this attraction: “single elective attractions,” which are displace-
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ments; and “double elective attractions,” which are double decomposi-
tions. His terminology persisted for many years. The compilation
of these tables became more difficult as the number of known chemi-
cal compounds increased. In fact, Bergman estimated that to deter-
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Fig. 10. Geoffroy’s Table of Affinities. (From Mémoires de Pacadémie royale des
sciences, 1718, p. 212.)

mine all the relations of the substances in his table would require over
30,000 separate experiments. A number of arbitrary assumptions were
also needed. Bergman recognized that in some cases the amounts of
reacting substances or the experimental conditions other than solution
or fusion could affect the results of the reaction, but he thought that
these differences were incidental and that the order of affinities was
a true constant.?®

The ideas of Bergman were popularized in the new dictionaries and
encyclopedias of chemistry that began to appear in the eighteenth
century, and that were probably the outgrowth of the wider interest
in the science that developed from the work of such popularizers as
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Lémery in the previous century. In turn, these works still further
widened the general knowledge of the science. The first of these, the
dictionary of P. J. Macquer (1718-1784), appeared in 1766 and dis-
cussed affinity from the viewpoint of Geoffroy, but, in the second,
enlarged edition of 1778, the discussion was in almost the same terms
as those of Bergman.?®* Guyton de Morveau (1737-1816) wrote a long
article on affinity for the Encyclopédie méthodique in 1786, again giv-
ing essentially the ideas of Bergman.s* These ideas were, therefore,
widespread at the end of the century.

Their qualitative nature was obvious, and, as the quantitative spirit
developed during the century, it was natural that attempts should
be made to measure accurately the affinities of various substances.
As early as 1700, Wilhelm Homberg (1652-1715) tried to measure the
amount of base required to neutralize various acids.® C. F. Wenzel
(1740-1798) in 1777 tried to determine the relative rates of solution
of metals in acids,®® and Richard Kirwan (1733-1812) in 1781 believed
that the weights of bases required to saturate a known weight of acid
were a measure of the affinity of the acid for the bases,** a refinement
of the idea of Homberg. None of these methods gave very accurate
or reproducible results, but the principles that they used were subse-
quently employed by Cavendish, Richter, and Wollaston in establish-
ing the theory of chemical equivalents.
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CHAPTER X1V

LABORATORY DISCOVERIES
OF THE EIGHTEENTH CENTURY:
THE CHEMISTRY OF GASES

hile the theories of chemistry developed slowly and were often

incorrect, laboratory discoveries were made with increasing
rapidity in the eighteenth century. This was chiefly the result of the
increased appreciation of the importance of quantitative methods
and the great number of new substances and reactions that became
known. At the beginning of the century it was still possible for
chemists to think of abstract principles as essentials of chemical ele-
ments; at the end, even heat and light were considered material.

Most of the major discoveries of the period were in the field of in-
organic chemistry. Particularly in Sweden and Germany methods
for qualitative and quantitative analysis of minerals. reached a high
state of development, and, as a result, new compounds and elements
were constantly being found.

The older analytical procedures (the “dry way”) were carried out
at high temperatures and involved mostly fusions and distillations.
Such methods continued to be used and became very useful on a small
scale when the blowpipe became a common laboratory tool. This had
first been used by Florentine glass blowers in 1660, but it was intro-
duced into the analytical laboratory by the Swedish chemist A. F.
Cronstedt (1722-1765). The Swedes became especially adept at han-
dling it. Torbern Bergman used it extensively, and his student J. G.
Gahn (1745-1818) was even more skillful with it.? Its most famous
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advocate was the Swedish master chemist. of the next century, J. J.
Berzelius. B ‘

At the same time, the use of reactions in solution (the “wet way”)
became increasingly important. Because of their greater convenience
and adaptability such reactions permitted analyses to be performed
more rapidly and accurately. Andreas Sigismund Marggraf (1709-
1782) in Germany did much -to extend the use of these methods,?
though the work ‘for which he is best remembered is his discovery of
the possibility of producing sugar from beets. - This discovery was first
applied on a large scale in Napoleonic France.®

The greatest expansion of the wet method of analysis was due to
Torbern Bergman. He was much interested in the composition of
mineral waters and analyzed a great many. He introduced the prac-
tice of weighing precipitated salts rather than the more laborious
method of isolating the free metals. His results were not always ac-
curate, partly because he weighed his salts as crystals and did not heat
to dryness. The latter practice was introduced by the German chem-
ist Martin Heinrich Klaproth (1743-1817), recognized as the best
analyst of his period. He was the first to report the actual percentage
composition as determined in analysis, instead of recalculating his
values so that the sum would be exactly 100 per cent, as previous
analysts had done. This permitted the discovery of errors in the
analysis and also led in some cases to the recognition of new elements
in the minerals analyzed.5 ' ‘

As a result of these laboratory methods, a considerable number of
such new elements were isolated during the century. The definition
of an element was not yet fixed, but no one doubted that these new
substances were metals, and so the ancient doctrine of the seven metals
was finally overthrown. The elements positively identified during the
century were cobalt (1735), bismuth (1757), platinum, which was dis-
covered in South America in 1740-1741 and was much studied because
of its unusual properties, zinc (1746), nickel .(1754), manganese (1774),
molybdenum (1781), tellurium. (1782), tungsten (1785), and chromium
(1798). The oxides of zirconium, strontium, titanium, and yttrium
were also recognized as new substances.® The isolation of the gaseous
elements nitrogen, chlorine, hydrogen, and oxygen, which also took
place in this century, will be discussed later.

The brilliant Swedish investigator Carl Wilhelm Scheele (1742-
1786), besides his more famous work on gases, made valuable studies
on the chemistry of manganese, molybdenum, tungsten, and arsenic.
He discovered hydrofluoric acid and isolated many organic com-
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pounds, including hydrogen cyanide (whose taste he described), lactic,
citric, and malic acids, and glycerol.”

G.F. Rouelle (1703-1770), the teacher of Lavoisier in chemistry,
introduced thé name “base” for alkalies in 1754 and widened the con-
cept of salts, which had previously meant neutral and soluble com-
pounds. He gave the name salt almost its modern meaning by show-
ing that when acids and “bases” reacted they could form acid, neutral,
or basic salts, and that many true salts were insoluble. Thus the word
salt finally lost the various mystical meanings that had been attached
to it, though the acceptance of Rouelle’s terminology was not rapid
at first.®

During the eighteenth century, chemistry was acquiring its modern
character. There was still no systematic nomenclature, and the theo-
retical basis of the phlogiston theory was still unsatisfactory, but the
chemists of the day would feel more at home in a laboratory of the
present day than they would have in any of their predecessors’.

The greatest advance in laboratory discoveries of the eighteenth
century lay in the isolation and identification of gases as chemical
individuals. This advance furnished the last pillar required to erect
the new chemistry. Once the discovery had been made, the new devel-
opments came with a rapidity that showed how far chemistry had
really come. In previous centuries each forward step had required
many years before its full significance had been appreciated.

Near the beginning of the century an English clergyman with an
interest in botany, Stephen Hales (1677-1761), investigated the
amounts of “air” that were evolved from various substances by heat-
ing. In the course of this work he perfected the pneumatic trough to
collect over water the gases that were formed. He probably obtained
most of the common gases during his studies, but he did not realize
that they differed chemically. To him they were all “air” with vari-
ous incidental impurities. His discovery of the pneumatic trough,
however, supplied an apparatus that was of great value to later work-
ers in the field of gas chemistry.®

Boerhaave, influenced by the work of Hales, inferentially suggested
that air might have some chemical function, as well as the purely
physical one that most chemists of the day ascribed to it. Boerhaave’s
teachings were nowhere received with greater enthusiasm than in Scot-
land, and it was there that the full significance of his suggestion was
at length realized.** In the middle of the century, Joseph Black (1728
1799) there made the studies that completely changed the understand-
ing of the chemical nature of gases. He reported his results in his
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Fig. 11. Hales’ pneumatic trough. (From S. Hales, Vegetable Staticks.)

thesis for the degree of Doctor of Medicine at the University of Edin-
burgh. The chemical part of the work was published in 1756 under
the title Experiments upon Magnesia Alba, Quick-lime, and Some
Other Alcaline Substances. In this work he showed that magnesia
alba (basic magnesium carbonate) lost a gas when it was heated and
was thereby converted to “calcined magnesia,” which gave with acids
the same salts as magnesia alba, but without effervescence. Treatment
of the calcined magnesia with “alkali” (sodium or potassium carbo-
nate) gave the original magnesia alba. An analogous series of experi-
ments with limestone gave quicklime and the same gas, and the quick-
lime could also be regenerated with alkali. The gas was the gas syl-
vestre of Van Helmont, and Black named it “fixed air” because it
was fixed in solid form by magnesia or lime.!
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This work completely altered the thought of chemists. For the first
time it was shown that a gas could combine chemically with a solid
(be “fixed” by it) to produce a new compound with different proper-
ties, instead of being held by some indefinite physical force. The effect
on Black’s contemporaries is graphically described by his colleague,
John Robinson, in the introduction to the printed version of Black’s
lectures on chemistry, published posthumously in 1803:

He had discovered that a cubic inch of marble consisted of about half
its weight of pure lime and as much air as would £ill a vessel holding
six wine gallons. . . . What could be more singular than to find so
subtile a substance as air existing in the form of a hard stone, and its
presence accompanied by such a change in the properties of the stone? 12

This work finally eliminated the Van Helmont idea that a gas could
not take part in chemical reactions, and so opened the way to a new
approach to chemical substances.

In addition to his work on gases, Black laid the foundations for
the science of thermodynamics that developed in the next century.
Before his time even such great chemists as Boerhaave failed to dis-
tinguish between quantity and intensity of heat, the latter represent-
ing the concept of temperature. Black made this distinction and then
went on to develop the important ideas of specific heat and latent
heat. He observed that when mercury at 150° was mixed with water
at 100° the resulting temperature was only 120°. Mercury became
“less warm” by 30° while the water became warmer by 20°. Each
substance attracted its own particular quantity of heat, its specific heat.

Black measured the input of heat into a quantity of ice that was
melting, and observed that the temperature did not change until all
the ice had melted. In freezing, an equal amount of heat was evolved.
He noticed the similar effect of latent heat of evaporation. These
observations were made about 1760 and were incorporated in his lec-
tures and in discussions with friends, but were not published until
after his death. However, James Watt (1736-1819) used the ideas in
developing his steam engine.'s

Once the work of Black had established that gases were as much
chemical and physical individuals as solids or liquids, and as it was
realized that different gases existed, their study proceeded rapidly.
In 1766 a wealthy and eccentric English scientist, Henry Cavendish
(1731-1810), published a study on.the properties of inflammable air
(hydrogen) and fixed air. Hydrogen had been obtained incidentally
by a2 number of earlier workers, and Boyle had described its inflam-
mability in 1670,*¢ but it had not previously been characterized as an
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individual substance. Cavendish obtained it by the action of dilute
acids on zing, iron, and tin, measuring the amounts given off by similar
amounts of different metals. He determined the specific gravity with
a fair accuracy by two different methods. The remarkable properties
of this gas led him to suggest that it might be pure phlogiston, for,
like most of his contemporaries, Cavendish was a phlogistonist. He
then applied the same methods to a study of the properties of fixed
air, which he obtained from different sources. These investigations
represented the first application of quantitative methods to gases and
showed that their physical properties were as significant as their chemi-
cal properties.1®

In 1772 Daniel Rutherford (1749-1819), a student of Black, elimi-
nated from ordinary air all the gases that could be removed by respira-
tion or combustion. He recognized that the residue was a new gas,
which he called “mephitic air.” ¢ At almost the same time Cavendish
and also Scheele obtained this gas, our nitrogen, though they did not
publish their results. Cavendish, who had a passion for quantitative
measurement, determined its specific gravity and the amount required
to prevent combustion. All three men determined the approximate
proportions of oxygen and nitrogen in ordinary air, though they did
not yet clearly realize the nature of oxygen.*”

Responsible for the isolation and characterization of more gases
than any of his contemporaries was Joseph Priestley (1733-1804), dis-
senting clergyman, and, with Cavendish, the chief of the amateur
chemists of his time. Priestley was completely untrained in chemistry
and did not even begin his chemical investigations until he was thirty-
eight years old. The chance fact that he resided next to a brewery
from which a large supply of carbon dioxide could be obtained led
him to study this gas, with the practical result that in 1772 he invented
soda water. His claim to fame rests on firmer ground, however, for
during the next five years he studied a large number of gases that had
previously been entirely unknown. By using mercury in the pneu-
matic trough he was able to obtain several gases whose solubility in
water had prevented other chemists from isolating them.

One of the first gases that Priestley studied was “nitrous air” (nitric
oxide), which he prepared by treating metals with “spirit of nitre”
(nitric acid). The production of a brown, soluble gas when this was
mixed with “common air” interested him greatly. He observed that,
when air was used up in combustion or respiration, the amount of
brown gas it formed with nitrous air was decreased. He therefore
assumed that the amount of such brown gas was a measure of the
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“relative purity” of the air. He built an apparatus, the eundiometer
(from two Greek words meaning “measure of goodness of air”), to
determine this purity. He did not, of course, know that he was actu-
ally measuring the amount of oxygen in the air, but later this reaction
was of great value to him when he did isolate oxygen.:®

Besides nitric oxide, carbon monoxide, sulfur dioxide, hydrogen
chloride, and ammonia were first isolated and characterized by Priest-
ley. In all his work he was a strong supporter of the phlogiston theory.
He explained all his results in terms of it. Since he was far more
skillful in laboratory manipulations than in theoretical reasoning, his
explanations were not always consistent.

In 1774 Priestley obtained a large burning glass and began to study
the gases evolved when a number of substances were subjected to the
high heat that this instrument could produce. Among the substances
that he studied were mercurius calcinatus per se and the “red precipi-
tate,” both of which were mercuric oxide, though their identity was
not generally known. The action of heat on this substance had been
reported early in 1774 by Pierre Bayen (1725-1798), but the French
chemist did not recognize the gas he obtained as a new substance.l®
Priestley obtained a large amount of gas from this reaction, and for
some time he was greatly puzzled as to its nature. In 1775 he studied
the gas more thoroughly, and by applying his nitric oxide test he found
that it was “even purer” than common air. It supported combustion
very strongly, and animals livea longer in it than in common air. It
was obviously a new gas, and, since Priestley believed that air that
no longer supported combustion had become completely phlogisti-
cated, he named it “dephlogisticated air.” 2 In his later studies,
Priestley discovered that green plants gave off dephlogisticated air in
the light. This observation, confirmed and extended by Jan Ingen-
housz (1730-1799) and Jean Senebier (1742-1809), was the basis for
all later studies of photosynthesis.?

The brilliant work of Priestley on oxygen was actually preceded
by the discovery of this gas by Scheele. The Swedish pharmacist in
his short life discovered an amazing number of important compounds,
some of which have already been mentioned. His classic study of
manganese compounds in 1774 led to the discovery of chlorine, which
he called dephlogisticated marine acid, for he was also a supporter of
the phlogiston theory. For several years prior to this he had been
studying oxygen, which he called “fire air.” His book, Chemische Ab-
handlung von der Luft und dem Feuer, in which he described his
results was not published until 1777, and so the first credit for the dis-
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covery of oxygen went to Priestley. It is now recognized that Scheele
and Priestley discovered this gas independently.?

This new gas, which its discoverers tried so hard to fit into the
phlogiston theory, was the final link in the chain of evidence that
once and for all overthrew the theory. It supplied the conclusive evi-
dence needed by Lavoisier in establishing the new theory. Scheele
died before he could appreciate the new work, and Priestley, though
he lived until 1804, never completely abandoned the theory of Stahl,
though in his last years he recognized that time might prove him to
be wrong.22 Within twenty years after the discovery of oxygen, chem-
istry became basically what it is today.
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CHAPTER XV

IAVOISIER AND THE FOUNDATION
OF MODERN CHEMISTRY

thought was at its height. The number of known chemical facts
had increased enormously, but the phlogiston theory had failed to
keep pace with them. Chemists were, in general, convinced of the
material nature of atoms and their specific, individual properties, but
everyone sought to explain reactions by a personal interpretation of
the theory of Stahl. It was the work of Antoine Laurent Lavoisier
(1743-1794) that resolved this confusion and placed chemistry on an
essentially modern basis. This step is often called the Chemical Revo-
lution.*

Lavoisier was the chief exception among continental chemists to
the generalization that most had received pharmaceutical or medical
training. He resembled the English amateur chemists such as Boyle
or Cavendish. He came from a wealthy family that reached the ranks
of the French aristocracy during his lifetime. He increased his wealth
by membership in the Ferme générale, an organization of financiers
that leased from the government the right to collect taxes on many
essentials of commerce. He was a man of tremendous energy, most of
which he devoted to public causes. Throughout his life he was a

In the latter half of the eighteenth century, confusion in chemical

* The complete writings of Lavoisier have been listed and annotated by Duveen
and Klickstein? An excellent critical survey of the biographical material on La-
voisier is presented by Guerlac.2
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member of many boards, commissions, and societies that strove to im-
prove political, social, and economic conditions in France, a France
enmeshed in governmental inefficiency that approached chaos as the
Revolution neared. He was a notable economist whose suggestions
might have done much to stave off or moderate the Revolution if
they had been accepted. At the height of the Reign of Terror he was
guillotined along with the other Fermiers généraux whom the hysteri-
cal mob held responsible for many of their ills.?

In spite of his multitude of duties, Lavoisier remained throughout
his life deeply devoted to science. Hijs wealth made it possible for
him to equip an outstanding laboratory. He made it a point to spend
a definite amount of time in scientific work and to use the best ap-
paratus obtainable.# His clarity of insight and his method of plan-
ning and executing his experiments led him to an understanding of
natural phenomena that was shared by few of his contemporaries.

Lavoisier was trained in science by some of the best scientific minds
in France. Even at the beginning of his career he realized the im-
portance of exact scientific measurement. His first experimental study,
on the nature of gypsum, begun at the age of twenty-one, involved the
quantitative determination of the amount of water lost when the
mineral was heated and the amount regained when it set as plaster
of Paris.5 He made a geological tour of France at twenty-four, during
which he carried out repeated studies of the specific gravity of the
waters of various localities by means of accurate hydrometers built to
his own design.6 All his experiments were performed after a careful
review of the literature and detailed advance planning of what he
hoped to accomplish and how he intended to do it. He shared with
many of his contemporaries the realization of the importance of the
balance, but he went far beyond most of them, for they used quantita-
tive measurements chiefly in the analysis of minerals, but he used them
to demonstrate fundamental laws of nature. Although his studies
lay chiefly in the field of chemistry, his approach was essentially that
of the physicist.”

His first important researches were designed to test long accepted
beliefs that still remained to be proved or disproved positively. The
truth of the old Greek idea of the interconvertibility of water and
earth, given new support by the authority of Van Helmont and Boyle,
needed a definite experimental test, and Lavoisier supplied it. He
showed by quantitative measurements that the amount of solid mate-
rial found in water that had been heated for 101 days had been dis-
solved from the glass of the vessel in which the water was heated and
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that the water itself was unchanged. This finally disposed of the
ancient idea of interconversion.? Although the compound nature of
water was not yet understood, the results of this experiment no doubt
contributed to Lavoisier’s later interest in the constitution of water
and his formulation of a concept of elements.?

As a young man Lavoisier made an intensive study of the problem
of lighting the streets of a city at night. In the course of a thorough
consideration of all phases of this problem, he devoted much attention
to the combustion of fuels in lamps. The interest thus aroused in
combustion may have led him into this field, in which he was inter-
ested all his life. In 1772 he began a series of very important studies
of combustion and calcination that led directly to his formulation of
the new chemistry. In that year he and a group of other chemists
showed that a diamond could be burned in air if enough heat was
used. The best means available at that time for getting high tempera-
tures was a large burning glass. With this instrument, great heat
could be applied locally at a desired spot, either in the presence or
absence of air.®

At the same time that he was burning the diamond, he was famili-
arizing himself with the results of the study of gases which had occu-
pied so much of the time of eighteenth century chemists. He was
well acquainted with the work of Hales that showed that gases could
be contained in chemical materials and could be evolved from them.
He even used apparatus described by Hales in some of his early
studies.’* Somewhat later he learned of the work of Black, which
he greatly admired. His appreciation of the value of quantitative
measurement was increased by his understanding of the importance
of Black’s experiments. Even more important was his realization, re-
sulting from the studies of Hales and the work of Black on fixed air,
that gases could combine chemically or be released from compounds by
chemical reactions. Lavoisier also knew of the studies on gases by
Cavendish and Priestley in England. He was thus in a position to
study the phenomena of combustion with a wealth of information at
hand. It has frequently been pointed out that he made no new dis-
covery of compounds or reactions. His great genius lay in his ability
to see the essential weaknesses of the older theories and to combine
the available facts into a new and more correct, comprehensive theory.

Following his experiments on the diamond, Lavoisier turned to a
study of the products of combustion of phosphorus and sulfur. Late
in 1772 he announced to the Academy of Sciences that when phos-
phorus burned it combined with air and produced “acid spirit of
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Fig. 12. Page from the laboratory notebook of Lavoisier relating to experiments
with the burning glass. (Courtesy of Denis I. Duveen.)

phosphorus” (phosphoric acid), which weighed more than the original
phosphorus. Sulfur underwent a similar reaction and produced “vitri-
olic acid.” Thus Lavoisier extended Black’s observation on chemical
combination of gases in a manner that was, at this time, entirely un-
expected. Even more surprising, however, was the fact that at this
early stage of his work he realized that calcination of metals was a
phenomenon analogous to the burning of phosphorus and sulfur, and
involved a combination with air.*?
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He next began an important series of experiments with tin and
lead. First he showed that Boyle was wrong in believing that the
gain in weight when they were calcined came from absorption of fire
particles. When tin was calcined in sealed vessels, it was partly con-
verted to the calx (oxide), but there was no gain in weight until the
vessel was opened. When this was done, air could be heard rushing
in. There was no doubt that the increase in weight when a calx
was formed came from a combination of the metal with air. At first
Lavoisier was uncertain as to whether the combination was with the
fixed air of Black (carbon dioxide) or with ordinary air or some part
of it. He strongly suspected that this last was the case. He noted
that heating a calx with charcoal resulted in the formation of the
metal and fixed air, which he positively identified.1®

In October, 1774, Priestley visited Paris and in a conversation with
Lavoisier told of his work with the red precipitate and of the surpris-
ing results that he obtained by heating it. It has been claimed that
Lavoisier at once realized that this was closely connected with his own
work. It seems more probable that at this time the connection was
not obvious to either man. It was only later that Priestley’s more
accurate work was seen to fit into Lavoisier’s theories.’* Nevertheless,
by April, 1775, Lavoisier had repeated the experiments of Bayen and
Priestley and was ready with a preliminary report. He showed that
reduction of red precipitate with charcoal produced mercury and fixed
air, and so red precipitate was a true calx. Then he used the burning
glass to heat red precipitate alone, and confirmed Priestley and Bayen
as to the production of mercury and a new gas, not fixed air. Thus
the “pure” portion of air was probably the part that combined with
metals during calcination.s

These results were extended in 1776 and 1777. The paper that
Lavoisier had contributed to the Mémoires of the Academy of Sci-
ences in 1774 was not published until 1778. Such a delay in publica-
tion was quite usual for this journal. Lavoisier took advantage of it
and revised his paper, including his newer results and ideas, just be-
fore the volume was published. He was now convinced that only a
part of the common air combined with metals, and so he realized that
such air was a mixture of two substances. The purer part was used
in respiration and in calcination of metals. The residue he called
mofette. Later he named it “azote” from the Greek for “without
life,” and in 1790 Chaptal named it nitrogen. It will be recalled that
Rutherford had first named it mephitic air.
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Further experiments with the pure air, which he now called “emi-
nently respirable air,” showed that it combined with charcoal when
this substance was heated with a calx, and that the fixed air thus
produced could only be a compound of charcoal and the eminently
respirable air.

Experiments on animals conducted at about this time convinced
Lavoisier that the respirable air combined with carbon in the body,
specifically in the lungs, as he thought, giving off heat just as it did
in the laboratory. The source of animal heat was thus explained,
though not the mechanism of its production. Nevertheless, this was
a fundamental step in the development of biochemistry.

The combustion of phosphorus and sulfur was now seen to be the
result of a combination of these elements with eminently respirable
air, and Lavoisier believed that this gas entered the composition of
all acids. In November, 1779, he suggested for it the name oxygen
(principe oxygine) from the Greek words meaning “to form an acid.” *¢

Lavoisier was now ready to make a direct attack on the phlogiston
theory.* He did this in a paper submitted to the Academy in 1783
and published in 1786 in which he pointed out the many weaknesses
of that theory. The difficulties thus raised could be avoided if it was
recognized that, in every combustion, combination with oxygen oc-
curred, with evolution of heat and light.®

The final step required for the completion of Lavoisier’s theory was
an understanding of the composition of water. This step was now
taken in England. Cavendish had noticed in 1766 that his “inflam-
mable air” burned in common air, but he did not identify the prod-
uct. In 1781 Priestley noticed a dew condensing in the vessels in
which such combustion occurred. Cavendish repeated Priestley’s ex-
periments and collected the dew that resulted. He showed that it was
pure water, but he also observed that an acid was formed when a
mixture of inflammable air and common air (containing nitrogen)
was exploded by an electric spark. He delayed publication of his
results while he studied this reaction. He found that sparking mix-

* Dorfman 17 has pointed out that strong criticism of the phlogiston theory had
come from the Russian poet and scientist Mikhail Vasil'evich Lomonosov (1711~
1765) at an earlier time. His ideas were published in the New Commentaries of the
St. Petersburg Academy for 1750,18 a periodical that was known to Lavoisier, since
he quoted from a paper by Richman in the same volume. Dorfman believes that
Lavoisier was influenced by the ideas of Lomonosov, whose criticisms were based on
physical reasoning. Since Lavoisier approached the subject from a chemical point
of view, he did not acknowledge his awareness of the ideas of Lomonosov.



144 THE HISTORICAL BACKGROUND OF CHEMISTRY

tures of common air with the proper amounts of inflammable air used
up all but a small bubble of gas, and nitric acid was formed. The
small bubble of gas was identified in 1894 as argon. The remarkable
observation of this small quantity of inert gas is a tribute to the
experimental skill of Cavendish.

Since Cavendish believed that inflammable air was almost pure
phlogiston, and that oxygen was dephlogisticated air, he explained
the formation of water as due to liberation of this compound from
both gases during the phlogistication of the dephlogisticated air.
Lavoisier learned of these experiments in 1783, though they were not
actually published until 1784. He at once realized their significance
and arrived at the correct explanation: that water was a compound
of inflammable air and oxygen. He repeated the experiments and
drew his conclusions in 1783, but he published the work fully only in
the Mémoires of the Academy for 1781, which appeared in 1784. The
confusion arising from the various delays in publication, as well as
certain misdatings of some journals and the fact that Priestley, Watt,
Cavendish, Monge, and Lavoisier all worked on the composition of
water at about the same time, has given rise to considerable amount
of controversy over actual priorities. The situation was not helped
by the fact that the various investigators often knew of each other’s
work, a fact not always acknowledged. The so-called “water con-
troversy” involved the supporters of the claims of the various workers
and often produced rather violent arguments.?? Whatever the actual
priorities may have been, there is no doubt that the best experimental
proof of the composition of water was given by Cavendish, and that
the correct explanation was first proposed by Lavoisier. The name
hydrogen for inflammable air was proposed in the new nomenclature
system of de Morveau, and it means “to form water.”

The work of Lavoisier had now brought to chemistry an order and
system that it had never possessed, but the method of naming chemical
substances remained in the wildest confusion. The old alchemical
terms, which bore no relation to actual composition, still designated
the materials with which Lavoisier worked. Only by the exercise of
sheer memory could a student learn the names of the constantly in-
creasing number of substances with which he dealt. This was a prob-
lem that was felt very forcibly by Guyton de Morveau (1737-1816),
originally a phlogistonist, but an early convert to Lavoisier’s system.
In 1782 he published a paper on methods that should be employed to
systematize chemical nomenclature. Lavoisier was naturally interested
in any project to bring order to the science, and so he joined de
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Morveau in his work. Two other converts to Lavoisier’s theories,
Claude Louis Berthollet (1748-1822) and A. F. de Fourcroy (1755-
1809), also collaborated in working out the new concepts. Their re-
sults appeared in a book, Méthode de nomenclature chimique, pub-
lished at Paris in 1787. This volume contained the principles for
naming chemical compounds which are essentially those in use today.
Every substance should have a definite name. The names of simple
substances should express their characters when possible, and the
names of compounds should indicate their composition in terms of
their simple constituents. Thus the method of naming acids and
bases from their elements, and salts from their constituent acids and
bases, was proposed. The system was so simple and expressive that
it was adopted by chemists everywhere. Translation of the book into
all leading languages soon followed.”> With the subsequent spread of
Lavoisier’s system of chemistry, the new nomenclature became firmly
entrenched even in 'such scientific outposts as America then was.??

The theory of Lavoisier was now complete, and there existed a
new language in which to express it. A considerable group of French
chemists, closely associated with Lavoisier, had accepted the new ideas,
but most of the rest of the scientific world was still struggling to recon-
cile the many discrepancies of the phlogiston theory. Therefore,
Lavoisier determined to prepare a textbook of chemistry based on the
new principles. It was to break sharply with the older tradition of
chemical textbooks and to give the future generations of chemists a
new foundation upon which to build. He began to plan the book
between 1778 and 1780.2* It appeared in Paris in 1789, the famous
Traité élémentaire de chimie, which is to chemistry what Newton's
Principia is to physics.2*

In this book Lavoisier described in considerable detail the experi-
mental basis for his rejection of phlogiston and for his new theory
of combustion in which oxygen held the central position. His view
was essentially that of a modern chemist. Thus he wrote: “Chemistry,
in subjecting to experiments the various bodies in nature, aims at
decomposing them 5o as to be able to examine separately the different
substances which enter into their composition.” From this definition
he was able to draw up a “table of simple substances belonging to all
the kingdoms of nature, which may be considered the elements of
bodies.” He admitted that this was an empirical list which was sub-
ject to revision as new facts were discovered, but, based as it is on
sound chemical principles, it is considered the first true table of
chemical elements.
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In spite of his remarkable understanding of chemical phenomena,
Lavoisier was still a child of his time and so could not break away
completely from the ideas of his contemporaries. The concept of heat
as a form of motion which had prevailed when the corpuscular theory
was first introduced had now given way to the idea that heat and
light were material substances. The rejection of the old “occult prin-
ciples” had gone so far that everything was considered to be material.
Lavoisier agreed with this idea and therefore headed his table of ele-
ments with light and with heat, which he called “ealoric.” In actual
fact, caloric retained some of the properties of phlogiston, which La-
voisier was rejecting by its former name. Thus he believed that oxy-
gen gas was a compound of the oxygen principle with caloric, and
that, when the gas united with a metal, caloric was given off, appearing
as the heat of the reaction. This view of the nature of heat and the
idea that all acids contained oxygen, were the two most serious errors
in Lavoisier’s system of chemistry. These errors created difficulties for
chemists until well into the next century.

Once past caloric, the table of elements given in the Traité is cor-
rect and shows great insight into the nature of both acid and basic
oxides. Lavoisier even recognized the fact that the fixed alkalies
potash and soda were probably compounds whose elementary prin-
ciples were still unknown.

The Traité contains further concepts of the greatest importance.
It has been seen that from the beginning of the seventeenth century
the idea of the conservation of matter had been assumed implicitly
by many chemists. It had even been stated explicitly by Lomonosov,
but most of his works remained unknown to the West and did not
influence the progress of scientific thought in this respect.?s Lavoisier
for the first time stated this concept effectively and showed how it
could be applied in chemistry. In discussing the fermentation of
sugar to alcohol he pointed out that “nothing is created in the opera-
tions either of art or of nature, and it can be taken as an axiom that
in every operation an equal quantity of matter exists both before and
after the operation.” Following this principle, he was able to write
what was clearly the forerunner of a modern chemical equation:

“must of grapes = carbonic acid 4 alcohol”

He himself recognized the significance of this statement, for he
wrote:

We may consider the substances submitted to fermentation, and the
products resulting from that operation, as forming an algebraic equation,
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and, by successively supposing each of the elements in this equation
unknown, we can calculate their values in succession and thus verify
our experiments by calculation and our calculation by experiment recip-
rocally. I have often successfully employed this method for correcting
the first results of my experiment and to direct me in the proper road
for repeating them to advantage.2s

The importance of the Traité in the history of chemistry cannot be
overemphasized. Its influence spread rapidly. Translations into all
important languages quickly followed, and it ran through many edi-
tions. With few exceptions (most notably Priestley) all important
chemists became converted to the new ideas, and the science of chem-
istry entered upon a century of almost unbelievable progress.

Although Lavoisier lived only five years after the publication of his
treatise, and they were years of the greatest social and political turmoil
during which scientific activities were difficult to pursue, he continued
his chemical work in many ways. The studies on animal respiration
that he had begun with the mathematician P. . Laplace (1749-1827)
and that he continued with a young colleague, Armand Séguin (1765~
1835), now proved that combustion of carbon compounds to carbon
dioxide and water with oxygen was the true source of animal heat,
and that, during physical work, oxygen consumption increased.?” This
work was fundamental to the studies of Voit and Rubner in Germany
in the late nineteenth century, the basis of the modern science of
nutrition.

In the course of his work, Lavoisier studied a number of carbon
compounds and devised the method of burning them in oxygen and
determining the carbon dioxide and water formed, the method that
is still the basis of organic analysis. His quantitative results were very
inaccurate, however.?

Lavoisier was connected with another project that played an impor-
tant part in the development of chemistry as an independent science.
Prior to 1778 there was no distinct chemical journal. All chemical
research had to be presented in journals that also published material
in other sciences. Some of the disadvantages under which authors suf-
fered are indicated by the long delays in publication of many of La-
voisicr's own papers in the Mémoires of the Academy. In 1778 Lorenz
von Crell (1744-1816) founded the first purely chemical periodical,
the Ghemisches Journal, which survived until 1781. In 1784 it re-
sumed publication as the Chemische Annalen, usually called Crell’s
Annalen to distinguish it from those later published by Poggendorf
and by Liebig. Crell’s journal was published until 1803, and many
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important papers appeared in it.?* In 1787 Pierre August Adet (1763-
1832), who had been associated with Lavoisier in publishing the
Méthode de nomenclature chimique, attempted to found a French
chemical journal. In this he was unsuccessful, but in April, 1789,
Lavoisier, de Morveau, Monge, Berthollet, de Dietrich, Hassenfratz,
and Adet joined to publish the first number of the Annales de chimie,
a journal which has survived until today and in which a large number
of the most important papers in the history of chemistry have ap-

peared.s° ,
Such were the chemical activities that were cut short when Lavoisier

at the age of fifty was guillotined on May 8, 1794. It can only be
surmised what he might have accomplished if he had been allowed to
continue his scientific work, but what he actually completed was
enough to give France a superiority in chemistry which she held for
many years, and to set chemistry on a course that allowed it to develop
its potentialities in ways whose results are still not entirely realized.
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CHAPTER XVI

THE LAWS OF ATOMIC
COMBINATION

he work of Lavoisier at last gave a satisfactory solution to the
Tproblem of combustion that had absorbed the attention of many
chemists for hundreds of years. At the same time it showed the value
of quantitative methods and defined the task of chemistry in clear
terms. In the light of these new insights, chemists could turn to other
problems with which they had been concerned, confident that these
too would yield to the new approach. The major problems at the
beginning of the nineteenth century concerned the composition of
pure compounds and the nature of affinity. They were attacked with
vigor, and striking results were soon obtained.

Realization of the importance of quantitative methods led at this
time to attempts to apply mathematics to chemistry as it had been so
successfully applied to physics at an earlier period. The mathematics
of quantitative analysis was of the simplest kind, and most of the theo-
retical concepts developed at this period did not require any extensive
mathematical knowledge. Nevertheless, the idea that it was not only
possible, but also necessary, to determine definite numerical values for
the forces and quantities involved in chemical reactions was an im-
portant step forward.

The attempts by Homberg, Wenzel, and Kirwan to give such nu-
merical values to the forces of affinity were not very successful, as has
been pointed out. This type of experiment was repeated by Jeremias

150
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Benjamin Richter (1762-1807), who in 1792 published at Breslau the
first volume of his Anfangsgriinde der Stdchyometrie (Outlites of
Stoichiometry, or the Art of Measuring Chemical Elements).t Like
Homberg and Kirwan, he believed that he could obtain an accurate
measure of affinity by determining the different amounts of acid that
would neutralize a given quantity of base, and vice versa. He summed
up his results in a table that showed the number of parts of sulfuric,
muriatic, and nitric acids required to neutralize 1000 parts of the
bases potash, soda, volatile alkali (ammonia), baryta, lime, magnesia,
and alumina. Richter further pointed out that, when two neutral
salts react by double decomposition, the products are also neutral.
This meant that, when AB reacted with CD to form AC, BD would
also have to be formed, and it would be possible to calculate the com-
positions of AC and BD if those of AB and CD were known. This,
of course, was an application of the law of the conservation of matter.
To describe the field of his study, Richter coined the word stoichi-
ometry, from the Greek meaning to measure something that cannot
be divided. It can be seen that he had actually expressed the law of
constant proportions: the proportions of the elements in a compound
are constant, and for any compound of two elements the proportion
by weight is also encountered in other compounds containing the same
element.? Richter’s neutralization table was essentially the first table
of equivalents.

Unfortunately, Richter’s style was very involved, and his preoccupa-
tion with mathematics was so great that he attempted to deduce
various questionable mathematical relationships from the numerical
values that he determined. His work, therefore, did not appeal to
other chemists and did not exert much influence at the time it was
published. 1In 1802, Ernst Gottfried Fischer (1754-1831) translated
Berthollet’s French work on the laws of affinity into German. He
added to it Richter’s table, which he simplified into a true table of
equivalents, though this term was not yet used. The table follows.
It shows the acids and bases familiar at this time. In it the number
given for each acid means the weight of the acid required to saturate
the weight of base indicated by the number given with it.

Practical proof of the law of constant proportions was supplied by
the work of a French chemist who taught at Madrid, Joseph Louis
Proust (1754-1826). In 1799 Proust showed that the composition of
copper carbonate was fixed, no matter how it was prepared and
whether it occurred naturally or was prepared by synthesis.¢ For the
next nine years he devoted himself to purifying and analyzing various
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Bases Acids
Alumina 525 Fluoric 427
Magnesia 615 Carbonic 577
Ammonia 672 Fatty 706
Lime 793 Muriatic 712
Soda 859 Oxalic 755
Strontia 1329 Phosphoric 979
Potassia 1605 Formic 988
Baryta 2222 Sulfuric 1000

Succinic 1209
Nitric 1405
Acetic 1480
Citric 1683

Tartaric 1694 3

compounds to support his belief in the law of constant proportions.
During this time he was engaged in a famous controversy with his
fellow countryman Berthollet, who had collaborated with de Morveau
and Lavoisier in the work on chemical nomenclature.

Berthollet approached the problem of chemical composition from
his studies on affinity, described in his two books Recherches sur les
lois de Paffinité (Paris, 1801), and the more famous Essai de statique
chimique (Paris, '1803). Berthollet pointed out that the assumptions
made by Bergman in compiling his tables of elective affinity were not
completely valid. Affinity was not an absolute force, since, besides the
affinities that acted between the various substances, the amounts of
the reactants could influence the direction of a reaction. He stated:
“When a substance acts on a combination, the subject of combination
divides itself between the two others not only in proportion to the
energy of their respective affinities, but also in proportion to their
quantities.” > This is actually a statement of the law of mass action,
a fact not recognized for more than another half-century. Berthollet
performed a valuable service in pointing out the limitations of the
older ideas of elective affinity, but he carried his theories much further
and was led into a serious error.

He believed that chemical affinity was a force akin to gravity, and
he felt that any type of combination between substances was an ex-
pression of this same force. There was no fundamental difference be-
tween solution and chemical combination, and so the law of constant
proportions was only a special case of the general law of affinity. He
believed that the composition of a compound would vary unless some
particular factor such as solubility exerted an influence. If a combi-
nation containing definite proportions of its constituents happened
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to be the least soluble form of combination, this form would always
precjpitate from solution and a substance of apparently constant com-
position would result. Berthollet believed that this was only an acci-
dental effect.

It was this view that brought Proust and Berthollet into conflict and
led to much analytical work. Proust paid particular attention to the

" purity of his compounds. He was able to show that many of the
analyses cited by Berthollet in support of his position were faulty
because impure compounds or mixtures had been used. He alo dis-
tinguished between solutions and chemical reactions. “The solution
of ammonia in water is to my eyes not at all like that of hydrogen in
azote which produces ammonia.” ¢

By 1808 Proust’s opinion had prevailed and the law of constant
composition was accepted by almost all chemists. In disregarding
the theories of Berthollet they not only disregarded the theory of mass
action, and thus had to wait many years before the study of chemical
equilibrium could begin, but they also disregarded the nature of many
complex crystalline substances whose composition actually was vari-
able because of substitutions in the crystal lattice. It was perhaps
fortunate for the chemistry of his time that Proust worked with simple
substances that obeyed the law of constant composition, for it was
necessary to build on this law before the nature of more complex
compounds could be understood. Eventually it was recognized that
there had been truth in the ideas of Berthollet even in regard to
variable composition. This fact was acknowledged by Kurnakov in
1914, when he suggested that alloys and other compounds of indefi-
nite composition be called “berthollides,” while the ordinary com-
pounds should be called “daltonides” after John Dalton.”

The theories of Richter, Berthollet, and Proust directed the think-
ing of chemists toward the concept of chemical compounds as we
consider them today, but they did not depend on any real atomic
theory. The development of a quantitative atomic theory that gave
meaning to the law of constant composition was the work of John
Dalton (1766-1844) of Manchester. He had been to some extent
anticipated in his ideas by the Irish chemist William Higgins (1766
1825),® who in 1789 published a book embodying the concept of atomic
combination and the law of multiple proportions. His ideas did not
reach the majority of chemists. Only the theories of Dalton gave the
atomic explanation of the laws of constant and multiple proportions
a basis that permitted them to be generally accepted.
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Dalton was interested in meteorology and the composition of the
atmosphere. In attempting to explain to himself many of the physical
properties of gases he at first assumed that the atoms, by now believed
by almost everyone to be the smallest particles of matter, were of the
same size for all different substances. He found it impossible to recon-
cile the behavior of gases with this assumption and so was led to think
of atoms as varying in size. He regarded them as dense spheres of dif-
ferent dimensions, each surrounded by an atmosphere of heat (caloric)
which repelled other atoms. In keeping with the quantitative spirit
of the time, and because the concept of variable size was so important
to his thinking, he attempted to determine the numerical values for
the differences in size or, more accurately, in weight.

In order to do this, he had to make certain assumptions as to the
nature of chemical combination. His ideas were based more on physi-
cal than on chemical properties, and so he made the simplest assump-
tion of chemical composition possible. Unless there was reason to
assume otherwise, he believed that a compound of two substances (2
binary compound) would contain one atom of each of the two con-
stituents. Thus, water was a compound of one atom of hydrogen and
one of oxygen, ammonia one of hydrogen and one of nitrogen, and
so on. If this assumption was valid, the results of chemical analysis
at once gave a method for determining the relative weights of atoms.
The analyses of water available to him showed that it contained 85%
parts of oxygen and 1414 parts of hydrogen. If the weight of hydro-
gen was taken as unity, the relative weight of oxygen became 6. Simi-
larly, analysis of ammonia gave 80 parts of nitrogen and 20 parts of
hydrogen. The relative weight of an atom of nitrogen was thus 4.
In this way, Dalton was able to draw up the first table of atomic
weights, which he presented as a supplement to a paper on the absorp-
tion of gases by water, read to the Literary and Philosophical Society
of Manchester in 1803 and published in 1805.> He did not explain
there how he derived the table, and the values he gave were changed
in later versions, but the principle remained the same.

In 1804 the Scottish chemist Thomas Thomson (1773-1852), a very
active popularizer of chemistry, visited Dalton and learned the details
of his atomic theory. Thomson was so impressed by what he heard
that he became an ardent advocate of the Dalton theory. He was
later accused by Higgins of deliberately suppressing the contributions
of the latter. There is no doubt that the enthusiastic support of
Thomson did much to make the work of Dalton well known to other
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chemists, so that it became the basis for later work on the application
of the atomic theory to chemistry.s

In 1807 Thomson published his five-volume System of Chemistry in
which he explained Dalton’s theory, and in 1808 Dalton himself
brought out 4 New System of Chemical Philosophy, one of the classics
in the history of chemistry. In these works the atomic theory was
developed in detail and many of its applications were discussed,

Dalton still clung to the assumption that the majority of compounds
were binary. He knew, however, that more than one compound of
some elements existed, and so he assumed that ternary compounds, the
next simplest to picture, could also exist. In these, one atom of one
element was united to two of the other. Thus, variability of chemical
composition was explained, but it was not the continuous variability
of Berthollet. The old philosophical principle of discontinuity re.
ceived a quantitative theoretical basis, and the law of multiple pro-
portions was presented. This law followed so essentially from Dal
ton’s theory that he did not even express it as a distinct principle.
He merely used it as an obvious part of the development of the
theory.1o '

Dalton devised a set of symbols to express his theory. Their graphic
nature probably helped in its acceptance. ‘They were circles, since his
atoms were spherical, and they contained various lines, dots, or letters
to represent the atoms of different elements, Thus hydrogen was

(. nitrogen (D. oxygen (. and carbon @ . Water became OO

with an “atomic” weight of 1 4 7 = 8; ammonia OO . “atomic”
weight 6; “carbonic oxide” (x ; and the ternary carbonic acid
O®O - Sugar was supposed to consist of one atom of alcohol

% and one of carbonic acid, and was therefore given the sep-

0]

tenary formula .

Erroneous though Dalton’s theory was in many respects, chiefly
because of its rigid, arbitrary assumptions, it presented to chemists
a number of new and important concepts. It gave a precise, quanti-
tative basis to the older, vague idea of atoms; it gave to the concept
of elements a specificity that had previously been lacking; it explained
the discontinuity in the proportions of elements in compounds as
expressed in the laws of constant and multiple proportions; and it sug-
gested that the arrangement of the atoms in a compound could be
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represented schematically in such a way as to indicate the actual
structure of the compound. Many of the developments of chemistry
in the nineteenth century resulted from the expansion of these ideas.

At the same time, it should be noted that the theory gave no indi-
cation of any single standard for determining atomic weights, since
the relative weights of the atoms varied, depending on whether the
compound in which they were found was binary, ternary, or of some
other degree of complexity. There was no distinction between atoms
and molecules in the modern sense. The theory was more suggestive
than positively informative. Dalton himself never modified his rigid
ideas, but in the hands of other chemists the implications of the
theory were gradually developed.

Thomas Thomson and his friend, the English physician and chem-
ist, William Hyde Wollaston (1766-1828), presented confirmation of
the law of multiple proportions in 1808, the year in which Dalton
published the New System. Thomson showed that oxalic acid com-
bined with potash and strontia to form two sets of salts, one of which
contained twice as much base as the other* Wollaston confirmed
the existence of these salts and also proved the existence of “quad-
roxalate of potash” (KHC,0,-H,C,0,).*?

These experiments attracted. the attention of a young Swedish sci-
entist, J6ns Jacob Berzelius (1779-1848), who later became the most
influential chemist of the first half of the nineteenth century. Ber-
zelius had been interested in the work of Wenzel and Richter and
had begun a series of analyses of various minerals and salts before he
learned of the work of Thomson and Wollaston and, through this, of
Dalton’s theory. He determined to devote most of his attention to
quantitative analysis in order to test the laws of chemical combination
and to determine the various atomic weights.

Berzelius was a brilliant chemist, and in the course of his analytical
work (which was not always of the highest degree of accuracy) he
described many new reactions and substances.’* Among his discoveries
were the new elements selenium (1818), silicon (1823), titanium (1825),
and many new minerals.'* More important, by 1812 he had per-
formed such a great number of analyses that he had firmly established
the law of multiple proportions in the minds of most chemists.?s

Berzelius recognized that one atom of an element might combine
with varying numbers of atoms of other elements, and that two atoms
could combine with three or five of another element, but he could not
tell whether two atoms could combine with two, four, or six other
atoms. As long as the concept of molecules and molecular weight did
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not exist, no difference could be recognized between the formulas
(as we now write them) HO or H,0,. As a result, the formula as-
sumed to be correct had to be deduced individually for each com-
pound, often by analogy with other compounds that behaved in a
similar way.

In his later work Berzelius made much use of two generalizations
in determining the atomic weights of the elements. The first of these
was the rule announced in 1819 by Pierre Louis Dulong (1785-1838)
and Alexis Thérése Petit (1791-1820) that the product of the atomic
weight and specific heat for an element is constant.1¢ Although this
law is now known to be an approximation, it was very useful in de-
ciding whether the correct atomic weight of an element should be its
equivalent weight or some multiple of this.

The second principle employed by Berzelius was the law of iso-
morphism, announced by his student, Eilhard Mitscherlich (1794-
1868), in 1820." This stated that when two substances crystallized in
similar forms they usually had analogous formulas. If the number
of atoms of an element in one compound was known, the number of
atoms of a similar element in an isomorphous compound could be
deduced. These methods served Berzelius well, but they were not
sufficiently general to give absolute assurance of the atomic weights
he sought so earnestly to establish,

A more satisfactory method, but one which was applicable only to
gases, rested on the law of combining volumes discovered by the
French chemist Joseph Louis Gay-Lussac (1778-1850). In 1805, work-
ing with the great naturalist Alexander von Humboldt (1769-1854),
Gay-Lussac had redetermined the fact, first observed by Cavendish,
that hydrogen and oxygen united in the Proportions 2:1 to form
water. He went on to study such relationships in other gases, and
by 1809 he was able to announce that the ratios of the volumes of
reacting gases were small whole numbers.’® T hus, ammonia combined
with equal volumes of fluoboric acid (BF;), muriatic acid, and car-
bonic acid to form “neutral salts,” while fluoboric and carbonic acids
combined with 2 volumes of ammonia to form “subsalts.” Data of
other authors showed that 1 volume of nitrogen and $ of hydrogen
were combined in ammonia, and that oxides of nitrogen were known
that consisted of 1 volume of nitrogen combined with 1%, 1, and 2
volumes of oxygen. Dalton never accepted these results of Gay-
Lussac, but Berzelius used them wherever possible.

Although Berzelius used the law of combining volumes, he never
extended it to its final conclusions, and so was never able to make the
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distinction between atoms and molecules in gaseous reactions. This
step was taken in 1811 by the Italian, Amadeo Avogadro (1776-1856),
but his ideas were neglected for nearly fifty years. Avogadro took up
an assumption that had been considered—but rejected—by Dalton:
that equal volumes of different gases contained the same number of
particles. From this he immediately deduced that the ratio of the
densities of two gases such as oxygen (1.10359) and hydrogen (0.07321)
represented the ratio between the masses of their particles, that is,
their atomic weights, which in this particular case came out 15.074
to 1. This showed that the equivalent weight of oxygen of about 8,
which was often used by other chemists, was not the atomic weight.

Avogadro then distinguished between what he called “integral
molecules,” our molecules, and “elementary molecules,” our atoms.
He assumed that atoms of a simple gas could combine with each other,
and, in reaction with another gas, these resulting integral molecules
could split apart and form new integral molecules of different com-
position. Thus, “the molecule of water will be comprised of half a
molecule of oxygen with pne molecule, or what is the same thing,
two half molecules of hydrogen.” 1* A similar hypothesis was pro-
posed by the French physicist Ampére (1775-1836) in 1814.

If the Avogadro hypothesis had been accepted, chemists would have
been spared half a century of confusion. At the time of its appear-
ance, however, few facts were known that confirmed it, and Berzelius
could not conceive of two like atoms uniting together. He therefore
disregarded it, and the great weight of his authority discouraged other
chemists from investigating it more thoroughly. In 1832 J. B. A.
Dumas (1800-1884), who succeeded Berzelius as a great leader of chem-
ical thought, studied the vapor densities of sulfur, phosphorus, arsenic,
and mercury. He did not realize that these vapors had an anomalous
structure, and so he felt that his results discredited Avogadro’s theory.
With such influential opposition as that of Berzelius and Dumas there
was little likelihood that chemists would accept the theory until hope-
less confusion forced them to do so.

With the exception of his disregard of Avogadro, Berzelius used the
methods available with great skill and intuition. In 1814 he was able
to draw up a table of atomic weights that was surprisingly accurate.?
The table was twice revised. In the 1826 version the atomic weights
for almost 21l the elements were close to those used today. Only for
silver, sodium, and potassium did Berzelius use values double those

. of today.
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In spite of the ingenuity with which Berzelius drew up his table,
most contemporary chemists felt that there was little theoretical basis
for his values. They believed that it was far safer to use numbers
that could be determined by direct analysis. This was especially the
view of Wollaston, who introduced the term “equivalent weight” to
express the combining ratios of the elements. He drew up a table of
equivalents from all the analytical data available to him and designed
a synoptic scale of chemical equivalents that was a sort of chemical
slide rule.?* This appealed widely to chemists, and the atomic weights
of Berzelius were almost entirely replaced by equivalent weights. For
a long time the names atomic and equivalent were confused, and the
various possible values for equivalent weights derived from different
compounds of the same element added to the confusion. The par-
ticular numerical value chosen by any chemist was largely a matter
of his individual preference and might be determined by some par-
ticular theory that he adopted.

This fact is well illustrated by the history of Prout’s hypothesis.
The English physician William Prout (1785-1850) in 1815 and 1816
published two anonymous papers in which he suggested that the
atomic weights of many elements were whole multiples of the atomic
weight of hydrogen, taken as unity. He supported the theory by data
from inaccurate analyses and expressed the opinion that hydrogen
might be the prime matter of the ancients, from which everything else
was formed.2? Thomson was much impressed by this theory and later
published a book 22 containing a number of analyses that he adapted
to fit Prout’s hypothesis. He did not consider this in any way wrong,
for he believed that the theory was correct and the analyses were in
error.  Berzelius did not approve of such treatment of analytical
results, and made the caustic comment: “The greatest consideration
which contemporaries can show to the author is to treat his book as
if it had never appeared.” 2+

In spite of the confusion over atomic and equivalent weights, the
fact that numerical calculations could be applied to chemical equa-
tions and that each element was recognized as having certain funda-
mental characteristics greatly systematized chemistry. This systemati-
zation was rendered even more pronounced when Berzelius intro-
duced modern chemical symbols. Whereas the reform in nomencla-
ture of de Morveau and his collaborators had made it easier to think
in chemical terms, the reform in chemical symbols that Berzelius pro-
posed in 1814 % permitted a visualization of chemical reactions in the
simplest and most effective way.
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76
Name. Formel. 0=100. H=1.
Unterschwefl. Saure S 301,165 | 48,265
Schweflichte Siore S 401,165 | 64,201
Unterschwefelsiure S 002,330 | 144,600
Schwefelsiare s 501,165 | 80,317
Phosphorsiure P 892,310 | 143,003
Chlorsiure ¢l 049,650 | 151,071
Oxydirte Chlorsdure €1 1042,650 {167,007
Jodssare b 2037,562 |326,543
Kohlenssure C 276,437 | 44,302
Oxalsiure £ 452,875 | 72,578
Borsiure B 871,966 |139,743
Kieselsaure Si 577,478 | 92,548
Selensiiure Se 694,582 | 111,315
Arsenikssure As 1440,084 {230,790
Chromoxydul Er 1003,638 |160,845
Chromsaure Cr 651,819 | 104,462
Molybdinsaure Mo 898,525 {143,999
. Wolframsiure w 1483,200 | 237,700
Antimonoxyd $b 1912,004 {306,565
Antimonichte Szure Sh 1006,452 | 161,296
) 2012,904 | 322,591
Antimonsgure $h 9112,004 {338,617
Telluroxyd Te 1006;452 | 161,296
Tantalsiure Ta 2607,430 {417,871
Titansiure Ti 580,002 | 94,409
Go]doxydul Au 2586,026 |414,441
Goldoxyd Au 2786,026 | 446,493
Platinoxyd P 1415,220 | 226,806
Rhodiumoxyd R 1801,360 |228,689

Fig. 13. Examples of the chemical symbols and atomic weights of Berzelius. (From
Jahvesbericht uber die Fortschritte der physischen Wissenschaft, 1828, p. 76.)

Berzelius suggested that the initial letter of the Latin name of the
element be used as its chemical symbol. When the names of elements
began with the same letter, the next distinctive letter of the name
was to be added. At first he suggested that oxygen be indicated by
a dot placed over the symbol of the element with which it was com-
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bined, so that SO; was to be written S, but this part of his system
did not survive very long. He also noticed that two atoms of an
element often reacted as a unit, and he later suggested that such a
double atom be represented by a bar drawn across the symbol of the
element, so that H, became XI. These barred atoms survived longer
and underwent various modifications by other chemists, but eventu-
ally they too were abandoned.

"The formulas of Berzelius were a great improvement over those pre-
viously proposed not only because of their simplicity and because they
could be set in ordinary type, but also because they stood for definite
weights of the element. They thus contributed to the quantitative
approach to chemistry that was growing so important.

‘Two major errors in the system of Lavoisier remained, and elimi-
nation of these began at this time. The idea that caloric was a defi-
nite substance began to give way as the physicists, who had never
entirely abandoned the kinetic theory of heat of the seventeenth cen-
tury, began to study the relationships of the various forms of energy.2s
This development will be discussed in detail in connection with the
rise of physical chemistry.

More purely chemical were the views of Lavoisier on acids. Im-
pressed by the importance of oxygen, he believed that all acids con-
tained this principle, and he even used this idea in choosing a name
for the substance. As early as 1789 Berthollet had shown that hydro-
cyanic acid and hydrogen sulfide did not contain oxygen. These acids
were so weak that many did not consider them to be true acids, and
so the faith of Lavoisier and his followers was not shaken.?® Decisive
proof came in the case of chlorine. This existed in the strong muri-
atic acid, and so was supposed to be the oxide of an element, murium,
Gay-Lussac and his collaborator Louis-Jacques Thenard (1777-1857)
made a long study of muriates in 1809 and produced evidence that
they contained no oxygen. They were too strongly influenced by the
views of Lavoisier to accept their own evidence, and so it was left to
the brilliant English investigator Humphry Davy (1778-1819) to prove
in 1810 that chlorine was an element in its own right.** When Gay-
Lussac studied hydriodic acid in 1813, he admitted the correctness of
Davy’s views. Thus Davy gave the deathblow to Lavoisier’s theory of
the composition of acids.

An actual understanding of the essential nature of acids came from
the work of Graham and Liebig later in the century. Thomas Graham
(1805-1869) showed that ortho-, pyro-, and metaphosphoric acids were
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distinct substances which, in his formulation, contained three, two,
and one molecules of water, respectively, water that could be replaced
by a corresponding number of equivalents of a base.?s Justus Liebig
(1803-1873) generalized this in his theory of polybasic acids,?® show-
ing that organic acids existed that could combine with various equiva-
lents of bases. He therefore assumed that acids were compounds of
hydrogen, and that this hydrogen could be replaced by metals. This
did away with the need to write acids by the dualistic system of Ber-
selius, in which they were represented as composed of water and an
acid radical. Proper importance was given to hydrogen itself. In
1839, on the basis of his electrochemical studies, John Frederick
Daniell (1790-1845) abandoned the dualistic method of writing the
formulas of salts in an early application of a form of the ionic theory
(see p. 208).

The work of the first two decades of the nineteenth century had
now defined elements and compounds as chemical individuals, had
given them specific quantitative properties, and had supplied a con-
venient method for expressing chemical relationships. It was in-
evitable that the same chemists who had performed this work should
attempt to solve the old problem of affinity. The remarkable dis-
coveries then being made in the field of electricity seemed to offer
hope of such a solution. The beginnings of the science of electro-
chemistry must therefore be considered.
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CHAPTER XVII

ELECTROCHEMISTRY AND
CHEMICAL AFFINITY

he scientific study of electrical phenomena began seriously in

the seventeenth century. After Otto von Guericke between 1660
and 1670 constructed a machine in which static electricity was pro-
duced by rubbing a ball of sulfur with the hand, physicists began an
intensive investigation of this new branch of their science. It was ac-
tively studied throughout the eighteenth century. In 1729 Stephen
Gray (1666 or 1667-1736) * showed that metals could conduct current
away from its source. This suggested that electricity was a fluid, an
idea that fitted well into the concepts of imponderable fluids so popu-
lar at this time. Even after heat and light ceased to be placed in this
class, electricity continued to be compared to a fluid. In 1734 C. F.
de C. Du Fay (1692-1739) distinguished two types of electricity, which
he called “vitreous” and “resinous,” according to whether they were
produced by rubbing glass or resin. Benjamin Franklin (1706-1790)
gave these their modern names of positive and negative electricity.
The polarity of electrical effects was thus established.

In 1745 von Kleist discovered a primitive condenser, which was re-
discovered and first announced by Pieter van Musschenbroek (1692
1761) of Leiden. It became known as the Leiden jar and was an essen-
tial piece of laboratory equipment of the time. It consisted of a
small flask held in the hand while an electrical charge was applied to
a wire that passed into the flask.?
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By means of such static machines and condensers a certain number
of chemical reactions could be produced. Cavendish and Priestley
used electric sparks to cause the combination of hydrogen or nitrogen
with oxygen. In 1789 A. Paets van Troostwijk (1752-1837) and J. R.
Deimann (1743-1808) decomposed water with a large static machine.
They did not notice the separation of hydrogen and oxygen at dif-
ferent poles in this experiment. In no case at that time was it pos-
sible to produce a current strong or continuous enough to permit a
significant study of chemical reactions.® This situation changed com-
pletely at the end of the eighteenth century.

In 1786 Luigi Galvani (1737-1798), professor of surgical and ana-
tomical operations at the University of Bologna, was studying a nerve-
muscle preparation of a frog leg. A copper hook on which the muscle
hung was placed on an iron support. The muscle twitched. Galvani
was much impressed by this event and studied it in considerable detail.
'Since he was a biologist, he centered his attention on the muscle, in
which he believed the electricity arose. His fellow countryman, Ales-
sandro Volta (1745-1827), professor of natural philosophy at the
University of Pavia, being a physicist, sought the cause of the electrical
effect in the metals. He soon found that the electricity arose at their
junction. The muscle served merely as an indicator. He then tried
placing a number of metal junctions together and found that the effect
was multiplied. In 1800 he reported his results to Sir Joseph Banks
(1743-1820), President of the Royal Society of London, and they were
published in the Philosophical Transactions.*

Volta built up a long column consisting of alternate plates of copper
and tin, or silver and zinc, joined by a disc of paper or leather soaked
in a saline solution. This was the Voltaic pile, the first true battery,
and from it came a continuous current whose effects could be increased
by merely increasing the size and number of alternating metal plates.

Almost at once chemists began to use this new apparatus to produce
chemical reactions. Banks showed Volta’s letter to his friend William
Nicholson (1753-1815), founder of Nicholson’s Journal of Natural
Philosophy, Chemistry, and the Arts, in which many of the scientific
papers of the time were published. Nicholson and Anthony Carlisle
(1768-1840) studied the decomposition of water with the pile, and
shortly after the publication of Volta’s report they described the elec-
trolysis of water solutions of various salts with liberation of hydrogen
at one pole of the pile and oxygen at the other.

In 1803 Berzelius and William Hisinger (1766-1852) performed a
similar experiment and found that, when salts are decomposed during
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e

Fig. 14. Forms of the voltaic pile used by Volta. (From Philosophical Transactions
of the Royal Society, 1800, p. 431.)

electrolysis, bases are found at the negative pole and acids at the posi-
tive, indicating that acids and bases carry opposite charges. This ob-
servation made a great impression on Berzelius. It probably led to
his later electrochemical theory of affinity.

The most striking experimental results in this field were obtained
by Humphry Davy at the Royal Institution in London, where he was
professor of chemistry. Davy began work on electrolysis almost as soon
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as Volta’s results appeared. He constructed a battery of over 250
metallic plates, one of the most powerful then available. Using this
apparatus he found that he could not isolate the components of alkali
salts from water solutions. He therefore tried the electrolysis of fused
solids, with spectacular results. In November, 1807, he was able to
announce the isolation of potassium and sodium as metals.* The
extreme reactivity of these elements greatly impressed contemporary
chemists. Davy went on to isolate barium, magnesium, calcium, and
strontium by similar methods.” He used potassium to reduce boric
acid to boron. This reductive method was much used by later chem-
ists in the preparation of various metals. Davy found that, when
Inercury was present as the oxide, electrolytic production of the metals
with formation of amalgams proceeded very easily. Berzelius applied
this reaction to ammonium salts and obtained ammonium amalgam,
confirming the basic character of ammonia. The name ammonium
was proposed to indicate the analogy of this substance to the metals.

These chemical reactions studied in the first two decades of the
hineteenth century profoundly influenced the thinking of chemists,
but their ideas had a Purely qualitative character. Recognition of the
Quantitative aspects came from the later studies of Michael Faraday
(1791-1867), whom Davy had chosen as his assistant at the Royal In-
stitution, and who succeeded him there. Faraday’s investigations in
the field of electricity were chiefly physical, and he is best known for
his discovery of electromagnetic induction. His chemical work was
also extremely important. His greatest chemical discovery, announced
in 1832-1833, was that in electrolysis the amount of substance decom.-
posed is proportional to current strength and time, and that the
weight of substance deposited is proportional to the equivalent weight
of the substance.s This discovery supplied an independent method
for determining equivalents, but it was not immediately adopted by
chemists, since Berzelius refused to accept it.

Faraday sought a better system of terminology for the electrochem-
istry of his day. He turned to William Whewell (1794-1866), a clas-
sical scholar and historian of science, who suggested the names still
in use today: electrode, anode, cathode, ion, anion, cation.®

It was inevitable that the force of electricity (or the “electric fluid”)
that produced such startling experimental results should become an
important part of chemical theory. Since electrolysis broke up chemi-
cal compounds, it was an obvijous step to assume that electricity must
be concerned in some way in affinity, which so occupied the thoughts
of chemists.
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As early as 1800, William Cruikshank (1745-1800) assumed that the
electrical fluid, 2 chemical substance like caloric, combined with oxy-
gen or hydrogen when they were liberated at the electrodes.® Davy
suggested that chemical substances became electrically charged when
they approached each other and that compounds were held together
by neutralization of these charges.’*

It remained for Berzelius to formulate a more precise theory of
chemical affinity in electrical terms and, by the weight of his authority,
to impose this dualistic theory on all chemistry. Berzelius was espe-
cially impressed by the opposite charges at the two poles of an elec-
trolysis apparatus, and by the attractions and repulsions they exerted.
The old doctrine of opposites had never lost its appeal to scientists,
and this made easy the acceptance of a new “physics of contraries.”

Berzelius assumed that every atom had both a positive and a nega-
tive charge, that is, was polarized. The only exception was oxygen,
the most electronegative element. All the others could be arranged in
a series such that they were electropositive to those above them and
electronegative to those below. At the bottom of the table stood potas-
sium, the most electropositive element. It is apparent that there was
always an excess of either positive or negative electricity on each atom.
In the formation of chemical compounds there was neutralization of
positive and negative charges (often with liberation of light or heat,
analogous to sparking across a condenser), but the resulting compound
was not necessarily neutral, since the unequal charges did not have to
neutralize each other exactly. Thus, sulfur, electropositive with re-
spect to oxygen, could combine with it to form the binary compound
sulfur trioxide, SOy, in which the negative charge predominated, leav-
ing the compound as a whole electrically negative. Similarly, potas-
sium and oxygen combined to give the oxide K,O (or KO as Berzelius
wrote it), which retained a positive charge. Therefore the oxides of
sulfur and potassium would combine to the ternary salt, potassium
sulfate, written KO-SO,;. This was still not neutral, since it could
unite with aluminum sulfate to form alum, KO-Al,0,-480;, and this
in turn could add water of crystallization by a similar process.*

This theory fitted the facts of electrolysis well and gave an explana-
tion of the forces of affinity that held salts together. In fact, Berzelius
believed that he had at last explained the cause of affinity. There
were certain experimental facts that did not fit into the theory, though
these tended to be disregarded. For example, the actual compounds
SO; and K;O were not electrically charged. The theory had still more
serious defects. It made it impossible to accept Avogadro’s theory in
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which two similarly charged atoms of hydrogen, oxygen, or nitrogen
were united with each other. This difficulty became more evident
with later developments of organic chemistry and was one of the
chief factors in the downfall of the dualistic theory. As long as chem-
ists dealt mostly with acids, bases, and salts, however, the theory served
well enough, and, in a modified form, it is still essentially a part of
our explanation of the nature of polar compounds.

The most serious theoretical objection to the theory lay on purely
physical grounds. Berzelius made the error of confusing the roles of
current intensity and current quantity.’* This is reminiscent of the
similar confusion with respect to heat which was cleared up by Black
in the previous century. It was this error that also prevented Berzelius
from accepting Faraday's law of electrochemical equivalents. ‘This
error was clear to physicists of his day, but not to chemists, who at
this time tended to disregard physics and who often had little train-
ing in it. The apparent simplicity of the dualistic theory and its easy
explanation of many chemical facts gave it first place in the thinking
of chemists.

Berzelius was by no means backward in advocating his chemical
beliefs. He had contributed so much to chemistry in the years prior
to 1830 that he was respected by everyone. In addition he had pub-
lished a textbook of chemistry that went through five editions between
1808 and 1848, and that was everywhere accepted as the standard
chemical reference. He published an annual report on the progress
of chemistry, the famous Jahresbericht iiber die Fortschritte der
physischen Wissenschaft, from 1821 to 1849. In this he stated frankly
his opinions of the work of other chemists. As he grew older, he grew
more and more concerned with the Ppreservation of the theories he had
done so much to establish in his younger days. The great influence
that he exerted tended to oppose chemical progress. Toward the
end of his life he was engaged in many controversies, in most of
which he supported what eventually proved to be the losing side.
Even in these controversies, however, his opposition often resulted
in stimulating better research. Few chemists have been as influential
in their day as Berzelius.

A survey of the progress of chemistry from the time of Lavoisier
through the first quarter of the nineteenth century reveals astonishing
advances. Never before had there been such a reorganization and
systematization of the science. All sciences showed a similar advance,
but chemistry responded to special conditions and perhaps advanced
most rapidly as a result. k
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An important factor was the completely international character of
science at this time. The numerous new journals and the extensive
correspondence between scientists were factors, and the sense of being
a scientist was not impeded by nationalistic feelings. Certain charac-
teristics distinguished the scientists of the leading countries, and con-
tact between them fertilized and advanced science. Such contact was
remarkably free. The best example of this is the fact that in 1813
Davy was able to visit France and travel through the laboratories as
a guest of French chemists, though England and France were in the
midst of the Napoleonic wars. It is difficult to visualize a comparable
situation today.

Among the special factors that favored chemistry at this time, two
stand out clearly. For the first time, chemistry was fully recognized
as a profession in its own right. No longer were chemists trained as
pharmacists or physicians before they undertook chemical investiga-
tions. Professors of chemistry became more common in the univer-
sities, and many prominent chemists, especially in France, established
private laboratories in which they gave chemical instruction.

Even more important, perhaps, was the close connection between
technical and theoretical chemistry. It is probable that never before
or since has it been so close, for never before had there been such a
brilliant group of contributors to chemical theory who were also
practical technical chemists. At this time there was no distinction
between “pure” and “applied” chemistry in the minds of chemists.
Lavoisier was chiefly responsible for supplying the French government
with explosives of good quality, and solved many other technical prob-
lems for his countrymen. Berthollet was active in the French dyeing
and bleaching industries. Gay-Lussac contributed his tower to the
sulfuric acid manufacturers. Davy invented the miner’s safety lamp.
Many important industries expanded from the laboratory or the
apothecary shop under the influence of the Napoleonic wars and the
Continental Blockade. Production of beet sugar increased. The
Leblanc process for producing soda was discovered. In fact, large-
scale chemical industry may be said to have begun at this time.

Although there were many favorable factors to account for the
progress of chemistry, there were unfavorable factors as well that pre-
vented full utilization of the new discoveries. Mention has been
made of the disregard of physics in the dualistic theory of Berzelius.
This was not an isolated case. Up to this period, chemistry and physics
were not clearly distinguished as separate sciences. Boyle and Lavoisier
were physicists in many respects. Now that chemistry was making such
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rapid progress, largely by means of qualitative theories and simple
quantitative methods, chemists began to neglect physics. This in turn
alienated the physicists, who neglected chemistry in developing their
own science. The results were not entirely harmful, for chemistry had
to accumulate a tremendous amount of purely factual material before
the larger generalizations could be made, and there was work enough
for the chemists for many years to come. Closer cooperation between
chemists and physicists might have saved some time for both. As it
was, however, most chemists turned to the development of organic
chemistry by chemical methods that eventually, to the great surprise
of many physicists, were found to give an essentially correct view of
the physical structure of organic compounds. The slow development
of physical chemistry gradually brought the two sciences together once
more.
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CHAPTER XVIII

THE DEVELOPMENT
OF ORGANIC CHEMISTRY:
THE RADICAL AND
UNITARY THEORIES

echnologists, pharmacists, physicians, alchemists, and chemists

1 had worked with substances we now class as organic ever since
men began to manipulate the materials of nature. At first, animal
and vegetable tissues and fluids were used as such. Gradually, certain
substances, such as sugar or alcohol, were purified and used for their
special properties. During the Middle Ages, compounds such as ether
or acetone were accidentally obtained, but they were never considered
to belong to any special category.

As knowledge of chemical facts increased, it was recognized that the
products of living organisms were far less stable and far more reactive
than most mineral compounds. A three-way distinction arose. The
mineral substances were relatively simple; the pure products extracted
from living matter, since they were not themselves living, were con-
sidered a class of especially complex chemicals; and the actual fluids
and tissues of animals and vegetables (“organized beings”) were classed
as “organic.” Bergman first expressed this distinction between inor-
ganic and organic substances in 1780, and Berzelius in his textbook
first spoke of “organic chemistry,” although by this he chiefly meant
what would today be called biochemistry.?

Before organic compounds could be studied, analytical methods
applicable to them had to be developed. Lavoisier first described
such a method, burning the compounds in oxygen under a bell jar

172



RADICAL AND UNITARY THEORIES 173

and attempting to determine the water and carbon dioxide formed.
Gay-Lussac and Thenard greatly improved this method by burning
the sample in a combustion tube with an oxidizing agent—at first
potassium chlorate (1810) and later copper oxide (1815). Berzelius
carried out organic analyses with great care, but he was more interested
_in obtaining atomic weights than in perfecting a practical method for
analyzing new compounds. It required eighteen months for Berzelius
to perform twenty-one analyses of seven organic acids. Credit for
perfecting organic analysis and making it a routine procedure belongs
to Justus Liebig. By 1831 he had described the method which re-
mained standard until it was modified by the introduction of micro-
analysis in the twentieth century. With the development by Dumas
of his method for nitrogen analysis in organic compounds in 1833,
organic chemistry possessed the basic analytical techniques upon which
the great advances in this science were made.?

As a result of his analytical work, Berzelius by 1814 recognized that
organic compounds obeyed the law of constant composition. He
wished to fit these compounds as completely as possible into the laws
of chemistry that had developed from the study of inorganic sub-
stances, but he did not believe that this could ever be done com-
pletely. Like most chemists of his time, even the great systematizer
thought that the products of a living organism were controlled by a
special “vital force” exerted by life itself that gave distinctive prop-
erties to organic compounds. The ordinary laboratory methods were
not believed to be entirely applicable to these substances, and so it
was thought improbable that they would ever be prepared in the
laboratory. This view was weakened when Chevreul explained the
nature of fats, as will be seen, and it received its first major challenge
in 1828 when Friedrich Wohler (1800-1882) found that ammonium
cyanate could be transformed into urea, a typical product of the ani-
mal body.® New syntheses continually weakened the position of the
vitalists, and even Berzelius gradually changed his views* With the
development of the concept of conservation of energy in the middle
of the century it was seen that there was no place for a life force.
When Marcellin Berthelot (1827-1907) in 1860 published his Chimie
organique fondée sur la synthése, in which he showed the possibility
of total synthesis of all classes of organic compounds from the elements
carbon, hydrogen, oxygen, and nitrogen, the doctrine of vitalism was
generally abandoned by chemists.

The first important step in clarifying the nature of organic com-
pounds was the development of the concept of radicals. Guyton de
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Morveau, in the book on nomenclature, spoke of the “radical of an
acid” as “the simple substance of each acid which modifies the oxy-
gen.” Lavoisier accepted this term. He believed that in inorganic
compounds a simple radical was united to oxygen, whereas in organic
substances a complex radical composed of carbon and hydrogen was
similarly united.

The concept of the radical was extended by the work of Gay-Lussac
on hydrogen cyanide and cyanogen®* He showed that the cyanide
radical, a union of carbon and nitrogen, passed unchanged through
a series of reactions closely analogous to those of chlorine or iodine.
It was, in fact, “a body which, though compound, acts the part of a
simple substance in its combinations with hydrogen and metals.” This
concept of a radical as a group of atoms that reacted as a unit became
a basic idea in the development of organic chemistry.

While Gay-Lussac was thus revealing the possibility that radicals
could be transferred as if they were elements, Michel Eugéne Chevreul
(1786-1889), the only noted centenarian in the history of chemistry,
was carrying on his remarkable studies on the composition of natural
fats. This work began in 1813 and was summarized in his book Re-
cherches chimiques sur les corps gras d’origine animale, published in
Paris in 1823. In spite of their early date, these studies have a sur-
prisingly modern character. Chevreul noted that soaps formed by
saponification of fats gave rise to crystalline substances when they were
treated with acids. He purified these by recrystallization and was
among the first to use constancy of melting point as a criterion of
purity. He identified a large number of these organic acids, from
butyric to stearic, and showed their relationship in the fats to glycerol,
which had first been isolated by Scheele. Chevreul also isolated cetyl
alcohol (which he called ethal) and cholesterol from some of his fat
mixtures. As a result of his work it became clear that a fat was
merely a compound of an organic acid with glycerol, a type of union
at least formally analogous to an inorganic salt, and that in saponifica-
tion the glycerol was replaced by an inorganic base. “In this hypothe-
sis, saponification is only the decomposition of a fatty salt by a salifi-
able base which takes the place of the anhydrous glycerine.” Chevreul
here indicated strongly that inorganic and organic compounds reacted
according to the same laws. He also revealed the fundamental struc-
ture of a great class of natural compounds, one of the earliest steps in
systematizing biochemistry. The importance of his work has not
always been fully appreciated.
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In 1823 Liebig studied salts of fulminic acid and published analyses
of these in the Annales de chimie,® of which Gay-Lussac was editor.
At almost the same time Wéhler took up the study of the cyanates.
When his paper was published in the Annales,® Gay-Lussac noticed the
surprising fact that the analysis of the two sets of salts was the same.
This discovery brought Liebig and Wéhler together in a friendship
and collaboration that lasted throughout the lives of these two great
chemists and resulted in many important discoveries.

A similar case of compounds having the same empirical composition
and different properties came with the discovery of butylene by Fara-
day in 1825 and its comparison with ethylene. In 1830 Berzelius no-
ticed the identity in analysis of tartaric and racemic acids. He had
hesitated to accept these relationships, but he now gave up the idea
that for every definite chemical composition there was only one com-
pound with one definite set of properties. He recognized that the
arrangement of atoms could differ in compounds, resulting in different
sets of properties, and he introduced the term “isomerism” (from the
Greek, “composed of equal parts”) to identify this phenomenon.®

The task of the organic chemist was now becoming clearer. It was
necessary to identify the various complex groups, or radicals, which
passed through different reactions, and to find the relationships among
these groups that would explain the facts of isomerism. When pos-
sible, the reactions should be related to analogous inorganic reactions.

In 1828 Dumas and Polydore Boullay (1806-1835) attempted to
explain the reactions of alcohol by assuming that it was a hydrate of
ethylene, C,H,. They used the equivalent weight of carbon as 6, so
that their formula is the same as the present one, C;H,. They ascribed
to ethylene an alkaline character and assumed that it formed com-
pounds in the same way as ammonia.? Thus, alcohol was C,H,-H,O0,
ether was 2C,H,- H,0, and ethyl chloride was C,H,-HClI, just as am-
monium chloride was NH,-HCL

The strongest support for the radical theory came from the joint
work of Liebig and Wéhler on the oil of bitter almonds (benzalde-
hyde).** They carried through a large number of reactions with this
substance and showed that in all of them the group C,,;H,,0, re-
mained unchanged. Owing to Liebig’s failure to understand the con-
cept of atomic weight, his formulas are double those used today, and
we write this radical C;H;O. This radical was named “benzoyl” since
it was the radical of benzoic acid, and Liebig and Wéhler adopted the
now common termination “yl” from the Greek word hyle meaning
material.
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Berzelius, with his strong desire for order and system, accepted the
ideas of Liebig and Wohler enthusiastically. He added a note to their
paper in which he designated the benzoyl radical as Bz and wrote
benzoic acid BzO, bitter almond oil BzH, chlorobenzoyl BzCl, and
benzamide BzNH,. He called attention to the ethylene radical of
Dumas and Boullay, which he named etherin, and showed that this
too could give rise to a series of compounds.

With the weight of experimental evidence so strong, and with the
very influential support of Berzelius for the radical theory, chemists
began to look for radicals in every compound. Liebig explained the
nature of alcohol and ether in terms of the radical ethyl: 1 ether is
the oxide of ethyl, C,H,,0, and alcohol its hydrate, C,H,,0-H,0.
This neglect of atomic weights further shows how little Liebig under-
stood their significance. Dumas and E. M. Peligot (1811-1890) worked
on wood alcohol and described its radical, methyl. As more and more
attempts were made to find new radicals, confusion began to appear.

It was not long before Berzelius realized that he had been prema-
ture in accepting the benzoyl radical as a unit. It contained oxygen,
the most electronegative element, and the center of his system, as it
had been of Lavoisier’s. Oxygen could not be considered a relatively
unimportant part of a radical. Berzelius now assumed that all radi-
cals had to be composed of carbon and hydrogen, and that such radi-
cals could then unite with oxygen. Thus the dualistic system could
be preserved. Benzoyl was G H;o. As time went on and new com-
pounds and reactions were discovered, Berzelius was compelled to
invent more and more complex radicals to account for the new ad-
vances.'* Soon no one else accepted his ideas, though he himself
never abandoned them.

By 1837 it seemed to many chemists that the radical theory was the
final answer to the mysteries of organic chemistry. In that year Dumas
and Liebig, extending the concept of Lavoisier and his school, pub-
lished a triumphant paper ** in which they called radicals the elements
of organic chemistry. “In mineral chemistry the radicals are simple;
in organic chemistry, the radicals are compound; that is all the differ-
ence. The laws of combination and of reaction are otherwise the same
in these two branches of chemistry.”

Even while Dumas and Liebig were writing these words, however,
the discoveries in Dumas’ own laboratory were showing that organic
chemistry was not quite as simple as this distinction made it appear.
In 1834 Dumas announced the results of his study of the action of
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chlorine on alcohol, with the formation of chloral and chloroform.
He showed that the halogens could replace hydrogen in an organic
compound with the elimination of an equal volume of halogen acid
from the molecule.’* He referred .to his discovery as the “law of sub-
stitution” and later named it metalepsy. Dumas did not at once
realize the full consequences of his theory, but they were recognized
almost immediately by his student Auguste Laurent (1808-1853).15
Laurent began to study the replacement of hydrogen by chlorine, bro-
mine, and nitric acid in various aromatic compounds. In the course
of this work he isolated naphthalene and suggested the name “phene”
(Greek meaning “to illuminate”) for benzene, which he found in illu-
minating gas. Although the name did not persist for the hydrocarbon
itself, it has been retained in the name of the phenyl radical and in
phenol.

Between 1835 and 1840 Laurent repeatedly stressed the idea that
hydrocarbons were a “fundamental radical” from which various “de-
rived radicals” could be obtained by substitution reactions. These
derived radicals still had essentially the same properties as the funda-
- mental radicals from which they were prepared.

This theory at once aroused Berzelius, to whose dualistic thinking
it was inconceivable that electronegative chlorine could replace electro-
positive hydrogen without completely altering the compound. His
vehement attacks alarmed Dumas, who in 1838 declared that his theory
of substitution was nothing more than an empirical discovery. He
added, “I am not responsible for the gross exaggerations with which
Laurent has invested my theory.” 16

Laurent continued to accumulate evidence in support of his views.
As he extended and generalized his theory, he antagonized most of
the prominent chemists of his time. In addition to Berzelius, Liebig
and even Dumas attacked him bitterly. In particular the enmity
of Dumas increased as he and Laurent engaged in polemics over the
question of priority. Laurent was not at all averse to stating his
claims, but his outspokenness had very unfavorable results for him.
Dumas by this time had become the most influential chemist in
France, and so also in the French Academy of Sciences. In this body
was centralized all French science. It controlled all professional
advancement for French scientists through its ability to choose the
occupants of the important chairs in French universities. Only in
Paris were there adequate laboratories. For much of his professional
life, Laurent was exiled to provincial universities, and even when he
came to Paris he was never able to obtain a satisfactory position. He
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died at an early age from tuberculosis contracted from the unhealthful
laboratory in which he was forced to work.

In spite of these difficulties, Laurent greatly advanced the theoreti-
cal ideas of contemporary organic chemistry. As a result of his work,
supported eventually by the studies of Dumas on the chlorination of
acetic acid and the properties of the resulting trichloroacetic acid,
chemists began gradually to accept a unitary theory, in distinction to
the dualistic theory of Berzelius. Laurent called his version of the
unitary theory the “nucleus theory,” since he now called his funda-
mental radicals “nuclei.” He classified all organic compounds in terms
of these nuclei and the derived nuclei obtained from them. This clas-
sification was adopted by Leopold Gmelin (1788-1853) in.his massive
textbook of chemistry. In turn it was taken over by Friedrich Beil-
stein (1838-1906) when he prepared his famous Handbook of Organic
Chemistry. Thus Laurent’s classification of organic compounds has
come down to the present, though his rather cumbersome system of
names for the various classes has never been adopted by any other
chemist.

Dumas eventually accepted the unitary theory, calling it the theory
of types. Dumas believed that -“there exist in organic chemistry cer-
tain types which remain unchanged even when the hydrogen which
they contain is replaced by equal volumes of chlorine, bromine, or
iodine.” 17

Another version of the unitary theory was proposed by Charles Ger-
hardt (1816-1856), who collaborated with Laurent in the last years
of his life, and who also incurred the enmity of Dumas and the pow-
erful conservatives of the Academy of Sciences. As a result, Gerhardt,
like Laurent, was never able to obtain an adequate laboratory for his
work. Gerhardt wrote formulas for organic compounds based on a
theory of residues. These residues had the same composition as the
radicals that the older chemists had assumed were capable of free ex-
istence. To Gerhardt the residues were wholly imaginary, useful only
to explain organic reactions. They were assumed to be “paired” or
“copulated” to build up organic compounds. Gerhardt explicitly
stated that his formulas never represented the actual constitution of
compounds, but only their reactions. Consequently, the same com-
pound might have different formulas when it took part in different
reactions. Gerhardt did not believe that the true constitution of or-
ganic compounds could ever be discovered.

In 1843 Gerhardt adopted the so-called “two volume system” in
which atomic weights of volatile compounds agreed with the weights
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of two volumes of hydrogen instead of four, or H,0 instead of H,0,,
which Liebig had used as his standard and which had resulted in for-
mulas double those now used. Laurent accepted this suggestion of
his friend, and went on to distinguish quite clearly between atoms
and molecules in the sense of Avogadro. It was only his unpopularity
and early death that prevented chemists from accepting his ideas and
so realizing the full significance of Avogadro’s hypothesis ten years
earlier than they actually did.:s

By about the middle of the nineteenth century, the confusion in
organic chemistry had begun to clear somewhat. Although the chem-
ists of the time were not aware of it they were ready for the decisive
steps that would lead to the structural theory of organic compounds.
They had already resolved the complicated substances with which
they dealt into functional groups, whether these were called radicals,
nuclei, or residues. They saw clearly that these groups did not obey
the dualistic laws that appeared to be applicable to inorganic com-
pounds. They did not yet see how the radicals themselves were com-
posed.

Such a failure followed logically from the way in which the theories
of organic compounds had developed. With the acceptance of the
radicals as “organic elements,” and more particularly with the appear-
ance of the unitary theory, chemists temporarily lost interest in the
old problem of the nature of chemical affinity. They were too busy
studying the reactions of organic compounds and attempting to devise
schemes of classification in terms of these reactions. The confusion
‘as to equivalent, atomic, and molecular weights caused many investi-
gators to lose interest in atoms as such, and, until this confusion was
cleared up, there could be little hope of understanding how atoms
were united to one another. It was not until chemists began to ask
how the radicals were constructed that they again became interested
in atoms. It is not a coincidence that the solution of the problem of
chemical constitution was accompanied by a recognition of the value
of Avogadro’s hypothesis and a gradual return to the question of the
nature of affinity.
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CHAPTER XIX

ORGANIC CHEMISTRY FROM
THE THEORY OF TYPES
TO THE STRUCTURAL THEORY

Ithough Gerhardt did not believe in the reality of radicals, many
chemists not only accepted the fact of their physical existence
but also tried to isnlate them in the free state. The first to feel that
he had accomplished this was Robert Bunsen (1811-1899), who began
his career as an organic chemist but attained his greatest reputation
later in the fields of inorganic and physical chemistry. From 1839
to 1843 Bunsen studied the reactions of the unpleasant-smelling and
poisonous cacodyl compounds, derivatives of cacodyl oxide, C;H;2As,0.
When he treated cacodyl chloride with zinc he obtained what he
considered to be the free cacbdyl radical, C,H,,As,, now written
(CHg)sAs-As(CHg),* This discovery was taken as the strongest evi-
dence for the existence of free radicals.

In 1849 Hermann Kolbe (1818-1884) electrolyzed potassium acetate
and obtained a gas that he believed was free methyl, though it was
actually ethane.? At about the same time Edward Frankland (1825-
1899) treated ethyl iodide with zinc and isolated free “ethyl,” actually
butane.® As a result of such studies, chemists began to abandon the
older type theories and to attempt to find at least the position of the

.radicals in the organic molecules. They did not yet look more deeply

into the structure of the radicals themselves. Working chiefly on the
principle of analogy, they began to approach the modern structural
formula. ‘

182
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Charles Wurtz (1817-1884) was a pupil and friend of Dumas, yet he
remained an admirer of the work of Laurent and Gerhardt. He
adopted and used ideas from all three men. In 1849 he discovered
the primary amines,* which he called methyl and ethyl amide. Waurtz
recognized that they were derivatives of ammonia in which a hydrogen
had been replaced by methyl or ethyl, but he did not develop this idea.
His work was taken up by A. W. von Hofmann (1818-1892), who con-
clusively proved the relation of the amines to ammonia by successively
replacing all the hydrogens by organic groups, preparing primary,
secondary, and tertiary amines, and then going on to obtain the quater-
nary ammonium salts.> Hofmann assigned these compounds to an
“ammonia type.”

At about the same time, A. W. Williamson {1824-1904) showed that
ethers could be prepared by treating the potassium salt of an alcohol
with an alkyl iodide.® This showed that Liebig’s hydrate theory of
the structure of alcohols was incorrect, and permitted the formulation
of a “water type.” These types were usually represented as shown
in the accompanying formulas. It can be seen that this was a true

C.H
H CoH; CoH; CoH; 02H5
HIN H IN CHs{N  GCH;IN C2H5 NI
H H H CzH; 20

CqeHj;

ammonia type

H CyH; CoHj
H}O H}O Csz}O

water type

approach to a structural formula, though Hofmann and Williamson,
thinking of the analogy in a formal sense, did not, of course, realize
this.

Gerhardt generalized the “new type theory”” by introducing the
hydrogen type, which included the hydrocarbons, and the hydrogen
chloride type, which included ethyl chloride. These are shown in
the accompanying formulas.

H Cg H5 C2 H5 H C2-.[{5
H H CoHs; Cl Cl
hydrogen ethane butane hydrogen ethyl

chloride chloride
hydrogen type hydrogen chloride type



ORGANIC GHEMISTRY 183

On the basis of such types, Williamson and Gerhardt wrote acetic
acid as a member of the water type:

CoH;0
H }O

and so foresaw that it should be possible to prepare the compound

CoH3;0
02H30} ©

This would be an “anhydrous acid,” an acid anhydride in modern
terms.  Gerhardt actually prepared such compounds in his laboratory.
The formulas of the organic chemist had begun to have predictive
value instead of being useful only for purposes of classification. This
was the first clear evidence of the approach to the structural theory,
in which the prediction of possible reactions is a most important
feature.

Kolbe probably brought type formulas closer to structural formulas
than did any chemist before Kekule, who gave the modern explanation
of structure, and their work was actually overlapping. Kolbe persisted
in the use of equivalent weights, C = 6 and O = 8, until 1870, so that
in his formulas C, is always equal to C, and O, to O in modern usage.
This often required that he add an extra OH group to bring his
oxygens out at the right number and gives to his formulas a strange
appearance, but they are actually very close to the modern ones,

In 1850 he recognized that the acetyl group consisted of a methyl
united with another carbon which was the true “point of attack of
the binding power of oxygen, chlorine, etc.”® Somewhat later he
formulated the fatty acids as derivatives of carbonic acid which he
wrote. as the dibasic acid 2HO,C,0,.* He replaced one HO (and an
O to preserve the equivalent balance) by methyl, which he wrote
C;H;, to obtain the monobasic methyl carbonic acid, or acetic acid,
HO,(C,H;)C,0;. Here he recognized the existence of a special group
(carboxyl) that characterized the formulas of all the fatty acids. He
further saw that if he replaced the “HOO” group of his acetic

acid by H to give (312_11-13}C202 he obtained the formula for acetalde-
hyde, and replacement of the H in this formula by another methyl
group gave acetone: g:g:} C;0,. The relations of acids, aldehydes,
and ketones were thus made clear, and the carbonyl group was recog-
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nized as an entity. From his formulations it was easy to give a struc-
ture for alcohol, which Kolbe wrote as

CsH3
HO{ H, }Cz,O

This formula permitted the visualization of new classes of alcobols,
obtained by replacing one or both the hydrogens within the brackets
by radicals. Kolbe predicted the existence of what he called “singly
and doubly methylated” alcohol:

CzHj CoHs
HO{C,H;1C,,0 HO{CyH3Cp,O W
H CzHjz

The first secondary alcohol, isopropyl, was prepared by Charles Friedel
(1832-1899) in 1862, and the first tertiary alcohol, tertiary butyl, by
Alexander Mikhailovich Butlerov (1828-1886) in 1864. Again it can
be seen that these approximations to the modern structural formula
had predictive value.

Kolbe’s student and collaborator Frankland went beyond the ideas
of his master. His studies on metallo-organic compounds showed that,
in the case of nitrogen, phosphorus, arsenic, and antimony, an atom
of these elements always combined with three or five organic radicals.
Zinc, mercury, and oxygen combined with two. This led him in
185211 to the discovery that “no matter what the character of the
uniting atoms may be, the combining-power of the attracting element,
if I may be allowed the term, is always satisfied by the same number
of these atoms.” This term, combining-power, was variously expressed
by his contemporaries as atomicity or affinity units. The name valence
was introduced by C. W. Wichelhaus (1842-1927) in 1868. Thus a
concept of the utmost importance to chemistry in general was first
utilized in an attempt to clarify the nature of organic compounds. It
served once more to direct the attention of organic chemists to the
problem of affinity, as the term “affinity units” suggests. For the time
being, little attention was paid to the cause of valence, but the idea of
a limited number of valence centers and their possible orientations
led to many important advances.

Organic chemistry had now reached the point at which the inner
constitution of the radicals could be considered. Almost simultane-
ously this problem was attacked independently by Friedrich August
Kekule (1829-1896) in Germany, and Archibald Scott Couper (1831~
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1892) in Paris, to which he had come from Scotland to work in the
laboratory of Wurtz.

Kekule found the solution to the old puzzle in the recognition of
the atomicity of carbon. In 1858 he showed that carbon was “tetra-
tomic,” that is, had four “affinity units” by which it could unite with
four monatomic elements like hydrogen and two diatomic elements
like oxygen. The decisive step was the recognition that a carbon atom
could use one of its affinity units to unite with another carbon atom,
and that each would then have three units to combine with other
atoms. In this way chains of carbon atoms could be built up, and a
carbon skeleton became the basis for organic compounds.? In his
textbook of organic chemistry published in 1861, Kekule was able to
define the science in the modern way as the chemistry of carbon com-
pounds. All traces of vitalism disappeared with this statement, though
‘vitalism itself was by no means dead. The carbon chain theory gave
an explanation for the law of homology that Gerhardt had introduced
when he showed that a long series of similar compounds such as alco-
hols or acids differed from each other only by the increment of CH,.

Couper developed essentially the same theory as Kekule® and
expressed his affinity bonds by lines as is done today instead of by
a diagrammatic representation, which Kekule at first used, and which
was not as convenient for a visualization of the actual structure.
Couper’s work remained unnoticed, but in 1861 Alexander Crum
Brown (1838-1922) at the University of Edinburgh, and in 1864 Wurtz
in Paris, used essentially the modern graphic formulas.

A. M. Butlerov espoused the cause of the new theory with great
enthusiasm and worked out many of the consequences. He stressed
strongly the fact that there was but one formula for a given com-
pound, instead of the various formulas that Gerhardt and others had
used, depending on the various reactions of compounds. Butlerov in-
troduced the term “chemical structure” in 1861 at a chemical meeting
at Speyer in Germany. His textbook of organic chemistry, published
in Russian in 1864 and translated into German in 1868, was the first
book that actually used the new formulas throughout. It did much
to popularize the new theory.14

The nature of aliphatic compounds was now satisfactorily ex-
plained, but the structure of aromatic substances remained a mystery.
This was dispelled by Kekule in 1865.2* His remarkable power of
visualizing the structure of carbon skeletons in organic compounds was
perhaps due to his early training in architecture. At any rate, in an
idle moment he pictured to himself a carbon chain bending and unit-
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ing with itself to form a ring. From this he deduced the structure of
benzene and the nature of the whole system of aromatic compounds.
‘When his student Wilhelm Kérner (1839-1925) showed that the num-
ber of isomeric trisubstituted benzenes derived from each of the di-
substituted benzenes indicated the ortho-, meta-, or para-structures of
the latter,¢ the essential reference compounds needed to determine the
structures of more complex organic compounds became available.

A few further concepts made possible most of the later develop-
ments in structurzl chemistry. Crum Brown in 1864 wrote a double
bond for ethylene, and Lothar Meyer (1830-1895), noted for his later
work on the periodic table, referred to it as “unsaturated” in a book
published in the same year. Emil Erlenmeyer (1825-1909) in 1862
recognized the triple bond in acetylene. Butlerov in 1876 gave ex-
amples of tautomerism, and in 1885 its theory was independently
developed by Peter Conrad Laar (1853-1929) of Hanover, who sug-
gested the name for this phenomenon.t” Kekule believed that carbon
was always quadrivalent, but evidence of its divalence gradually ac-
cumulated, especially in America. The studies of John Ulric Nef
(1862-1915) at Chicago at the end of the nineteenth century finally
proved the existence of the divalent state. In 1900 Moses Gomberg
(1866-1947), who was born in Russia but carried out his scientific
work at the University of Michigan, prepared compounds containing
trivalent carbon.’* The idea of the constant quadrivalence of this
element was finally abandoned.

The formal structural theory made no allowance for the influence
of neighboring groups on the reactivity of the various parts of organic
molecules. V. V. Markovnikov (1838-1904), a student of Butlerov,
was once asked, “Why is it that chlorine in acetyl chloride is so dif-
ferent from that in ethyl chloride?” * To answer such questions he
studied the effect of various groupings on the position taken by the
halogen and hydrogen of a halogen acid when it saturated a double
bond. Markovnikov’s rule,?® which embodied the results of his studies,
was the earliest forerunner of the extended studies on the effect of elec-
tron structure on organic reactions which have occupied much of the
first half of the twentieth century.

Kekule, like the other chemists of his day, made no attempt to
explain the forces that held atoms together, but his architectural sense
led him to picture the valence bonds as definite and concrete. This
idea was extended by Jacobus Henricus van’t Hoff (1852-1911) #* and
J- A. Le Bel (1847-1930),>2 who pictured the four bonds as uniformly
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directed in space. Van't Hoff considered the carbon atom to be tetra-
hedral, and both used geometrical ideas in their work.

This extension of structural ideas into three dimensions permitted
an explanation of the findings of Louis Pasteur (1822-1895). 1In
1848 ** he had studied isomeric salts of tartaric acid, which rotated the
plane of polarized light in opposite directions. He found that crystals
of these optically isomeric salts were mirror images of each other.
Van't Hoff and Le Bel independently and within two months of each
other showed that when a carbon atom has four different groups
around it, that is, is asymmetric, a new type of isomerism is possible.
In such compounds, the two isomers had structures that were mirror
images of one another, and these isomers actually showed the type of
opposite rotation that Pasteur had observed. Van’t Hoff further
showed that when the molecule contained a double bond, as in fumaric
and maleic acids, another type of isomerism, cis-trans isomerism, ex-
isted. The application of these ideas was largely due to the work of
Jobannes Adolf Wislicenus (1835-1902), who popularized this new
field of stereochemistry.

The most important practical use of stereochemical ideas was the
explanation of the structure of the isomeric sugars given by Emil
Fischer (1852-1919). His work furnished the basis for all carbohydrate
chemistry. Other stereochemical ideas of importance were the strain
theory of Adolf Baeyer (1835-1917),2¢ which explained the stability of
ring compounds in terms of the distortion of their valence bonds from
the normal angles of the tetrahedral carbon atom, and the theory of
steric hindrance of Victor Meyer (1848-1897), which showed that large
groups substituted in organic compounds could prevent reactions on
neighboring carbon atoms simply because of their size.?s At the end
of the nineteenth century, W. J. Pope (1870-1939) showed that asym-
metric compounds of nitrogen, sulfur, and selenium could be prepared.
Alfred Werner (1866-1919) found complex compounds of platinum,
cobalt, and similar elements that also showed optical isomerism.
Thus, stereochemistry was a general phenomenon, not restricted to car-
bon compounds.

On the basis of the theoretical concepts that have been described,
chemists have been able to elucidate the structures of some of the most
complex of the naturally occurring organic compounds, and to synthe-
size hundreds of thousands of previously unknown substances with
absolute certainty as to their conmstitution. It is probable that the
development of organic chemistry within the last one hundred years
represents the most remarkable use of logical reasoning of a non-
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quantitative type that has ever taken place. The men who developed
this field were usually not well trained in physics, and the intense pre-
occupation with organic chemistry during the nineteenth century
tended to widen the breach between chemists and physicists that had
begun at the end of the eighteenth century. Nevertheless, physical
chemistry of the modern type had its beginnings at this same time.
For most of the century the workers in the two branches held some-
what apart. A certain antagonism existed between those who followed
the logic of mathematics and those who pursued the logic of organic
chemistry. It has been the task of the twentieth century to bring these
two essentially inseparable branches together once more.
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CHAPTER XX

THE- SYSTEMATIZATION OF
INORGANIC CHEMISTRY

hile the great development of organic chemistry was taking
place, a smaller number of chemists continued to devote

themselves to the older discipline of inorganic chemistry. Some of
these men also worked in the new field of physical chemistry, and,
as has been seen, many of the advances of organic chemistry had a
wider significance for chemistry as a whole. As a result of all these
factors, the foundations for great progress in general chemistry were
laid during the nineteenth century.

New elements were discovered in increasing numbers. During the
first half of the century, the standard chemical methods of the time
were employed, particularly by Berzelius and his students. The iso-
lation of sodium and potassium by Davy supplied a powerful tool
for the isolation of new metals, owing to the great reactivity of these
alkali metals. The disadvantage of their use was that metals prepared
with their help were seldom very pure. Berzelius used fusions of
metal oxides with potassium to isolate crude silicon (1824), zirconium
(1824), titanium (1825), and thorium (1828). A. A. Bussy (1794-1882)
obtained magnesium (1831) and beryllium (1828), also isolated at the
same time by Wohler. Hans Christian Oersted (1777-1851), the Dan-
ish physicist best known for his discovery of the magnetic effect of the
electric current, obtained aluminum in 1825, and Wohler repeated
the isolation in 1827. Almost all these metals were obtained in purer
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form later in the century, often by the use of electrolytic methods.

During the same period most of the platinum metals were discov-
ered and the halogen family was completed with the exception of the
violently reactive fluorine, which was not obtained free until 1886,
when Henri Moissan (1852-1907) used an electrolytic method for its
isolation.? A beginning was made in unraveling the complexities of
the rare earths, but the early studies, chiefly by Johann Gadolin (1760
1852), Carl Gustav Mosander (1797-1858), and Berzelius, were not ex-
tended until nearly the end of the century, when Carl Auer von Wels-
bach (1858-1929) and others isolated a number of rare earths.

The discovery of a new element by purely chemical methods re-
quired that a relatively large amount of the element be present in the
mixture from which it was to be isolated. Many of the more uncom-
mon elements were present in minerals in such small amounts that,
when their presence was not suspected, there was little likelihood of
finding them. This situation was greatly changed by the discovery of
spectroscopic analysis in 1859. In that year, Bunsen, who had now
turned away from organic chemistry, undertook a systematic study of
the effects produced by various elements on the color of a flame. He
worked with the physicist Gustav Robert Kirchhoff (1824-1887). This
was the first important example of the collaboration of scientists in
such fields since the work of Lavoisier and Laplace on calorimetry.

A. S. Marggraf in 1758 had noticed the colors that sodium and po-
tassinm salts produce in a flame. In 1822 the astronomer Herschel
(1792-1871) observed the bright lines and dark spaces in the spectra
from such flames. ' Bunsen and Kirchhoff built a new instrument, the
spectroscope,® with which to map these lines accurately. They showed
that each element had characteristic lines that were not affected by the
presence of other elements. Minute traces of an element were suf-
ficient to give its characteristic spectrum. This work furnished a new
tool of unprecedented sensitivity for indicating the presence of new
elements in different minerals. Bunsen quickly applied it in the dis-
covery of the new alkali metals cesium (1860) and rubidium (1861),
which he named from the beautiful blue and red lines in their re-
spective spectra.

Not only were new elements discovered frequently during this
period, but also the accuracy of determination of their equivalent or
atomic weights was improved. The most careful work in this field
wag done by Jean Servais Stas (1813-1891) in Brussels. The precision
and attention to minute details that characterized his work have sel-
dom been exceeded. In spite of the confusion in the minds of most
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chemists as to the significance of the values determined by Stas, his
numerical data were accepted as extremely accurate. They seemed
to give the deathblow to Prout’s hypothesis, for very few of the com-
bining weights were whole numbers.

When Avogadro put forward his hypothesis there were hardly
enough facts available to make.a thorough test of its validity. This
was one of the important reasons for its long neglect. As the needed
facts accumulated, the lack of an adequate theory to explain them
created an almost unbelievable confusion. Attempts such as those
of Gerhardt and Laurent to resolve this confusion did not succeed,
and by 1860 the situation was so bad that nearly every chemist was
using his own method of writing formulas. In his textbook of organic
chemistry, Kekule devoted nearly a whole page to the various formulas
then suggested for acetic acid, nineteen in all.*

Wishing to clear up this confusion, Kekule decided that a meeting
of chemists from all countries should be called to attempt to find
agreement on disputed points. His friend Carl Weltzien (1813-1870)
agreed to organize a congress of chemists at Karlsruhe, and Wurtz
joined them as one of the sponsors. This meeting, the first Inter-
national Chemical Congress, assembled on September 3, 1860.5 The
members, with one exception, did not come prepared to do more than
discuss the general problems of chemistry. As might have been ex-
pected, their discussion did not lead to any positive decisions. The
one exception was Stanislao Cannizzaro (1826-1910), professor of
chemistry at the University of Genoa. Cannizzaro was thoroughly
familiar with the hypothesis of his countryman Avogadro, and he
had used it regularly in his chemical course at Genoa. He had pub-
lished an account of this course in the official journal of the University
of Pisa,® and he brought reprints of this paper with him to Karlsruhe.

During the Congress he spoke strongly in favor of Avogadro’s hy-
pothesis, especially as it had been used by Gerhardt, and at the end
of the session, when the chemists were leaving for home apparently
in as great confusion of mind as when they had come, his friend An-
gelo Pavesi of the University of Pavia distributed his reprints. In his
paper Cannizzaro reviewed the historical development of the concept
of atoms and molecules, starting from the hypothesis of Avogadro, and
showing how various parts of this had been accepted by Berzelius,
Dumas, and Gerhardt, but that it had been accepted completely by
no one. He then went on to show the results of a complete accept-
ance, so that atomic weights were referred to the weight of half a
molecule of hydrogen taken as unity, or to the density of hydrogen
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taken as 2, so that the weights of the molecules were all represented
by the weight of one volume, In this way Cannizzaro was able to give
a correct table of the molecular weights of many compounds. The
few apparent exceptions to the rule that the vapor densities of gases
could be used in determining the molecular weights fell into line after
Henri Sainte-Claire Deville (1818-1881) showed that at high tempera-
tures many compounds could dissociate into their constituents, which
could then exist together in the vapor.?

The ideas of Cannizzaro soon began to spread. The most influen-
tial convert to the Avogadro hypothesis was Lothar Meyer. In 1864
he published his book Die modernen Theorien der Chemie und ihre
Bedeutung fiir die chemische Statik at Breslau. The book was based
on the ideas explained by Cannizzaro, and it became very popular.
It was not long before almost all chemists accepted the distinction be-
tween atoms and molecules and the modern table of atomic weights
based on this distinction.

With new assurance, organic chemists could now build up their
complex structures on the basis of the clear and logical rules of the
behavior of atoms and molecules. The inorganic chemists had no such
positive assurances. It was obvious that there were relations between
the various elements, but there was no overall generalization that
told how many elements to expect, or how to predict as yet undiscov-
ered elements and their properties. Yet a body of empirical facts had
accumulated that appeared to offer hope of systematization, and sev-
eral attempts had been made to achieve one.

The first attempt to generalize the relations between the elements
became possible only when a considerable number had been discov-
ered. Early in the nineteenth century enough were known to permit
the recognition among them of certain groups that were obviously
characterized by the analogous reactions of their members. The halo-
gens, the alkali metals, and the platinum group showed these analogies
clearly. At the same time, the atomic weights determined by Berzelius
gave a set of numerical values in terms of which some classification
might be sought.

Johann Wolfgang Débereiner (1780-1849) undertook such a classi-
fication in 1829 when he noted that there were often three members
in a group with similar chemical properties.® Among such “triads”
were chlorine, bromine, and iodine; calcium, strontium, and barium;
sulfur, selenium, and tellurium; iron, cobalt, and manganese; and sev-
eral others. In every case, the atomic weight of the middle member
of the triad was approximately the arithmetic mean of the weights
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of the other two elements. Dumas extended these observations, but
the theory had value only as a method of classification. As long as the
confusion as to atomic and equivalent weights continued, no further
classification in terms of these properties was possible.

After the clarification of this problem by Cannizzaro there were
several attempts to use the atomic weights as a basis for systematiza-
tion. In 1862 and 1863 the French geologist A. E. Béguyer de Chan-
courtois (1819-1886) arranged the elements in the order of their
atomic weights as a spiral around a cylinder. He pointed out that
the halogens fell in a straight line on the side of this “telluric helix.”
His work remained unnoticed. John Alexander Reina Newlands
(1837-1898), after arranging the elements according to atomic weight,
observed that elements belonging to the same group usually appeared
on a horizontal line when a new column was started with every eighth
element. Newlands, who had had musical training, called this the
“law of octaves.” His arrangement was received with some ridicule.
Nevertheless, the idea of periodic repetition was implicit in the ar-
rangements of both de Chancourtois and Newlands.

As happened so often with the statement of important chemical
theories in the nineteenth century, the periodic law was announced
almost simultaneously from the independent work of two men, the
German Lothar Meyer, and the Russian Dmitrii Ivanovich Men-
deleev (1834-1907). Both developed their ideas while preparing text-
books. Meyer’s Modern Theories of Chemistry contained the germ of
his theory, and he expanded his ideas until in 1868 he had drawn up
his table in nearly final form. He did not publish it until 1870,° after
Mendeleev’s version had already appeared.’* Mendeleev had been
writing his famous textbook, Principles of Chemistry (St. Petersburg,
1868-1870), which ran through many editions in Russian, German,
English, and French. It was while systematizing his ideas for this
book that Mendeleev devised his periodic table, Following publica-
tion of the Russian paper that described it, a German translation ap-
peared almost at once.’* It is possible that Meyer modified his version
somewhat after seeing the form used by Mendeleev, and it is also
likely that the later version of Mendeleev was influenced by the pub-
lication of Meyer’s table. There is no doubt that both men are
equally entitled to the honor of the discavery, and each acknowledged
this.

Both arranged the elements in the order of increasing atomic weight
and noted the periodic recurrence of properties in families of elements.
Meyer was particularly struck by the periodicities of physical proper-
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Ueber die Beziehungen der Eigenschaften su den Atomgewichten
der Elemente. Von D. Mendelejeff. — Ordnet man Elemente nach
zanehmenden Atomgewichten in verticale Reihen so, dass die Horizontal-
reihen analoge Elemente enthalten, wieder nach zunehmendem Atomge-
wicht geordnet, so erhdlt man folgende Zusammenstellung, aus der sich
einige allgemeinere Folgerungen ableiten lassen.

Ti=>50 Zr= 90 ?==180
V=51 Nb== 94 Ta =182
Cr==52 Mo= 98 W=186
Mn =55 Rh=1044 Pt=197,4
Fe =56 Ru=1044 Ir=198
Ni e Co == 59 Pd=—106,6 Os3=199
He1 Cu=634 Ag=108 Hg =200
Be— 94 Mg=24 In=652 Cd=112
Ba11 Al=214 ?==68 Ur =116 Au==197?
C=12 Si == 28 ?2=10 Sn=118
N=14 P=31 As=75 Sb=122 Bi=2107
0=16 S = 32 Se=79,4 Te = 1287
F=19 Cl==35,5 Br =280 J =127
Li=7Na=23 K=39 Rb==854 Cs=133 Tl=204
Ca=40 Sr=-=876 Ba=137 Pb == 207
T 45 Ce =92
Er==56 La=94
Yt=60 Di=95
Mn="156 Th==118?

1. Die nach der Grisse des Atomgewichts geordneten Elemente zeigen
eine stufenweise Abianderung in den Eigenschaften.

2. Chemisch-analoge Elemente haben entweder iibereinstimmende Atom-
gewichte (Pt, Ir, Os), oder letztere nehwen gleichviel zu (K, Rb, Cs).

3. Das Anordnen nach den Atomgewichten entspricht der Werthigkeit
der Elemente und bis zu einem gewissen Grade der Verschiedenheit im
chemischen Verhalten, z. B. Li; Be, B, C, N, O, F.

4. Die in der Natur verbreitetsten Elemente haben kleine Atomgewichte

Fig. 15. First form of Mendeleev’s periodic table. (From Zeitschrift fiir Chemie,
12, 405 (1869).)

ties such as atomic volumes, whereas Mendeleev devoted most of his
attention to the periodicity of chemical properties. Both left vacant
spaces where an element should fit into a family group but where
such an element was not yet known. This was a great advance over
previous attempts, in which such spaces had not been left. Mendeleev
was bolder in speculation than Meyer. He ventured the statement
that, if the atomic weight of an element caused it to be placed in the
wrong group of the table, the value must be incorrect. Meyer was
reluctant to take such a step.’? In most instances Mendeleev was cor-
rect in applying this rule, but in the case of iodine and tellurium,
the order of atomic weights is actually reversed. This could not be
explained until the discovery of isotopes.

In a still more important respect Mendeleev placed more confidence
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in the table than did Meyer. He was so impressed with the periodicity
of the elements that he felt able to predict the chemical and physical
properties of the elements that should occupy the vacant places in his
table.’* In particular he selected three vacancies to discuss in detail.
These spaces lay below the elements boron, aluminum, and silicon.
Using the Sanskrit prefix eka, meaning one, he named his hypothetical
substances eka-boron, eka-aluminum, and eka-silicon. He gave their
approximate atomic weights, valences, and the types of compounds
they would form. It was an astonishing example of confidence, and
the vindication resulted in final acceptance of the periodic law.

For some time after the two versions of the table had appeared,
chemists failed to pay much attention to them. Then, in 1874, Lecoq
de Boisbaudran (1838-1912) discovered a new element spectroscopi-
cally** and named it gallium. Mendeleev showed that it was the
eka-aluminum he had predicted.’* Table 1 shows the close agreement
between predicted and observed properties.

TABLE 1

Eka-aluminum
Predicted
Atomic weight: about 68

Metal of specific gravity 5.9; melting
point low; nonvolatile; unaffected by
air; should decompose steam at red
heat; should dissolve slowly in acids
and alkalies.

Oxide: formula Ea,Oj; specific grav-
ity 5.5; should dissolve in acids to
form salts of the type EaXj,; the hy-
droxide should dissolve in acids and
alkalies.

Salts should have a tendency to form
basic salts; the sulfate should form
alums; the sulfide should be precipi-
tated by H,S or (NH,),S. The an-
hydrous chloride should be more vol-
atile than zinc chloride. The ele-
ment will probably be discovered by
spectroscopic analysis.

Gallium
Observed
Atomic weight: 69.9

Metal of specific gravity 5.94; melt-
ing point 30.15; nonvolatile at mod-
erate temperatures; not changed by
air; action of steam uriknown; dis-
solves slowly in acids and alkalies.

Oxide: formula Ga,0,, specific grav-
ity unknown; dissolves in acids form-
ing salts of the type GaX,; the hy-
droxide dissolves in acids and alkalies.

Salts readily hydrolyze and form basic
salts; alums are known; the sulfide is
precipitated by H,S and by (NH),S
under special conditions. The an-
hydrous chloride is more volatile than
zinc chloride. Gallium was discov-
ered with the aid of the spectroscope.

Shortly afterward, in 1879, Lars Fiedrik Nilson (1840-1899) discov-
ered scandium,’® which was shown by Per Theodore Cleve (1840-
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1905) to be eka-boron.t” In 1885 Clemens Alexander Winkler (1838~
1904) isolated germanium.!* For a time there was doubt as to the
exact position of this element in the periodic table, but at length
Winkler showed from the physical properties that this was eka-silicon.
The comparison of physical properties was particularly convincing,
as Table 2 shows.

TABLE 2
Eka-gilicon = Germanium

Atomic weight 72 72.32
Specific gravity 5.5 5.47
Atomic volume 13 13.22
Valence 4 4
Specific heat 0.073 0.076
Specific gravity of dioxide 4.7 4.703
Molecular volume of dioxide 22 22.16
Boiling point of tetrachloride Under 100° 86°
Specific gravity of tetrachloride 1.9 1.887
Molecular volume of teirachloride 113 113.35

After these convincing demonstrations, the table was generally ac-
cepted and its importance in systematizing inorganic chemistry and
limiting the number of possible elements was recognized. Ever since,
it has been a fundamental building block of chemistry.

The table was not perfect in its original form, nor could it be mark-
edly improved until in the twentieth century it was discovered that
it was actually based on values more fundamental than atomic weights.
For example, besides the misplaced elements iodine and tellurium,
the rare-earth group did not fit well into the table. Nevertheless, it
seemed that all valence groups fell in a logical order, and there was
no room for any new families of elements. Therefore, the surprise
was great when a new family was actually discovered. John William
Strutt, Baron Rayleigh (1842-1919), in 1892 found that the gas pre-
pared by removing all other known gases from nitrogen of the air
had a greater density than nitrogen prepared from its compounds.»?
William Ramsay (1852-1916) suspected that some new gas might be
present. By passing atmospheric nitrogen over red-hot magnesium
he removed the nitrogen, leaving a small amount of a nonreacting gas.
This recalled the experiment of Cavendish in 1785 (p. 144). Cavendish
had passed an electric spark repeatedly through a mixture of oxygen
‘and nitrogen from air, and after removing the reacted gases had found
a residue of gas “not more than 14,, part of the whole.” 2 Lord
Rayleigh repeated the experiment and confirmed the results of Cav-
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- endish. Working with large amounts of air, Rayleigh and Ramsay
in 1895 isolated the new gas and showed that it did not combine with
any other element. The gas was named argon. Ramsay then looked
for a larger source of such an inert gas. He learned that certain
minerals that contained uranium also contained quantities of a gas
that had been examined by W. F. Hillebrand (1853-1925) in America,
and that he had decided was nitrogen. Ramsay obtained some of this
gas and found that it was not nitrogen, nor was it argon. Spectro-
scopic examination gave the astonishing result that it showed a spec-
tral line identical with one that had been observed in 1868 in the
spectrum of the sun by the astronomers P. J. C. Janssen (1824-1907)
and J. N. Lockyer (1836-1920). Lockyer had decided that it was due
to a new element, not known on earth, which he named “helium.”
Ramsay had now found this element on earth.z

There seemed to be no place for these new elements in the periodic
table, but at length Ramsay ventured to suggest that they formed a
new family, the zero group, in the table, that is, they had a valence
of zero. Search for the other members of the group soon led to their
discovery: krypton, neon, and xenon, all in 1898. They were obtained
by fractional distillation of liquid air. The last member of the family,
radon, was isolated from thorium by Lord Rutherford (1871-1937) in
1900.22 He first called it “emanation.” It was finally identified as a
member of the inert-gas family by Rutherford and Frederick Soddy
877- ).

The systematization of organic and inorganic chemistry was almost
complete by the end of the nineteenth century, and both branches
had advanced chiefly by purely chemical methods. The progress that
had been made in physical chemistry during the century had had rela-
tively little influence on the rest of chemistry. The tremendous dis-
covery of atomic structure, with which the twentieth century opened,
not only served to give a new direction and a new impetus to inorganic
and organic chemistry but also united them more closely with physical
chemistry. The three branches were once more brought together in
this work.
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CHAPTER XXI

PHYSICAL CHEMISTRY
IN THE NINETEENTH CENTURY

he three major fields of progress in physical chemistry during the

nineteenth century were kinetic theory, thermodynamics, and
electrochemistry. In addition, other phases of the subject such as pho-
tochemistry and colloid chemistry began to develop, though their major
advances did not come until the next century.

The developments in kinetic theory and thermodynamics ran paral-
lel and had their basis in the physics of the early nineteenth century.
As has been noted, most chemists of this time were not aware of the
new discoveries in physics. Absorbed in the non-quantitative logic
of organic chemistry, they disregarded the mathematical laws whose
discovery and application were the leading characteristics of the sister
science. The physicists, in turn, pursued their own path, using chemi-
cal materials, it is true, but attempting to generalize from the specific
substances they used to ideal gases, liquids, and solids whose proper-
ties and controlling laws should be valid in every case.

Occasionally, a chemist would make an observation that was taken
up and used by the physicists, but when this occurred, other chemists
paid little attention to the results achieved. Thus, the fact observed
by Gay-Lussac in 1807 that a gas expanding into a vacuum and so
doing no work shows no change in temperature was utilized by the
physicists but not by the chemists. The law relating the volume of a
gas to its temperature was formulated by Jacques Alexandre César

199
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Charles (1746-1828) about 1787. Dalton and Gay-Lussac had calcu-
lated approximate values for the constant in the expression of this
law, but the value of 1,3, nearly that accepted today, was determined
by the physicist Henri Victor Regnault (1810-1878).

An idea of great importance, that of dynamic equilibrium, was sug-
gested by Pierre Prévost (1751-1839) in relation to the absorption and
radiation of heat by bodies. It was only gradually that the generaliza-
tion of this idea to chemical processes occurred, but once it was ac-
cepted by chemists the way was opened for many new advances.

The search for an explanation of affinity continued to be a driving
force for chemical discovery. It has been seen that the non-mathe-
matical organic chemists, having rejected the idea that the opposite
electrical charges of Berzelius accounted for affinity, had given up all
attempts to explain its nature and merely used the term “affinity units”
for their valence bonds. To a few chemists the newly emerging ener-
getic concepts of the physicist seemed to offer a better approach to an
understanding of affinity. In this approach too the ultimate cause of
chemical attraction was neglected and was not taken up again until the
twentieth century. The new approach proved exceedingly fruitful in
other respects, however.

Wenzel in 1777 tried to measure affinity by noting the rate at which
metals dissolved in acids. The method did not accomplish what
Wenzel hoped, but it was perhaps the first study of reaction rates.
The investigations of Berthollet, also made in part in an attempt to
study affinities, were essentially studies of the effect of equilibrium
conditions on the reacting substances. Neither of these two investiga-
tions succeeded in casting much light on affinity. It was not until
1850 that such studies were resumed. In that year Ludwig Wilhelmy
(1812-1864) studied the hydrolysis of cane sugar in the presence of
acids, using the change in optical rotation of the solution to measure
the degree of inversion.! He showed that, if Z represented the con-
centration of sugar, the sugar loss (dZ) in the time interval dT was
given by the expression —dZ/dT = kZ. This equation for a mono-
molecular reaction was the first mathematical expression for a chemi-
cal process.?

Contemporaneously with Wilhelmy, Williamson bad seen that when
a reaction produces substances at a definite rate, and when these
substances in turn react at a definite rate to regenerate the starting
materials, a time must come when a balanced equilibrium is reached.
This concept of dynamic equilibrium did not at once become popular
with chemists, and the work of Wilhelmy was continued by Marcellin
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Berthelot and L. Péan de St. Gilles (1832-1863) with the old limita-
tions of thought. They studied the kinetics of esterification of acids
and alcohols, again with the idea of measuring the affinity relations of
the reactants. Since only the formation of esters was studied, and not
their hydrolysis, Berthelot and Péan de St. Gilles failed to recognize
the dynamic equilibrium involved in these reactions.

The true significance of the concept was realized by the Norwegian
scientists Cato Maximilian Guldberg (1836-1902) and Peter Waage
(1833-1900). In a pamphlet published in Norwegian in 1863 they
put forward the law of mass action on which so much of modern
chemistry is based. The work was virtually ignored even when it
was published in French in 1867.2 A number of special cases of the
law were described during this time by van’t Hoff and others. There-
fore in 1879 Guldberg and Waage published a full statement of their
theory in a leading German journal,* and since that time they have
received credit for their work.

Although they considered affinity forces to be responsible for chemi-
cal combination, they introduced such forces into their formulation of
the law of mass action only as constants that had little bearing on the
significance of their work. The importance of the theory lay in their
recognition that the concentration of the reacting substances consti-
tuted the “active mass” that determined the equilibrium resulting
from the forward and reverse reactions. By their realization of the
importance of concentration and of the concept of dynamic equilib-
rium, they completed the work begun sixty years before by Berthollet.

The remaining fundamental ideas required to prepare chemical
kinetics for its modern development appeared at about the same time.
In 1877 van’t Hoff, who had turned from organic chemistry to the

" newly recognized field of physical chemistry, classified reactions in
terms of the number of molecules taking part. He thus defined the
various orders of reaction and so helped to clarify the picture of reac-
tion mechanisms.> At about the same time Svante Arrhenius (1859-
1927) saw that not every molecular collision, even in a bimolecular re-
action, led to reaction. He therefore proposed the concept of “active
molecules” and of activation energy.® ®n the basis of these ideas
kinetics became a recognized branch of chemistry and contributed
greatly to an understanding of the actual course of chemical reactions.

It had been known long before this period that certain reactions
proceeded much faster in the presence of small amounts of a foreign
substance and that this substance remained apparently unchanged
no matter what happened to the other materials involved. Even be-
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fore such a phenomenon was recognized experimentally, its existence
had been assumed by the chemical philosophers. The action of the
philosopher’s stone in the minds of the alchemists, or the “ferments”
by which bodily processes were controlled in the opinion of the iatro-
chemists, were certainly typical of phenomena that would today be
considered catalytic.

The first purely chemical description of a catalytic process was given
by Charles Bernard Désormes (1777-1862) and Nicolas Clément (1779-
1841), who in 1806 suggested a theory of the formation of sulfuric acid
in the lead chamber process.” They recognized that oxygen was car-
ried by the oxides of nitrogen to the sulfur without any loss of nitric
acid in the reaction. They thus proposed the theory of intermediate
compound formation at the very beginning of the study of catalytic
effects.

In the years that followed, many other examples of catalysis were
investigated, including the hydrolysis of starch in the presence of acid,
studied by Gottlieb Sigismund Kirchhoff (1764-1833), and the oxida-
tion of organic compounds in the presence of metallic surfaces, studied
by a number of chemists, including Humphry Davy and his cousin
Edmund Davy (1785-1857). This line of work led to the discovery by
Débereiner in 1822 that oxygen and hydrogen combined in the pres-
ence of finely divided platinum.8

The various observations on the subject of catalysis were scattered
through the literature. It remained for the great organizer of chem-
istry, Berzelius, to draw them together and propose a unifying theory.
In 1836 he reviewed all the examples with which he was familiar and
suggested that some new force was acting in all these cases. He was
not sure what this force was, though he believed it was in some way
related to his electrochemical affinities. He suggested that it be called
“catalytic force” and the operation of this force “catalysis,” from the
Greek for decomposition, by analogy with the term analysis.?

Theories of the mechanism of this force remained vague, though
the idea of intermediate compound formation was never lost. Wil-
liamson explained the catalytic formation of ether from alcohol in the
presence of sulfuric acid by'such a mechanism in 1850.2 The idea of
a mysterious force involving, as the concept of energy entered the
minds of chemists, some sort of change in energy state of the mole-
cules concerned remained a very popular theory also.

The modern view of a catalyst as a substance that increases reaction
rates without altering the general energy relations of a process was
finally stated by the father of physical chemistry, Wilhelm Ostwald
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(1853-1932), in 1894.% It is interesting that Ostwald presented his
theory in the abstract of an article on the heat of combustion of foods.
Ostwald prepared the abstract for his own journal. After describing
the theory of catalysis proposed by the author of the original article,
he criticized it and then gave his own theory. The modern chemist
would hardly look in Ghemical Abstracts for the original presentation
of an important new theory. Ostwald’s views on catalysis finally re-
lated this phenomenon to the field of kinetics. Since his time, catalytic
processes have become increasingly important, especially in industry.

None of the nineteenth century pathways to an understanding of
affinity that have been discussed so far led to a clear idea of the subject
or offered a quantitative approach. The organic chemist merely as-
sumed its existence and made no attempt to explain or measure it.
The student of chemical kinetics found too many extraneous factors
in his subject to obtain a clear picture. It was through the work of
the thermochemists and the application of the principles of thermo-
dynamics as developed by the physicists that a quantitative evaluation
of affinity forces was finally obtained.

Following the wide acceptance by chemists of Lavoisier's theory of
caloric, they neglected thermochemical studies for nearly fifty years.
Meanwhile, the physicists were busy. They became interested in the
various manifestations of energy, and their viewpoint was the very
opposite of that of the chemists’. They used chemical substances only
in order to generalize from their properties to the ideal states of
solids, liquids, and gases. The actual variations from the ideal state
that were encountered were simply nuisances that made more diffi-
cult the proof of the fundamental mathematical laws governing the
behavior of bodies. Since it is necessary to know the ideal to which
the actual approaches, this phase of physics was a very necessary step
in the development of science, but it did not tend to heal the breach
between physicists and the chemists who were studying the properties
of individual substances. .

The kinetic theory of heat, almost universally accepted in the sev-
enteenth century, re-established itself in the physics of the early nine-
teenth. Benjamin Thompson (1753-1814), one of the earliest Ameri-
can scientists, who did most of his work in Europe and was made
Count Rumford by the Elector of Bavaria, cast doubt on the caloric
theory when he showed in 1798 that an indefinite amount of heat
was produced by the friction of boring a cannon. In 1799 Davy
claimed that the heat capacity of the water produced by rubbing pieces
of ice together was greater than that of the ice. Clément and Désormes
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in 1819 showed experimentally that the compressions of air in a sound
wave did not follow Boyle’s law because the heat produced by the
compression did not have a chance to escape. Gradually, physicists
realized that heat was a form of energy, and so should behave like the
other forms of energy that they studied. The interconvertibility of
such forms of energy as electricity, magnetism, heat, and chemical
action was demonstrated. Nicolas Léonard Sadi Carnot (1796-1832),
a young French military. engineer, in his classical study of the steam
engine 12 laid the foundations of thermodynamics and introduced the
idea of perfectly reversible conditions. After 1840, rapid progress was
made in this field.

Benoit Paul Emile Clapeyron (1799-1864) put Carnot’s conclusions
in analytical form. In 1842 the German physician Robert Mayer
(1814-1887), impressed by the red color of venous blood in the tropics,
realized that less combustion was needed in hot climates to produce
the energy needed by the body.® From this observation he was led
to derive the law of the conservation of energy, which had been im-
plicitly assumed in much of the previous work in this field. Its im-
plications were fully developed in 1847 by Hermann Helmholtz (1821~
1894).4 The mechanical equivalent of heat was determined in 1845
by James Prescott Joule (1818-1889), an English brewer. In 1850
Rudolf Clausius (1822-1888), and in 1851 William Thomson, later
Lord Kelvin (1824-1907), working on the basis of the theories of
Carnot and Clapeyron and the law of the conservation of energy, de-
rived the second law of thermodynamics, which showed the impossi-
bility of obtaining an unlimited amount of heat from a Carnot engine.
From his work, Thomson had been led to recognize the existence of an
absolute zero, implied in Charles’ law, and so to set up the absolute
or Kelvin scale of temperature. In 1845 Clausius restated the second
law in terms of “entropy,” 1 which always increases in any but a re-
versible change. In 1865 he suggested this name and offered his well-
known summary of the two laws: “1. The energy of the world is con-
stant. 2. The entropy tends to a maximum.” ¢ Much of kinetic the-
ory followed from thermodynamics, though it was not until statistical
methods were later applied that the full significance of these relation-
ships was realized.

By 1860, then, the physicists had evolved a whole new science of
thermodynamics, but it was not yet integrated with the thermochemi-
cal studies that had been made about the same time. The physio-
logical investigations of Lavoisier, Laplace, and Séguin had rested
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implicitly on the concept of the conservation of energy, which was
probably carried over by Lavoisier from his demonstration of the con-
servation of matter. No more work was done along this line until
1840.

In that year, Germain Henri Hess (1802-1850) in St. Petersburg pub-
lished a study of the heats of various reactions that showed that the
same amount of overall heat was evolved no matter how many inter-
mediate steps took place before a final product was obtained." This
law of the constant summation of heat was actually a special case of
the law of conservation of energy announced by Mayer two years later.

Based on this law, a great number of determinations of the heats
of different reactions were made by the Dane Julius Thomsen (1826-
1909) and the Frenchman Marcellin Berthelot, another organic chem-
ist who turned to physical chemistry. To Berthelot we. owe the terms
“endothermic” and “exothermic.” Both Thomsen and Berthelot
concluded that in the measurement of heats of reaction there had at
last been found a quantitative measure of affinity. Berthelot stated
this as his “principle of maximum work”: “all chemical changes occur-
ring without intervention of outside energy tend toward the produc-
tion of bodies or of a system of bodies which liberate more heat.” :#
This work was criticized almost at once by Helmholtz, and later it
was shown by Walther Nernst (1864-1941) in his heat theorem, or
third law of thermodynamics,’® that Berthelot’s principle holds true
only near absolute zero. After Berthelot announced it, much con-
troversy followed, and important thermochemical work was performed
as a result.

The first step in transferring the thermodynamics of the physicist to
the work of the chemist was taken in 1869 by August Friedrich Horst-
mann (1848-1929). He applied the concept of entropy to a study of the
sublimation of ammonium chloride 2 and showed that the process
followed the same laws as those involved in vaporization of a liquid.
Hence the Clausius-Clapeyron equation could be applied.

One of the greatest contributions to chemical thermodynamics was
the comprehensive paper of Josiah Willard Gibbs (1839-1903), pro-
fessor of mathematical physics at Yale University. His study on the
equilibrium of heterogeneous substances  contains a wealth of ideas.
His concept of chemical potential was of the greatest significance. The
most famous part,of his paper is the phase rule, which relates the
number of components (C) or individual substances in a system, and
the number of phases (P), such as gas, liquid, or solid, to the number
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of degrees of freedom (F), such as temperature, pressure, or concen-
tration, at equilibrium, by the equation

Unfortunately the obscurity of the Transactions of the Connecticut
Academy of Sciences, the journal in which he published his paper,
and the rigorous mathematical form in which he expressed his ideas
prevented a general recognition of their true significance, except by a
few specialists such as the physicist James Clerk Maxwell (1831-1879),
who in turn explained its importance to J. D. van der Waals (1837~
1923). The work was finally translated into German by Ostwald in
1892, and into French by Henri Le Chitelier (1850-1936) in 1899, and
it then became known to the scientific world. The importance of the
phase rule was pointed out in a series of papers by the Dutch chemist
H. W. B. Roozeboom (1854-1907) after van der Waals had told him of
the work. Since the beginning of the twentieth century the value of
the theories of Gibbs has been appreciated and his work has been
continued.

Before this happened, however, van’t Hoff had shown chemists how
thermodynamics could be applied to their science, especially with ref-
erence to ideas of affinity. In his work in 1884 he first drew the dis-
tinction between chemical kinetics and chemical thermodynamics and
showed that the maximum external work obtained when a chemical
reaction was carried out reversibly and isothermally could serve as a
measure of chemical affinity.?? Helmholtz even earlier ¢ had called
such maximum work “free energy.” Gilbert Newton Lewis (1875-
1946), of the University of California, proposed that this term be re-
stricted to mean the work available for use. Thus, the maximum use-
ful work obtained when one system passes spontaneously into another
represents the decrease in free energy of the system. The influential
textbook of G. N. Lewis and Merle Randall (1888-1950) ¢ which
presents these ideas has led to a replacernent of the term “affinity” by
the term “free energy” in much of the English-speaking world. The
older term has never been entirely replaced in thermodynamic litera-
ture, since after 1922 the Belgian school under Théophile De Donder
(1872— ) has made the concept of atfinity still more precise.?s

This thermodynamic concept of affinity, which became dominant
at the end of the nineteenth century, represented a change in the
thinking of chemists on this subject. They no longer thought of the
affinity between atoms, but of the affinity for certain chemical proc-
esses. Like all thermodynamics, it was a statistical concept. Thus,
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there was little relation between the affinity of a follower of thermo-
dynamics and that of an organic chemist. Interest in explaining the
nature of the affinity between atoms was revived only when interest
in the atoms themselves was renewed by the work on atomic structure
in the twentieth century. It is significant that some of the leading
workers in thermodynamics, such as Ostwald, were not convinced of
the existence of atoms.

The thermodynamic laws investigated by van’t Hoff were chiefly
derived from the behavior of perfect gases and required various cor-
rections when applied to actual gaseous individuals. Van't Hoff made
another major contribution when he realized that these gas laws ap-
plied also to substances in extremely dilute solutions. Infinitely dilute
solutions behaved like ideal gases; more concentrated solutions re-
quired corrections like actual gases. This work was founded on studies
of osmotic pressure.

In 1748 the Abbé Nollet (1700-1770) found that water diffused
through an animal membrane into a sugar solution. Attempts to
measure the pressures thus built up were made by R. J. H. Dutrochet
(1776-1847) in 1826. He concluded that the pressure was proportional
to the concentration of the solutions used. Thomas Graham noticed
that some substances would not diffuse through such a membrane and
laid the foundations of the science of colloid chemistry by distinguish-
ing between the colloidal and crystalloidal states of matter on the
basis of their diffusion behavior.2¢

The animal membranes used for such studies were of variable pore
size. More accurate studies of osmotic effects became possible in 1867
when Moritz Traube (1826-1894) described the preparation of arti-
ficial membranes of a colloid deposited in the walls of a porous pot.
The botanist William Pfeffer (1845-1920) used such membranes to con-
firm that osmotic pressure depends on concentration and increases with
the temperature.

The studies of Pfeffer attracted the attention of van't Hoff, who in
1885 showed that the laws of osmotic pressure were the same as the gas
laws provided that the solutions used were very dilute. His first pub-
lications on this subject were in relatively obscure journals, but after
his German publicatiorr of 1887 27 his work became well known.

Frangois Marie Raoult (1830-1901) in 1882 re-investigated the work
done in 1788 by Charles Blagden (1748-1820) on the lowering of the
freezing point of liquids in which substances were dissolved. Raoult
showed that the depression of the freezing point was proportional to
the molecular concentration of the solute. In 1887 he showed a simi-
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lar effect with relation to the vapor pressure of solutions.?® The
results of these observations not only gave a new and important
method for determining molecular weights but they were also shown
to depend on the osmotic properties of solutions, and so fitted into the
theories of van’'t Hoff.

The laws of osmotic pressure derived by van’'t Hoff were found to.
hold true when the solute was an organic substance such as cane
sugar, but they did not apply to aqueous solutions of acids, bases, and
salts. These solutions always behaved as if they were more concen-
trated than they actually were. The same effects, as might be ex-
pected, were noted by Raoult in his work. It was known that osmotic
effects depended on the number of particles in solution, just as gas
pressures depended on the number of gas molecules in a given space.
Ever since the work of Deville on the thermal dissociation of sub-
stances, which he began in 1857, it had been realized that under
proper conditions chemical compounds could dissociate and recom-
bine. Therefore it seemed probable that some form of dissociation
must be occurring in these anomalous solutions. They were in all
cases solutions that conducted the electric current, and so it seemed
that there must be some special property of electrolytes that would
account for these results. Even the genius of van’t Hoff did not find
the explanation. The answer came from the study of the electrical
properties of electrolytes in solution.

In 1805 Theodor von Grotthuss (1785-1822) had suggested that,
when a potential was applied to a solution, chains of molecules were
formed that passed oppositely charged particles along to the electrodes.
Faraday accepted this theory in general and by his formulation of the
terminology of electrolyte and ions gave the suggestion that the appli-
cation of the current caused the electrolyte to break up into ions.
Here the matter rested, while most chemists were busy with studies
of non-electrolytes, the organic compounds.

Some progress was made in sources of current during this time.
John Frederick Daniell constructed his battery with electrodes of
copper and zinc in copper sulfate solution, separated by a porous
ceramic cylinder. This gave a constant current for a longer time than
had previously been obtainable. R. Gaston S. Planté (1834-1889) in-
vented the storage battery in 1859.

In 1839 Daniell showed that salts were not composed of metallic
oxides and acid anhydrides, as Berzelius had believed, but of metallic
ions and acid ions. This idea was slowly incorporated even into struc-
tural organic chemistry. Daniell used the Faraday concept of ions in



PHYSICAL CHEMISTRY IN THE NINETEENTH CENTURY 209

arriving at his explanation. This concept was considerably expanded
by Johann Wilhelm Hittorf (1824-1914), who studied the transport
of ions in solution. He developed the idea of transport numbers and
showed that each ion had a characteristic rate of migration during
electrolysis.®® He came very close to the dissociation theory in his
statement, “The ions of an electrolyte cannot be combined in a stable
form to whole molecules, and these cannot exist in a definite, regular
arrangement.” #* He correctly explained the ionic nature of complex
salts. Unfortunately his ideas were so foreign to the minds of most
of the chemists of his time that he was forced to engage in numerous
controversies and he never made the final step, which was taken by
Arrhenius.

Williamson in 1851 #2 and Clausius in 1857 ** had seen that elec-
trolyte molecules in solution were constantly dissociating and recom-
bining, but the idea that oppositely charged particles could remain
separated in the same solution was more than either chemists or physi-
cists could understand.

In 1876 Friedrich Kohlrausch (1840-1910) moved a step nearer to
a comprehension of this fact when he showed that the velocity of ions
in a solution is not affected by the presence of oppositely charged ions.
He developed his method of measuring the conductivities of solutions
with an alternating current,® a method that proved very helpful in
the later studies of Arrhenius.

All the necessary data for the final synthesis were now at hand. The
dissociation theory was announced to the Swedish Academy of Sciences
by Svante Arrhenius in 1883, and the theory in final form was pub-
lished in 1887.55 The essential feature of this theory was that, when
an electrolyte was dissolved, it immediately dissociated. Jons were
always present in solution, whether or not a current flowed. This at
once explained not only the facts of electrolytic conduction developed
by Hittorf, Kohlrausch, and others, but also the osmotic anomalies
observed by Raoult and van’t Hoff. The assumption of Arrhenius
that weak electrolytes were only partly dissociated permitted applica-
tion of the law of mass action to their solutions. Other observations,
such as those of Ostwald on the strengths of acids and bases, and the
results of studies on the heat of neutralization of acids and alkalies,
in which the only essential reaction was the formation of water, were
also explained. Nernst developed his theories of solution pressure
and electromotive force,¢ as well as his ideas on the common-ion
effect,*” in terms of the dissociation theory.

Although acceptance of the Arrhenius theory was slow at first, since
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it had to overcome preconceived ideas of the impossibility of the sep-
arate existence of oppositely charged ions in solution, the enthusiasm
and influence of Ostwald and van’t Hoff helped to make it widely
known. Its own merits at length made its acceptance almost complete.
Few generalizations in chemistry have proved as fruitful as the dis-
sociation theory.

The three major branches of physical chemistry that developed dur-
ing the nineteenth century were each worked out first in terms of
ideal substances under ideal conditions. Subsequent work was neces-
sary to make the laws in these branches applicable to actual chemical
substances. Much of the later activity in each branch consisted in
doing this. In the field of kinetics, van der Waals developed the
equation that accounted for the effect of attraction and volume of gas
molecules on the pressure-volume relationship, The idea of fugacity
has been introduced into thermodynamics. The behavior of solutions
of strong electrolytes has been considered by Peter Debye (1884— )
and Erich Hiickel (1896~ ). Many other examples could be cited.
Nevertheless, none of these modifications, however important, has
changed the basic principles of the various fields.

Even more important than the modifications of these branches, es-
pecially in the twentieth century, has been the tendency toward their
unification. The ideas and methods of each have enriched and ad-
vanced those of the others until they are no longer distinct, but form
an accepted and working part of modern physical chemistry which
uses all of them in solving its problems.

In addition to those parts that were well established by the end of
the nineteenth century, a number of other phases of physical chem-
istry began at this time but had to wait until the twentieth before
they showed fuller development. One example of such a branch has
already been mentioned, the science of colloid chemistry, founded
by Graham.

Another was photochemistry, which received its first great impetus
from the quantitative work of Robert Bunsen and his English co-
worker, Henry Enfield Roscoe (1833-1915). In studying the action
of light on the reaction between hydrogen and chlorine, they showed,
in the years from 1855 to 1859, that the amount of chemical change
was proportional to the intensity of the absorbed radiation multiplied
by the time through which it acts.®

Hermann Kopp (1817-1892), in addition to being a distinguished
historian of chemistry, made fundamental studies on the relation be-
tween chemical structure and physical properties such as boiling point
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or specific volume.*®* This was one of the first attempts to bring to-
gether physical and organic cflemistry.

By the end of the nineteenth century, the classical branches of chem-
istry, inorganic, organic, and physical, were well developed, but were
more or less independent of one another. Their adherents tended
to follow them with a somewhat jealous individuality. It is interesting
that Kekule and Clausius were colleagues and friends for a time at
Bonn, but neither was influenced in his work or ideas by the other.4
The greatest overall advance that seems to have been made in the
twentieth century lies, as has been said, in bringing these branches
into a whole to which each contributes its own particular materials
and approach.
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CHAPTER XXII

THE DEVELOPMENT OF CHEMISTRY
AS A PROFESSION DURING THE
NINETEENTH CENTURY

efore taking up the discovery of radioactivity and its striking
B effects on chemical ideas, it is well to consider the great change
in chemistry in the last century not so much in relation to its place
as a scientific discipline as in relation to its effects on the individual
chemist and on the society in which it flourished.

At the beginning of the century the medical and pharmaceutical
influences on chemistry were still strong. Professional chemists were
few in number and were considered as individuals, not as members of
a distinctive group. At the end of the century chemistry was a pro-
fession in its own right, with its own training schools and with assured
positions for the graduates of these schools. The organization of
chemistry and the dissemination of chemical knowledge had become
important activities of chemists. No story of chemistry would be
complete without some consideration of how this came about in the
course of a single century.

As the eighteenth century closed, France was the world center of
chemistry. In part this was due to the overwhelming reputation of
Lavoisier, but the brilliant circle of chemists who succeeded him, men
such as Berthollet, Gay-Lussac, Chevreul, and Dumas, continued to
attract French and foreign students to their laboratories. In spite of
their activity, however, these men did not found schools. They were
individuals, and their students continued the tradition. They com-
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bined industrial and academic work in a stimulating manner, but they
did not build up a following large enough to replace themselves either
in industrial laboratories or academic positions.

Many important industrial processes, such as the Leblanc method
of soda manufacture or the extraction of sugar from beets, began in
France, yet as the century advanced all the advantages with which
France began did not prevent a shift of chemical leadership to Ger-
many. It is probable that the highly centralized organization of
French science was in part responsible for this shift. All important
activities in chemistry and the other sciences were supervised by the
Academy of Sciences, and only in Paris were there adequate laboratory
facilities. The provincial universities had neither funds nor buildings
for chemical research. The same men often held several important
chairs in different Parisian institutions. When, as occasionally hap-
pened, men of genius were banished to the provinces, they had no
favorable working conditions, and, impelled by the traditions of their
nation, they did not try to develop any. Instead they spent their
lives trying to arrange for a transfer back to Paris. Laurent and Ger-
hardt, who gained the enmity of the powerful Dumas, and through
him of the Academy of Sciences, were never able to achieve positions
suitable to their abilities. Their greatest accomplishment was to suc-
ceed as well as they did under very unfavorable conditions. Centrali-
zation of power over the lives of scientists was a vital weakness in
French science.

The early years of the century were still the period of great per-
sonalities. Berzelius dominated the opening decades; Dumas and
Liebig, the latter part of the first half of the century. New journals
were founded to take care of the increasing load of manuscripts, and
these journals usually bore the names of individual editors. The
journals of Poggendorf and Schweigger were well known and respected
by chemists and physicists of the day, and the Annalen der Pharmacie,
founded in 1832, always had Liebig as one of its editors. At his death
it was given the name it bears today, Justus Liebigs Annalen der
Chemie. It became the leading chemical journal of the mid-century.
Later it established the policy of publishing only papers on organic
chemistry, and it is still a leading journal in that field.

Yet the day of individualism was passing. The accumulation of
chemical literature was so great that in 1830 it was necessary to found
an abstract journal, the Pharmaceutisches Central-Blatt, which be-
came successively the Chemisch-Pharmaceutisches Centralblatt in 1850
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and the Chemisches Centralblatt in 1856. These title changes reflect
the relative importance of the two sciences in chemistry, since the
journal always abstracted the chemical literature. In 1897 the Ger.
man Chemical Society assumed responsibility for its publication and
thus set the pattern for society control of such expensive necessities
as are the abstract publications. The model has been followed and
expanded by the American Chemical Society and Chemical Abstracts,
which began publication in 1907.

During the eighteenth century, Germany was divided politically
and almost every small state had its own university. Whereas French
scientists were concentrated in Paris, German scientists were scattered
throughout their country. The monolithic form of French science
favored the activities of the leading chemists, but it did little to foster
the growth of a body of chemists who could carry on the less spec-
tacular parts of chemical research upon which chemistry began to rely
more and more as the science advanced to more difficult problems.

When Liebig, after studying in Paris with Dumas, returned to Ger-
many as professor of chemistry at Giessen at the age of twenty-one,
he established the first truly effective teaching laboratory of chemistry
in the world. It was the beginning of the shift in chemical balance
from France to Germany. In Liebig’s laboratory young men were
given an organized training in the methods of chemical research. It
was no longer the master-apprentice system that had prevailed for so
long. Now the main problem was set by the professor, and a number
of students worked in their own way on different phases of it. As these
students completed their work and went out into other positions, they
carried with them not only an interest in the work of the professor
but also a common bond with the other students who had worked
with them. The number of students in chemistry was also increased
by this system, so that there were many more chemists in Germany than
in France, where the system of individualized instruction continued.

The Liebig system soon spread from Giessen. Liebig’s students oc-
cupied the majority of chairs in Germany and many foreign universi-
ties, and the young doctors of chemistry began to seek employment
in the newly developing chemical industries. Such industries, founded
on chemical research, began to grow throughout Germany. Reflecting
the chemistry of the time, these industries were devoted chiefly to
organic compounds. The Industrial Revolution had begun in Eng-
land, and England retained her position as the first industrial power
of the world through most of the nineteenth century, but the English
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industries depended little on chemistry for their advances. It is true
that the leading producers of metallurgical goods and textiles used
chemical methods, but these were seldom the result of systematic re-
search. Organic chemistry was not prominent in British industry.
Though the first synthetic dyestuff, mauve, was discovered in England
by William Henry Perkin (1838-1907) when he was only eighteen,
the dye industry expanded and remained in German hands until the
First World War.

Such growth was largely due to the increasing number of research
chemists produced by the German universities. As the laboratories
of the great drug and dye industries grew, the professors who had
trained the chemists were retained as consultants. They not only
guided the development of the plants along scientific lines but they
also took back to their own laboratories the problems they encountered
in industry. With these, they trained new groups of students. In
the industrial laboratories they found increasing numbers of inter-
mediates, substances prepared as part of the syntheses of specific new
compounds. These intermediates, studied in the university labora-
tories, often served as starting points for completely new syntheses.
By the end of the century Germany was predominant in both theo-
retical and industrial chemistry, and the stimulating blend of pure and
applied science brought students from all over the world to the Ger-
man universities.

In spite of the great ability of many of her chemists as individuals,
France was not able to keep pace with these developments. Her posi-
tion in the chemical world steadily declined. In England, with her
tradition of the amateur scientist who pursued his own interests re-
gardless of the fashions that prevailed around him, chemistry main-
tained a more even development. Chemistry was never centralized in
England as it was in France. Edinburgh and Manchester were chemi-
cal centers as well as London. Moreover, the English did not devote
themselves so exclusively to organic chemistry as did the continental
chemists. Men like Faraday and Graham followed their own lines of
investigation. Often their results were not fully understood for many
years.

The English scientist was an individualist in his own right, but he
had long been accustomed to meeting his fellow scientists for discus-
sion of problems of mutual interest. It was in England that another
major step was taken in the development of chemistry as a profession.
The first national chemical society was founded there in 1841. There
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had been local chemical societies at an earlier date, those in Phila-
delphia in 1789 and 1792 being among the first.r With the founding
of the Chemical Society of London and the establishment of its Journal
in 1847, the pattern of organized chemistry that has since become
dominant was determined. The great nations soon followed the
British example, and societies and their journals were founded
throughout the world. Among the most important were the Société
chimique de Paris (founded in 1857) with its Bulletin (begun in 1858),
the Deutsche chemische Gesellschaft (1867) with its Berichte (1867),
the Russian Chemical Society (1868) and its Journal (1869) (now the
Journal of General Chemistry), the Italian Chemical Society (1871)
and the Gazzeta (1871), and the American Chemical Society (1876)
and its Journal (1879). All these journals are still published. Many
of the most important papers of today appear in them.

As chemistry grew more and more complex, various special branches
developed so greatly that they began to require journals of their own.
Organic chemistry grew up in such close contact with chemistry as a
whole that it was hardly realized that it constituted a special branch.
The first conscious attempt to set up an autonomous subdivision of
chemistry was made by Wilhelm Ostwald on behalf of physical chem-
istry. He drew together the scattered observations in this field in his
great textbook, Lehrbuch der allgemeinen Ghemie (Leipzig, 1884
1887). More important, he founded one of the first truly specialized
journals, the Zeitschrift fiir physikalische Chemie, in 1887. With the
enthusiastic support of van’t Hoff and Arrhenius, the new science was
established. Subsequently the other major branches established jour-
nals in organic and inorganic chemistry and in biochemistry. Later
still, special topics within the main divisions began to publish journals,
and periodicals on colloids, electrochemistry, radiochemistry, and
others appeared. This represents the split, psychological as well as
scientific, between the practitioners of different phases of chemistry.
There is legitimate reason for some of the divisions, but, as has been
noted, there is now a tendency to reunite some of the divergent
branches.

With the advance of the century, the dominance of Germany, Eng-
land, and France as the most important chemical centers began to be
challenged. The Scandinavian countries and Holland had always
been important, but now other countries began to produce first-rank
chemists.

Russia in the nineteenth century produced a group of native sci-
entists. In earlier years all scientific activity of that vast country had
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centered in the Academy of Sciences in St. Petersburg. This situation,
reminiscent of France, was even worse because the Academy was under
the control of foreign scientists, chiefly Germans who had been ap-
pointed because of the lack of Russian scientists. At the start of the
century, however, the provincial Russian universities, led by the Uni-
versity of Kazan, began to develop as separate research centers. Rus-
sian scientists studied abroad and returned to occupy chairs in their
own schools. The result was a flowering of Russian science in the
second half of the century, which produced such men as Mendeleev,
Butlerov, and Markovnikov.?

The United States was too busy expanding into the spaces of the
West to develop her chemical activities to any great degree before the
middle of the century. Such scientific work as was done was performed
in the older settled communities along the Atlantic coast. In Revo-
lutionary times, and for some decades afterwards, Philadelphia was the
scientific center of the country. Such men as Benjamin Rush (1746-
1813) ® and Robert Hare (1781-1858), who discovered the oxyhydrogen
blowtorch,* were among the earliest chemists. Willard Gibbs was one
of the greatest American scientists of the century, but he lived and
worked in isolation and had little influence on American chemistry.
The American universities did not become centers of chemical research
until after the opening of the Johns Hopkins University in 1876. It
was consciously modeled after the German universities, and from
this center the idea of university research spread. The professor of
chemistry at Johns Hopkins, Ira Remsen (1846-1927), was most influ-
ential in introducing the German system into America.

In almost all countries chemistry remained an academic pursuit.
This was because Germany had gained such an advantage in chemical
industry and could produce chemical intermediates, dyes, drugs, and
perfumes so cheaply that no other nation considered it worth while
to compete. The First World War awoke these nations with a shock.
Cut off from their sources of supply, they struggled frantically to build
their own industries. After 1920 these attempts became more and
more successful. Chemical industries are now among the most impor-
tant manufacturing concerns in all industrialized countries.

There has even been a tendency for the pendulum to swing far in
the opposite direction. In the past there was often too much aca-
demic research and too little applied. In some countries at present
the applied research has taken precedence over the basic studies upon
which it depends. This tendency, together with the greatly increased
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nationalism in science since the Second World War, will undoubtedly
influence future developments in chemistry.
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CHAPTER XXIII

RADIOACTIVITY AND ATOMIC
STRUCTURE

s the end of the nineteenth century approached, many physicists
and chemists had come to believe that the major discoveries of
science had been made. Newtonian physics supplied a picture of the
world on which the physicist could build a quite satisfactory structure,
while the chemist, with his indivisible atoms and fixed elements, had
at last abolished all traces of alchemy. He was free to spend his time
preparing new compounds and studying their properties and reactions.
It was still true, however, that the physicist needed a better under-
standing of electricity, the last of the old imponderable fluids, and the
increasing number of discoveries in the field of spectra lacked a gen-
eralized explanation. The chemist did not yet comprehend the nature
of the affinity forces that held his molecules together. These prob-
lems, it was felt, would probably yield in time to the classic methods
of the two sciences. Yet it was the solution of these problems that
revolutionized the whole outlook of science and, in a period of about
twenty-five years, produced results the consequences of which have
changed not only science but also our whole way of life.

As early as 1675, Jean Picard (1620-1682) had noticed that when a
column of mercury was shaken in a vacuum it produced a phospho-
rescent glow. At the beginning of the eighteenth century Francis
Hauksbee (>-1718) showed that the glow was due to the production
of electricity by friction of the mercury on the walls of the glass tube
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in which it was contained.? In 1785 an English amateur scientist,
William Morgan, passed an electric current through an evacuated
glass vessel and observed thé production of a glow.2 His observation
was extended in 1836 by Faraday, who saw that the light in the tube
came from the cathode. The light was produced more easily as the
pressure in the tube was lowered. In the years from 1855 to 1860
Heinrich Geissler (1814-1879) invented a mercury pump and used it
to produce a very high vacuum in tubes into which he had sealed
electrodes. The radiation was studied more intensively by Julius
Pliicker (1801-1868) in 1859. He showed that the radiation from the
cathode caused a fluorescence on the glass near the cathode, and that
this fluorescence could be moved by a magnet. In 1869 J. W. Hittorf
showed that the “negative discharge,” as he called it, could be cut off
by obstacles placed in its path. The radiation was finally named
“cathode rays” in 1876 by Eugen Goldstein (1850-1930).

Intensive study of the cathode rays was begun by William Crookes
(1832-1919), who in 1874 had noticed the turning of a small paddle
wheel placed in the path of the rays and concluded that the rays could
exert force. This convinced him that the rays were material and,
from a study of their deflection in a magnetic field, that they carried
a negative charge. He believed, in fact, that he had discovered a
“fourth state of matter.” ?

In 1886 Goldstein bored holes in the cathode and discovered an
electrical discharge behind it that gave rays opposite in character to
the cathode rays, and that varied in the effects they produced, de-
pending on the material used. The cathode rays had the same prop-
erties, no matter what the source. These new rays Goldstein called
“canal rays.” ¢

Still another type of radiation was discovered in 1895 by Wilhelm
Konrad Roentgen (1845-1923). He covered with black paper a
vacuum tube in which cathode rays were being generated, and ob-
served that crystals of barium platinocyanide placed near it fluoresced.
Further study showed that some type of radiation was present that
could pass through solid matter, such as flesh, and cast shadows of
denser objects, such as bones.> The rays were not deflected by electro-
static or magnetic fields. These X-rays, as Roentgen called them, have
since become of the greatest importance in the sciences of physics,
chemistry, and medicine.

The ionic theory of conductance in solution had existed in various
forms from the time of Faraday. At a meeting of the British Associa-
tion for the Advancement of Science in 1874, George Johnstone Stoney
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(1826-1911) suggested that electricity was composed of “atoms” that
carried a unit charge. The paper was not published until 1881,%
and, in the meantime, Helmholtz had made a similar suggestion in his
Faraday lecture of 1877. In 1891 Stoney proposed the name “electron”
for this unit,” which thus represented in his mind a charge, not a
particle. The suggestion did not receive much attention at the time.

With the advent of the Arrhenius theory of dissociation, the concept
of ions assumed a new importance. It was natural to extend the idea
of such electrically charged particles from solutions to gases. If con-
duction was due to ions, and if cathode and canal rays were composed
of particles, then these particles must have an ionic character. The
problem became one of calculating their charge, mass, and velocity.
Preliminary calculations of the ratio of charge to mass (¢/m) by Arthur
Schuster (1851-1934) at Manchester in 1890 gave such a large value
that his work was not given much credence, since the idea of a very
small value for m did not seem reasonable. The work in this direction
was continued by Joseph John Thomson (1856-1940) at Cambridge.
By using an extremely high vacuum and thus avoiding interference
by ionization of residual gases he was able to make accurate compari-
sons of the deflections of cathode rays in magnetic and electrostatic
fields. From this he could make better determinations of e/m and
of velocity. His results of 1897 ¢ proved that cathode rays consisted
of negatively charged particles moving at extremely high velocities
and with a mass about 144, that of the hydrogen atom. Later work
corrected this value to ¥ g45. G. F. FitzGerald (1851-1901) proposed
that the name electron, which had been coined by Stoney, should be
applied to these particles, and this suggestion has since been univer-
sally followed.

Further studies of the pathways of ions produced by the various
types of radiation were greatly aided by the invention in 1897 of the
cloud chamber by Charles Thomson Rees Wilson (1869~ ). In this
apparatus, the path of a charged particle could be followed visually
by the path of vapor that condensed as it passed through a humid
atmosphere. The studies of Robert Andrews Millikan (1868-1953)
in Chicago, begun in 1911,*° employed a suspended oil drop that bore
one or more electrons and hung between charged plates. His work
finally proved that the electron was the smallest particle of electricity
and established the value of its charge.

The investigations of J. J. Thomson showed that electrons could
be produced from all the electrodes that he studied, and that no
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matter how they were prepared they had the same properties. Thus
it was evident that they were a fundamental constituent of matter. If
electrons, negative particles, were removed from a neutral atom, a
positively charged particle had to be left. This must be the explana-
tion for the canal rays. In 1897 Wilhelm Wien (1864-1928) proved
this by showing that the positive particles of these rays had the mass
of an ion. Thus it was established that gases, like solutions, conducted
by ionization. A great advance had been made in understanding the
nature of electricity.

Further confirmation of these facts and a much better opportunity
to apply them to chemical problems appeared from an entirely unex-
pected quarter. Early in 1896 Antoine Henri Becquerel (1852-1908),
son and grandson of equally distinguished physicists, became interested
in the newly discovered X-rays of Roentgen. He knew that the fluo-
rescent spot on the vacuum tube produced by impact of the electrons
of the cathode ray was the source of the X-rays. He therefore tested
other fluorescent substances to see if they might also give such radia-
tion. The salts of uranium were known to fluoresce when exposed to
light, and so he placed such a fluorescent salt, potassium uranium sul-
fate, on a photographic plate wrapped in dark paper. Subsequent
development of the plate showed the outline of the crystals on the film.
This seemed to confirm his idea. While preparing to repeat the ex-
periment he was called away and left the salt on another plate in a
dark place. Here, of course, the salt did not fluoresce, but when he
later developed the plate, he found the same exposed area on it.
This accidental discovery showed that the salt was spontaneously emit-
ting rays that resembled X-rays in their ability to pass through non-
transparent objects. Further studies showed that this radiation was
independent of any treatment given the salt, and always accompanied
the uranium when any chemical separations were made.** This phe-
nomenon was named “radioactivity” by the Curies. In 1898 Gerhardt
Carl Schmidt (1865-1949) discovered radioactivity in thorium.:?

The major task of investigating the chemistry of these radioactive
substances was begun by the young Polish investigator Marie Sklo-
dowska Curie (1867-1934) and her husband, the French physicist,
Pierre Curie (1859-1906). They received a large supply of a waste
uranium ore, pitchblende, from the Austrian government, which had
mines at Joachimsthal in Bohemia, now Czechoslovakia. This is still
an important source of uranium. The Curies succeeded in showing
that the ore contained two new radioactive elements, polonium # and
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radium.!* By a long series of laborious fractional crystallizations, a
radium salt was finally isolated. Actinium was discovered in pitch-
blende by André Debierne (1874-1949) in 1900.23

While the Curies, working with Debierne and others, were investigat-
ing the chemical nature of the radioactive elements, studies were begun
on the nature of the rays that they emitted. In 1899, Ernest Ruther-
ford (1871-1937), later Lord Rutherford, working at Montreal, found
that two types of radiation were emitted from uranium. He called
these - and g-rays.’® Later Paul Villard discovered a third type, the
yrays, whose similarity to X-rays he recognized.’” By 1900 it was
realized that uranium was changing into some other substance. Ruth-
erford noted the presence of a radioactive gas, radon, in thorium
about this time. The confusing facts were reduced to order in 1902
by Rutherford and Frederick Soddy (1877- )8 in their theory of
atomic disintegration among radioactive substances, resulting in the
formationi of new elements. The B-rays were identified as electrons,
the yrays as X-rays. In 1906 Rutherford indicated that «-particles
were ions of helium,*® a fact definitely established by Rutherford and
Thomas Royds (1884-1955) in 1909.2¢

It now became possible to speculate on the arrangement of the elec-
trons and positive ions within the atom. The electrons were nega-
tively charged and were found in all atoms that had been studied.
Since the atoms were neutral, there must be a positive portion, as
studies of canal rays had shown. Early speculations by J. J. Thom-
son 2! and by Lord Kelvin 22 pictured a uniform mass of positive charge
through which the electrons were distributed,

Rutherford devised another arrangement, based largely on studies
in the Wilson cloud chamber, which showed that g-particles usually
traveled in straight lines, but sometimes showed deflection in their
path as if they had struck something. The Rutherford atom was
composed of a heavy but relatively small nucleus surrounded by vary-
ing numbers of electrons. Most of the atom was empty space.2? Cal-
culation of the charge on the nucleus gave the number of electrons
that must surround it in order to preserve neutrality. This turned out
to be about half the atomic weight for each element.

In 1913 a discovery of fundamental importance was made by Henry
Gwyn Jeffreys Moseley (1887-1915) working with Rutherford at the
University of Manchester, to which Rutherford had gone in 1909.
Moseley observed that cathode rays striking targets of different metals
produced X-rays of a frequency characteristic of the metal that com-
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posed the target. There was a regular shift from one element to the
next in the periodic table in accordance with the equation:

y = AN — by

in which » is the frequency of a specific spectral line, 4 and b are
constants, and N is an integer characteristic of the metal and shifted
with each element. This N Moseley called the “atomic number.” He
stated that the quantity represented by N could only be the charge on
the central positive nucleus.?* The atomic number gave a more
fundamental meaning to the periodic table of Mendeleev. When the
elements were arranged in the order of atomic numbers, such dis-
crepancies as the reversal of the atomic weights of iodine and tellurium
disappeared. It was clear that atomic numbers were more basic than
atomic weights.

The Rutherford picture of the atom as proposed in 1911 was soon
-greatly amplified by Niels Bohr (1885~ ) of Copenhagen, who had
worked for a year with Rutherford at Manchester. Bohr used the
quantum theory of Max Planck (1858-1947) to give a picture of the
central nucleus surrounded by shells of electrons, of which the outer-
most was responsible for the chemical properties of the element.? It
is on the basis of this concept of atomic structure that the more mod-
ern ideas have developed.

Atomic structural ideas had now developed sufficiently so that it
was possible to explain other puzzling facts that had appeared in the
studies of radioactive materials. It had early been recognized that,
as uranium, thorium, or actinium disintegrated, a series of new ele-
ments was produced. In 1906 Bertram Borden Boltwood (1870-1927)
of Yale found that the immediate precursor of radium, and a product
of the disintegration of uranium, was an element that he called
jonium.?¢ In all its chemical reactions, however, ionium was identical
with thorium. In 1911 and 1913 Soddy?' proposed the laws that
govern the production of elements in a disintegration series. These
laws were expanded by him and by Kasimir Fajans (1887- ) and
by Alexander Smith Russell (1888- )2 to state that, when an
a-particle is lost, the new element formed has moved back two places
in the periodic table with loss of atomic weight 4, and that when a
B-particle is lost, the new element has moved forward one place with-
out change in atomic weight.

The number of new elements thus produced in the three disintegra-
tion series was too great for proper placement in the old periodic
table, but, more important, 2 number of elements were produced that
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had different atomic weights but the same atomic number and so, in
the new sense, were the same element. The case of ionium was by
no means unique. This was a totally new idea to chemists, who had
by now accepted the constancy of atomic weights as fundamental.
Soddy called these new forms of elements “isotopes” from the Greek
for “the same place.” The crucial test for the correctness of his theory
was the varying atomic weight of lead from different sources. By
applying the rules of the disintegration series from uranium and
thorium it was seen that the final non-radioactive product in each case
was lead, but that which came from uranium should have an atomic
weight of 206, and that from thorium 208, instead of the value of 207.2
accepted for ordinary lead. These values were experimentally con-
firmed by T. W. Richards (1868-1928), of Harvard, who had begun
the study of variations in atomic weights of lead even before Soddy
announced his theory,® and by O. Hoénigschmidt (1878-1945) 3t of
Prague and Munich. Both these men devoted their lives to atomic-
weight determinations.

At about this time, J. J. Thomson and Francis William Aston (1877~
1945) began to develop the mass spectograph by which, in 1919, Aston
demonstrated that the non-radioactive element neon was also a mix-
ture of isotopes.®? It was quickly shown that practically all elements
are composed of such mixtures. Of the many theoretical and applied
results of this discovery, the most important at the present time is the
use of isotopes as tracers in physical and biological systems.

Most of the work discussed so far in this chapter was done by physi-
cists concerned with the physical structure of the atom. The picture
of the atom that was emerging could not fail to be of great interest
also to the chemists. Already the periodic table had been placed on
a new and firmer basis, and the “modern” idea of the atom had to
give way to a view of the transmutation of elements that recalled
alchemical theories. The rejected Prout’s hypothesis was seen to have -
a measure of truth. From this time on, chemists began to take an
increasing part in developing the implications of atomic structural
theory, while physicists, in turn, became more concerned with chemi-
cal problems. It is significant that such outstanding physicists as
Rutherford and Aston were awarded Nobel Prizes not in physics, but
in chemistry.

The Bohr model of the atom was proposed chiefly to explain atomic
spectra, but it was the first model that could serve the chemist as well
as the physicist. Almost at once chemists began to use it to explain
chemical reactions. G. N. Lewis ** and Walther Kossel (1888-1956) 3¢



RADIOACTIVITY AND ATOMIC STRUCTURE 227

in 1916 developed new theories of chemical affinity whose consequences
were further expanded by Irving Langmuir (1881- ).35  These
theories revived the old Berzelian dualism in a new form, but ex-
plained in a different way the affinity bonds of organic chemistry for
which Berzelius could offer no satisfactory mechanism. Inorganic ions
were formed by gain or loss of electrons in the outer shell to complete
a stable octet with an electric charge. The ions of inorganic salts
were held together by the electrostatic forces between the ions, form-
ing “polar” compounds. Organic compounds, “non-polar” in char-
acter, were held together by sharing a pair of electrons in a “covalent”
link that did not have the dualistic character of an ionic bond. Here
at last was an explanation of the actual nature of the chemical bond
as an individual unit of affinity which chemists had so long sought
and which the supporters of some of the thermodynamic theories at
the end of the nineteenth century had almost given up hope of dis-
covering.

Still another important development at this time resulted from the
discovery by Max von Laue (1879- ) that crystal lattices could
serve as diffraction gratings for X-rays. He at first applied this to
determining the wave lengths of X-rays, but the method was equally
applicable in determining the structures of crystals. This work was
brilliantly carried on by William Henry Bragg (1862-1942) and his
son, William Lawrence Bragg (1890-  ).%

The years between 1890 and 1915 overthrew completely the con-
servative views of late nineteenth century scientists and provided the
theories and facts upon which almost all the spectacular developments
of recent chemistry and physics have grown. Perhaps even more im-
portant than the release of atomic energy has been the new relation-
ship established between the various sciences that had been growing
apart in pre-atomic days. The old antagonism between physics and
chemistry vanished as the physicists and chemists cooperated in apply-
ing atomic theory to actual chemical substances. The physical chem-
ist and the organic chemist worked together in developing the elec-
tronic theory of organic structure, The mineralogist and geologist
united with the chemist and physicist in determining crystal struc-
tures and dating rocks by radioactivities. Even the biological sciences,
which had been almost disregarded by physical scientists before the
twentieth century, have shared in this new cooperation of sciences,
using the new techniques of physical chemistry in solving problems
on the nature of proteins, or the tool of isotopic tracers in working
out the details of metabolism. The individual scientist is perhaps
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more of a specialist than ever today, but he now realizes the value
of working with other specialists as he has never done before. As a
result, it is the previously borderline sciences that are advancing most
rapidly today.

In the twentieth century, one of these borderline sciences, bio-
chemistry, has attained a rank equal to that of the older branches of
chemistry. No history of chemistry would now be complete that did
not trace the path by which such a position has been obtained.
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CHAPTER XXIV

BIOCHEMISTRY

he idea that changes that we now call chemical occur in

the human body and can help to explain its behavior is very

old. Plato in the Timaeus and Aristotle in the fourth book of the
Meteorologica present as much physiology as they do chemistry and
physics. To the alchemists, the phenomena of the microcosm, the
human body, merely reflected the events of the macrocosm, the outer
world. Paracelsus, the iatrochemist, was more specialized and sys-
tematic as he pictured an intelligent being, the Archaeus, presiding
over such functions as digestion, but the Archaeus was merely an
alchemist in his chemical laboratory. With their increasing search for
chemical mechanisms, the later iatrochemists replaced the Archaeus
by purely chemical reactions such as the neutralization of acids and
bases to explain body functions. The idea of the elixir, the ferment
that changed base metals to gold, had its counterpart in the concep-
tion of the ferments that Van Helmont believed took part in vital
reactions. Nevertheless, ideas of chemicophysiological mechanisms
remained vague and disorganized even while Vesalius (1514-1564) was
describing in 2 scientific manner the details of anatomy and the physi-
comechanical details of physiology were  developing toward the dis-
covery of the circulation of the blood by William Harvey (1578-1657).
The medieval and early modern chemists were mostly physicians.
They naturally included studies of the more obvious body fluids in
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their work. Van Helmont, for instance, made many practical discov-
eries of a biochemical nature. There was little correlation between
the studies of different investigators, and almost none of the funda-
mentals of the subject were discovered because the investigations
tended to be sporadic and superficial.

The end of the eighteenth century, when chemistry as a whole was
systematized and set on its modern path, was also the period when
several basic biochemical discoveries were made. These resulted from
the investigation of photosynthetic activity in green plants by Priest-
ley, Ingenhousz, and Senebier, and the studies on animal respiration
by Lavoisier with Laplace and Séguin. Even in these studies there
was no systematized effort and little conception of their importance
to a full understanding of the chemistry of life.

Chemists in the nineteenth century were so busy with their own
science that for a long time they did not attempt to systematize the
chemistry of biological processes. Most of their biochemical discov-
eries were incidental to their major chemical work. The most im-
portant result of the development of organic chemistry at first, from
the viewpoint of biochemistry, was the demonstration that natural
organic compounds were responsive to the same laws as inorganic sub-
stances. The urea synthesis of Wéhler and the subsequent advances
in organic syntheses struck telling blows at the vitalistic hypothesis
that a special force controlled living matter. Toward the middle of
the century a few chemists, chief among whom was Liebig, really did
begin to integrate their work with that of the biological investigators.

Meanwhile physiology was developing as a science in its own right,
much as was chemistry. Physiologists were chiefly concerned with the
mechanics of bodily organs and with studies of the nervous system. To
a lesser extent they investigated chemical processes. Nevertheless, it
was from the physiologists that most of the advances in biochemistry
came until nearly the end of the century. The approach of these men
was usually related to their studies of special systems or organs, and
so an overall view of the biochemical functioning of the body was not
obtained. Many important discoveries were made in this century,
but they were like isolated pieces of a jigsaw puzzle. The science was
properly called physiological chemistry at this period, since it was used
mostly to help understand specific physiological problems. It was only
at the end of the nineteenth century and in the twentieth that the
pieces began to fit together so that a unified picture of the chemical
changes in the cells and their significance for the body as a whole
could be obtained. The borderline between chemistry and physiology
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then became a science in its own right, and to this the name biochem-
istry, the chemistry of life, can more properly be applied.

It is because this development occurred so recently that a descrip-
tion of these events has been deferred to the end of this history of
chemistry. Actually, most biochemistry is contemporary. Its greatest
advances have taken place since 1920, the approximate date at which
this historical survey has been terminated. Therefore, the history
of biochemistry becomes largely an account of how its various parts
were discovered and finally integrated to form the base on which the
modern discoveries are founded.

The first important generalization in the nineteenth century came
from the pioneer work on photosynthesis. It led to an understanding
of some of the complex relations between plants and animals. Priest-
ley and Ingenhousz found that green plants in sunlight gave off oxy-
gen. Senebier showed further that the plants absorbed carbon dioxide
during this process. Nicolas Théodore de Saussure (1767-1845) in his
classic Recherches chimiques sur la végétation (Paris, 1804) showed
by quantitative measurements that the carbon in the dry matter of
plants came almost entirely from carbon dioxide, and, equally im-
portant, that the rest of the dry matter, with the exception of minerals
from the soil, came from water. In spite of his recognition of these
facts, de Saussure did not break completely away from the idea that
the organic matter of the humus, or decayed vegetable matter, in soil
was also important for plants. This humus theory was of long stand-
ing and dominated the minds of plant physiologists until the middle
of the century.

Chlorophyll was isolated and named from the Greek words for
“green leaves” by J. Pelletier (1788-1842) and J. B. Caventou (1795~
1877) in 1817, though at first its importance was not appreciated.* The
full significance of the photosynthetic process could not be realized
until the concept of energy was better understood. J. R. Mayer, who
propounded the law of the conservation of energy, clearly saw the rela-
tion of this energy concept to the process. In 1845 he pointed out that
plants fixed the energy of sunlight and served later to supply this
energy as the source on which humans depended.?

In the meantime, steps had already been taken to clarify the mecha-
nisms by which animals released the stored energy of plants. Much
of the early work centered upon the values of various sorts of food
in nutrition and on the process of digestion.

Ideas on the ideal diet, then as now, varied greatly. Some workers
felt that a simple, almost monotonous diet was best for health. That
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this idea could not be carried too far was shown by William Stark
(1740-1770) in a very conclusive way. Following a suggestion of Ben-
jamin Franklin, he lived for two months on a diet of bread and
water. This resulted in a severe case of scurvy, from which he recov-
ered by eating a mixed diet. Shortly thereafter he repeated the ex-
periment, this time with fatal results.? A similar experiment was
performed on animals by the French physiologist Frangois Magendie
(1783-1855) in 1816. He fed dogs on diets composed of distilled water
and one specific food, such as sugar, olive oil, or butter. Sometimes
he added a little gelatine to the diet. The dogs in every case died
after about a month. The work indicated that nitrogenous foods
(other than gelatine) were needed for life.t It is interesting that, dur-
ing the sugar diet, the dog developed a severe eye infection which
Magendie described in detail. This is the first clinical description of
the condition of xerophthalmia that results from a deficiency of vita-
min A, though Magendie had no conception of deficiency states.

William Prout, the English physician who had proposed the hy-
pothesis of a prime material from which all elements were built, was
an acute observer of physiological processes. In 1827 he saw that
there were three classes of foodstuffs that had to be included in the
diet. These he called the saccharine, the oily, and the albuminous.’
He attempted to analyze the saccharine constituents (our carbohy-
drates) but was not very successful, since he did not have a good
method of organic analysis. He believed that these saccharine sub-
stances were “‘chiefly derived from the vegetable kingdom” and should
be considered to represent “vegetable aliments.”

At this time the nature of fats was already fairly well understood
from the work of Chevreul. Little advance in knowledge of the
nature of carbohydrates or proteins occurred until the work of Emil
Fischer at the end of the century.

The studies of Magendie had at least indicated the importance of
the nitrogenous part of the diet, and a number of investigations were
made on this portion from a nutritional point of view. The name
protein was suggested by Gerardus Johannes Mulder (1802-1880). , His
views on the chemical nature of the proteins were incorrect and led
him into a series of violent controversies with Liebig, who, in the
latter part of his life, turned his attention to physiological problems.
In 1842 Liebig published his famous Die Thierchemie (Braunschweig,
1842), in which he applied his theories of chemistry to animal and
human physiology. Liebig’s influence was very great. His book was
translated into many languages and appeared in many editions. Al-
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though Liebig himself held a vaguely vitalistic doctrine,® his book
was bitterly attacked by the vitalists.? Nevertheless, in spite of attacks
and counterattacks, it did much to convince chemists that chemistry
could be applied to physiological problems. It was a major landmark
in the development of biochemistry.

Liebig strongly combatted the humus theory of plant nutrition, be-
lieving that only minerals were taken from the soil by roots. He was
very influential in introducing the use of mineral fertilizers for im-
proving crops, though he overlooked the need for nitrogen in such
fertilizers and so was less successful in practical agriculture than were
J. B. Lawes (1843-1910) and J. H. Gilbert (1817-1901). In their
studies in England they added nitrogen compounds to their fertilizers
and showed the importance of such substances for nutrition.

By the middle of the nineteenth century many of the important
principles of nutrition had thus been established. At the same time,
knowledge of digestive mechanisms was also developing and was lead-
ing to the discovery of concepts that had an even wider application
than to the digestion of foods.

In 1824 Prout showed that the acid of gastric juice, whose existence
had long been known, was actually muriatic acid.®# This was not
accepted at once, since many physiologists believed it to be lactic acid.
Even in 1839 an authoritative encyclopedia could state, “Dr. Prout
indeed informs us, that a quantity of muriatic acid is always present
in the stomach during digestion, but as there does not seem to be
any decisive evidence of its appearance previously to the introduction
of food into the stomach, we ought probably rather to consider it as
developed by the process of digestion, than as entering into the consti-
tution of the gastric juice, nor indeed, if it were so, are we able to
explain the mode in which it operates in converting aliment into
chyme.” ® Final proof that it was hydrochloric acid came in 1852 from
the detailed analyses of Friedrich Bidder (1810~1894) and Carl Schmidt
(1822-1894).2°

It was at first believed that the acid alone caused the breakdown of
foodstuffs into simpler components. In 1835 Theodor Schwann (1810-
1882) found that gastric juice contained a catalyst which he called
pepsin and which was effective in the breakdown of foods. Liebig
added a rather skeptical and cautious note to Schwann’s paper when
he published it in his Annalen,** showing how little the role of en-
zymes was appreciated at this time. Others were soon found, how-
ever. Ptyalin was obtained from saliva by Louis Mialhe (1807-1886)
in 1845.12 Realization that the gastric juice was not the sole agent
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responsible for digestion came from the classic work of Claude Ber-
nard (1813-1878) on the pancreatic juice. Beginning in 1846, he ex-
tended an earlier observation by Gabriel Gustav Valentin (1810-1883)
that this fluid, like saliva, could break down starch. He showed that
it also digested fats and proteins.* His student Willy Kiihne (1837~
1900) completed this work by a detailed study of the action of pan-
creatic juice on proteins 1¢ and by isolating trypsin in 1876.15 Kiihne
and Russell Henry Chittenden (1856-1943) obtained a large number
of intermediate products of protein digestion,’® thus demonstrating
something of the nature of the digestive process. Chittenden estab-
lished at Yale the first laboratory of physiological chemistry in the
United States.

The nature of “ferments,” as enzymes were called during the first
three quarters of the century, was the subject of much discussion.
‘This came to center around the question of fermentation of sugar by
yeast to produce alcohol. The non-vitalist chemists, led mostly by
Liebig, believed without much experimental evidence that ferments
in this process were only incidentally related to life and were actual
chemiical substances, whereas the vitalists held that alcoholic fermen-
tation was a reaction peculiar to life itself. The careful experiments
of Louis Pasteur led him to the belief that the living yeast cell was
essential to fermentation.?” Thus arose the distinction between “‘un-
organized” ferments that occurred outside the cell, and “organized”
or “formed” ferments that acted only within the cell. The various
digestive ferments were examples of the first class; the alcoholic fer-
ments of yeast were examples of the second. The distinction was more
clearly made when Kiihne in 1876 introduced the name “enzyme”
from the Greek meaning “in yeast” to apply to the organized fer-
ments.’® The controversy between vitalists and non-vitalists continued
until 1897, In that year Eduard Buchner (1860-1917) obtained an
extract of yeast that showed fermenting power.** It was then realized
that the distinction between unorganized ferments and enzymes was
artificial and that almost all the reactions of the living organism were
carried on with the aid of catalystc which were thereafter called
simply enzymes.

In an attempt to determine the fate of various substances taken into
the body, Jean-Baptiste Joseph Dieudonné Boussingault (1802-1887)
studied the relative intake and excretion of the various elements found
in the foods of domestic animals.?® Such balance studies became very
popular and were applied to humans by many investigators, including
Liebig. This method seemed too simple to Bernard, who wished to
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know what was happening to the various foods in the body cells. In
this approach, as in many others, Bernard was a forerunner of modern
investigators.z

In an attempt to prove that animals could synthesize food materials
in their bodies instead of having to obtain all nutriment from plant
life, as Dumas and Boussingault had claimed, Bernard discovered that
the liver could serve as a source of blood sugar.2? Numerous studies
revealed the details of glycogenic function, and in 1857 he announced
the isolation of glycogen from the liver.?? Glycogen was independently
discovered about the same time by Hensen,?* a medical student who
worked under the famous pathologist Rudolf Virchow (1821-1902).
The foundations for an understanding of carbohydrate metabolism
had been laid, though a real comprehension of the reactions involved
had to wait until the structures of the sugars had been warked out.

The basic theory in this field resulted from the investigations of
Emil Fischer # about 1890. His subsequent studies of the structures
of the purines (1882-1901) and the polypeptides (1900-1906) opened
the way for an understanding of nitrogen metabolism, which was
essential before the biochemistry of these substances could be devel-
oped.

The later nineteenth century developments in the field of nutrition
were largely influenced by the conceptions of energy that had become
dominant in physics and chemistry at this time. The German physi-
ologists under the leadership of Carl Voit (1831-1908) and his student
Max Rubner (1854-1932) were especially active in this field.

The first important attempt to determine the fate of foods by anal-
ysis of gaseous exchange in animals was made by the physicist Victor
Henri Regnault, working with Jules Reiset (1818-1896).¢ They kept
animals of many kinds under a bell jar and determined the amount
of carbon dioxide breathed out and the amount of oxygen consumed.
From this they calculated the ratio that the physiologist E. F. W,
Pliiger (1829-1910) later called the respiratory quotient. They
showed that it varied with the type of food eaten by the animals.
Bidder and Schmidt 1 showed this even more clearly in 1852.

Voit was trained as a physician, but he studied chemistry under
Liebig. He began his physiological work by establishing the fact that
healthy adult animals are normally in nitrogen equilibrium, excret-
ing as much nitrogen as they take in. Like Liebig and most workers
of the time, Voit believed that the energy for muscular work came
from the breakdown of proteins, and that carbohydrates and fats were
oxidized directly by the oxygen from the lungs. His studies soon
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showed that both these ideas were false. There was no increase in
protein metabolism in a fasting dog when it engaged in muscular
work.?” In 1865 he showed that combination with oxygen was not
the first step in energy production, but that a large number of inter-
mediate substances were formed from the original food before the final
union with oxygen occurred. Not all these intermediates were neces-
sarily oxidized completely.?* In 1877 Pfiiiger proved this by showing
that a rabbit breathing quietly or by forced respiration consumed the
same amount of oxygen. Hence, oxygen did not cause metabolism.2?
Much of modern biochemistry consists in the search for these products
of intermediate metabolism.

Voit, with the assistance of Max Pettenkofer (1818-1901), now began
a series of studies of metabolism by analysis of the gaseous exchange
of animals and humans, Improving on the method of Regnault and
Reiset he published a series of papers between 1866 and 1873 that
showed how animal metabolism varied under different conditions.

Rubner continued this work and used more accurate calorimetric
methods, both direct and indirect. In 1883-1884 he announced his
“isodynamic law” which stated that the three types of food, carbo-
hydrates, fats, and proteins, were equivalent in terms of calorific
value.®® This law was modified by the specific dynamic action of
foods, which Rubner also discovered. The accurate quantitative work
of Rubner, utilizing the thermochemical data of the chemists, showed
that the energetics of living organisms followed the same laws as those
of pure chemicals.

The overall requirements of the body for the major energy-produc-
ing foods had now been established. It was known from the work
of Liebig that small amounts of minerals were essential to life, buc it
was not yet suspected that any organic substance was required in
amounts so small as to have no values as a producer of energy, nor
was there any realization of the need for certain individual amino
acids. The limitations of the isodynamic law were thus not under-
stood.

Nevertheless, the inadequacy of a highly purified diet of carbohy-
drates, fats, and proteins began to be recognized as early as 1881,
when Nikolai Ivanovich Lunin (1854-1987) showed that a small
amount of milk had to be added to these purified diets if experimental
animals were to survive on them.* Soon afterwards, Christian Eijk-
man (1858-1930) in Java found that he could induce a disease in birds
analogous to beriberi in humans. It resulted from a diet of polished
rice, and the addition of rice polishings to the diet relieved the con-
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dition.’? Eijkman believed that some toxic factor in the rice was
neutralized by a factor in the polishings. Gerrit Grijns (1865-1944)
in 1901 ** first correctly explained beriberi as a deficiency disease. The
older observations that a number of diseases existed that could be
relieved by dietary supplements could now be understood. Scurvy
had been cured in the ships of the British East India Company as
early as 1601, and James Lind (1716-1794) had proved the value of
anti-scorbutic foods experimentally.?* In 1804 lemon juice was added
to the rations of the British navy, resulting in the name “limey” for
British sailors. In 1882 Kanchiro Takaki (1849-1915), Director Gen-
eral of the Medical Department of the Japanese navy, had prevented
beriberi in his navy by adding fresh meat to the diet of the sailors,
though he believed the effect was due to the change in proportions of
nitrogen and carbon in the diet. The use of cod-liver oil in prevent-
ing rickets had been established for some time on an empirical basis.

The concept of deficiency diseases was extended experimentally
from beriberi to scurvy when Axel Holst (1861-1951) and Theodore
Frolich (1871-1953) in 1907 established the disease in guinea pigs.s
In 1912 Casimir Funk (1884- ) suggested that beriberi, scurvy,
and probably pellagra were diseases that required the presence of or-
ganic nitrogenous bases in the diet for their prevention. Since these
amines were vital to life, he proposed that they be called “vita-
mines.” 87

At almost the same time, Frederick Gowland Hopkins (1861-1947),
who had been working on dietary supplements, published a classic
paper proving the inadequacy of purified diets.®¥ 1In 1915, E. V. Mc-
Collum (1879-1967) showed that rats required at least two substances
in the diet,** which he subsequently called “fat-soluble A” and “water-
soluble B.” « By 1920 it was recognized that these substances were
not amines, but the name vitamine had become well established, and
J- C. Drummond (1891-1952) suggested combining the two systems of
nomenclature, dropping the final letter in “vitamine” and referring
to vitamin A and vitamin B.# The anti-scorbutic substance was then
called vitamin C, and the differentiation of the anti-rachitic substance
from vitamin A gave rise to the term vitamin D.#2 The discovery of
vitamin E by Herbert McLean Evans (1882-1971) in 1922 ¢ completed
the classical list of vitamins. The discovery of vitamin K and the
unraveling of the B complex have occurred in recent times.

Duririg most of the nineteenth century it was assumed that the
nervous system exerted almost entire control over the various functions
of the body. Thus, although there were a number of observations that
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the dysfunction or removal of certain glands resulted in failure in some
physiological process, it was not realized that these glands exerted a
chemical control.

Probably the first experimental proof of endocrine function was the
work of A. A. Berthold (1803-1861) in 1849. He transplanted testicu-
Iar tissue in fowls and showed that he could thus prevent the effects
of caponization.#* C. E. Brown-Sequard (1817-1894) took up this idea
in 1889 and injected testicular extracts into various subjects, including
himself. He allowed his enthusiasm to overcome his observational
powers and made claims that have not been supported, but he did
much to introduce the idea of a chemical mechanism for control of
important processes.®* At about the same time Joseph von Mering
(1849-1908) and Oscar Minkowski (1858-1931) showed that removal
of the pancreas in a dog caused a sharp rise in blood sugar.#¢ Thus,
by the end of the century, scientists were ready to believe that certain
organs could produce substances that exerted powerful effects on other
parts of the body. The possibility of such effects produced by chemi-
cals was strengthened by the striking pharmacological discoveries of
such men as Paul Ehrlich (1854-1915), who showed the highly specific
action of various drugs on living organisms.

In 1895 George Oliver (1841-1915) and Edward Albert Sharpey
Schifer (1850-1935) obtained an extract from the adrenal gland that
had a powerful action in raising the blood pressure.#” They pointed
out that “the supra renal capsules are to be regarded, although duct-
less, as strictly secreting glands.” The active principle of these glands,
adrenaline or epinephrine, was isolated in 1901 by Jokichi Takamine
(1854-1922) 4¢ and independently by Thomas Bell Aldrich.** This
was the first isolation of a hormone.

The concept of hormones was clarified and placed on a firm basis
by the studies of William Maddock Bayliss (1860-1924) and Ernest
Henry Starling (1866-1927), who in 1902 discovered secretin, the hor-
mone that stimulates the flow of pancreatic juice.®® They demon-
strated that secretin caused flow of this juice even when all nerves to
the pancreas had been cut. They thus put beyond doubt the fact
of chemical control. Bayliss then generalized the whole concept in his
Croonian lectures of 1905.52 Here he first suggested the name “hor-
mone,” from the Greek for “I excite, or arouse,” for these “chemical
messengers.” He showed further how the other endocrine glands such
as the thyroid or gonads also secreted hormones. From this time on,
the idea of the hormones was clearly established, and it was only a
question of isolating the secretions of the various glands in a state of
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purity and determining their physiological effects (not always an easy
task). Thyroxine was isolated by Edward Calvin Kendall (1886- )
on Christmas Day, 1914,%2 and insulin by Frederick Grant Banting
(1891-1941) and Charles Herbert Best (1899- ) in 1921.3% Many
hormones have since been obtained, and the work still goes on.

It can be seen that by about 1920 biochemistry possessed the basic
principles upon which it is still developing. The chemical nature of
the body constituents was fairly well understood, the nutritional re-
quirements could be seen, and the enzymatic and hormonal mecha-
nisms by which metabolic processes occurred were at least known to
exist. Without these fundamental discoveries, which began to fit to-
gether in the twenties, biochemistry could not have made the tre-
mendous progress of recent decades.
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Chloral, 177

Chlorine, 131, 161, 174, 177, 178, 183,
186, 192, 210

Chloroform, 177

Chlorophyll, 232

Cholesterol, 174

Christianity, 37, 47, 48

Chromium, 131

Chymia, 99

Cinnabar, 43, 44, 58

Citric acid, 132, 152

Classification of substances, 67-69, 72,
80, 95, 178, 179, 183, 192, 193

Clausius-Clapeyron equation, 205

Cloud chamber, 222, 224

Cobalt, 95, 181, 187, 192

Cod liver oil, 238

Cold, as a quality, 18, 19, 21, 27, 28, 30,
65, 66

Colloids, 199, 207, 210, 217

Color, in metals, 29, 42, 43, 46, 70

Combination, chemical, 28, 29, 126, 152
154, 156

Combustion, 36, 87, 97, 105, 115, 119-125,
185, 136, 140, 141, 143, 145, 147, 150,
203, 204

Common ion effect, 209

Compositiones ad tingenda, 75, 76

Compounds, chemical, 102, 111, 112, 116,
119, 122, 124, 130, 150-154, 162

Conduction, electrolytic, 208, 209

jonic, 222, 223

Congress, International Chemical, 191

Conservation of energy, 173, 204, 205,
232

Conservation of matter, 106, 108, 146,
151, 205

Contraries, doctrine of, 12, 13, 18, 19, 21,
37, 54, 59, 65, 107, 168

Constantinople, see Byzantium

SUBJECT INDEX

Copenhagen, 225

Copper, 1, 6, 7, 14, 25, 29, 30, 39, 4345,
53, 67, 70, 99, 111, 165, 208

Copper carbonate, 151

Copper oxide, 173

Copper sulfate, 102, 111

Coral of gold, 42, 44, 456

Cordova, 50, 71

Corpuscnlar theory, 108, 114, 116

Cosmology, 4, 6, 17, 19, 55, 63, 64, 79,
119

Cours de chimie, 116

Covalence, 227

Crete, 18

Crystals, 227

Cupellation, 86

Cyanates, 175

Cyanide radical, 174

Cyanogen, 174

Czechoslovakia, 223

Daltonides, 153

Damascus, 50

De la pirotechnia, 94

De natura fossilium, 95

De re metallica, 94

De rerum natura, 37, 110

De sulphure, 120

Deficiency diseases, 283, 237, 238

Density, 125, 158, 191, 192

Dephlogisticated air, see Oxygen

Diamond, combustion of, 140

Dictionaries, chemical, 127, 128

Digestion, 96, 230, 232, 234, 235

Disintegration, radioactive, 224-226

Dissociation, electrolytic, 208-210, 222

thermal, 192, 208

Distillation, 44, 46, 66, 67, 72, 76, 77, 92~
94, 96, 97, 104, 107, 111, 114

Double bond, 186, 187

Double decomposition, 104, 127, 151

Drugs, 88, 92, 93, 96, 97, 103, 216, 218

Dryness, as a quality, 21, 27, 28, 30, 65,
66

Dualistic theory, 162, 166, 168-170, 176~
179, 200, 227

Dyeing, 38, 42, 76, 170

Dyes, 216, 218
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Earth, as an element, 19, 21, 23-25, 28,
30, 35, 36, 66, 105, 107, 121, 139
fatty, 121, 122; see also Phlogiston
fluid, 121
vitreous, 121
Earthquakes, 120
Edessa, 48, 49
Edinburgh, 216
Eggs, 44
Egypt, 4-7, 9, 10, 12-14, 18, 32, 33, 45,
47-49, 53, 62-64, 70
Egyptian blue, 7
Eka-aluminum, 195
Eka-boron, 195, 196
Eka-silicon, 195, 196
Electricity, 113, 143, 162, 164, 165, 189,
204, 220, 223
static, 164, 165
Electrochemistry, 162, 164-169, 199, 217
Electrode, 167, 168
Electrolysis, 165-168, 181, 190
Electrolytes, 208-210
Electromotive force, 209
Electron, 222-225, 227
Electrum, see Asem
Elementa chymia, 123
Elements, 21-24, 27, 28, 42, 54, 55, 66,
97, 105, 114-116, 119, 121, 122, 124,
130, 131, 145, 146, 155, 156, 158, 159,
162, 190, 192, 194-196, 220
Cartesian, 112, 113
five, 107, 108
transmutation of, 24, 25, 27, 28, 35, 36,
39, 41-45, 57, 58, 65, 67-70, 81, 82,
87, 91, 96, 99, 110, 115, 116, 139, 140,
- 226, 230
Elixir, see Philosopher’s stone
Emerald Tablet, 80
Encheria, 99
Encyclopedias, chemical, 127, 128
Energy, 22, 124, 161, 200, 202-204, 232,
236, 287
atomic, 227
of activation, 201
England, 121, 170, 215, 217, 234
Entropy, 204, 205
Enzymes, 107, 234, 235, 240
Epinephrine, see Adrenaline
Equations, chemical, 102, 146, 147, 159
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Equilibrium, dynamic, 200, 201
heterogeneous, 205

Equivalents, 128, 151, 157-159, 167, 175,
179, 183, 193

Eridu, 6, 7

Essai. de statique chimique, 152

Esterification, 201

Ethane, 181, 182

Ether, 28, 113, 124

Ether, ethyl, 172, 175, 176, 182, 202

Etherin radical, 176

Ethyl chloride, 104, 175, 182, 186

Ethyl iodide, 181

Ethyl radical, 176, 181

Ethylene, 175, 176, 186

Eudiometer, 136

Exhalations, smoky and vaporous, 29, 70,
85, 120

Experimental method, 16, 17, 22, 26, 27,
34, 35, 117, 126

Experiments upon Magnesia Alba, 133

Explosives, 170

Faraday’s Law, 167, 169
Fats, composition of, 173, 174
in the diet, 233, 235-237
Ferme general, 138, 139
Ferments, 107, 202, 230, 235
Fertilizers, 234
Feudalism, 74, 78, 79
Fire, 1, 5, 36, 115, 119, 124, 125, 142
as an element, 19, 21-25, 27, 28, 35, 36,
66, 97, 105
Firecrackers, 78
Fixed air, see Carbon dioxide
Fluorine, 190
Foods, 232, 233, 235-238
Form, 23, 24, 26, 27, 41, 110, 111
Formic acid, 152
Formulas, chemical, 157, 159-162, 191
France, 121, 131, 139, 148, 170, 213-217
Free energy, 206
Freezing point depression, 207
Freiberg, 78
Fugacity, 210
Fulminic acid, 175
Fumaric acid, 187
Furni novi philosophici, 103
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Galena, 95
Gallium, 195
Gamma rays, 224
Gas sylvestre, 106, 133
Gases, 35, 36, 106, 111, 125, 199
chemistry of, 119, 131-135, 140, 141,
154, 157, 158
composition of, 106
inert, 196, 197
Gastric juice, 234
Gay-Lussac tower, 170
Gazzeta chimica italiana, 217
Gems, 80, 95
Genoa, 191
Geographical discoveries, 84, 91
Geology, 94, 139, 227
Geometry, 18
Germanium, 196
Germany, 94, 121, 130, 131, 184, 214-218
Giessen, 215
Glands, endocrine, 239
Glass, 7, 9, 76, 139
Glauber’s salt, see Sodium sulfate
Glazes, 7-9, 38, 39
Glycerol, 132, 174
Glycogen, 236
Gnosticism, 37, 46
Gold, 6, 7, 14, 25, 26, 29, 39, 4146, 53,
55-58, 65, 67, 70, 85, 86, 94, 104, 116,
122
Great Book of Distillation, 93
Great Book of the Garden, 69
Greek fire, 75, 79
Gunpowder, 78, 79, 120
Gypsum, 139

Halogens, 177, 190, 192
Handbook of Organic Chemistry, 178
Harmony, 19, 23, 24
Harvard, 226
Heat, 112, 113, 115, 124, 180, 143, 146,
147, 161, 164, 168, 200, 204
animal, 143, 147
as a quality, 18, 19, 21, 27, 28, 30, 65,
66
latent, 124, 184
specific, 134, 157
Heat capacity, 203
Heat of reaction, 205 -
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Heat theorem, 205

Hegira, 49

Hellenism, 33, 34, 48

Helium, 197, 224

Holland, 217

Homoiomeria, 28, 29

Homology, 185

Hormones, 239, 240

sex, 239

House of Wisdom, 51

Hsien, 56

Huai-nan-tzu, 55

Humors, four, 30

Humus theory, 232, 234

Hydriodic acid, 161

Hydrocarbons, 182

Hydrochloric acid, 77, 86, 99, 104, 151,
152, 161, 234

Hydrofluoric acid, 131, 152

Hydrogen, 106, 131, 134, 135, 143, 144,
153-155, 157-159, 162, 165, 168, 169,
173, 174, 176-178, 182, 185, 191, 202,
210

Hydrogen chloride, 136, 157, 182

Hydrogen chloride type, 182

Hydrogen cyanide, 132, 161, 174

Hydrogen sulfide, 161

Hydrogen type, 182

Hydrometer, 159

Iatrochemistry, 88, 89, 97, 98, 101, 103,

107, 108, 202, 230
in India, 60

Immortality, 56~58

India, 4, 32, 33, 49, 50, 60

Indicators, 104, 115

Induction, electromagnetic, 167

Industrial Revolution, 215

Industry, chemical, 78, 170, 203, 214-216,
218

Inflammable air, see Hydrogen

Insulin, 239, 240

Intermediates, organic, 216, 218

Internationalism, 170, 219

Invention of Verity, 85

Investigation of Perfection, 85

Invisible College, 117

Iodine, 174, 178, 192, 194, 196, 225

Ion, 167, 208, 209, 222
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Ionia, 17, 18
Tonic theory, 162, 208, 209, 221, 222
Tonium, 225, 226
Tosis, 42
Iron, 5-7, 14, 29, 67, 96, 99, 111, 135, 192
Isma‘iliya, 64, 68
Isodynamic Law, 237
Isomerism, 175
cis-trans, 187
optical, 187
Isomorphism, 157
Isotopes, 194, 226, 227
Italy, 76, 78, 79, 94

Jabir Corpus, 63-67, 69, 80, 85
Jahresbericht iiber die Fortschritte der
physischen Wissenschaft, 169

Jardin du Roi, 108, 116

Java, 237

Joachimsthal, 223

Johns Hopkins University, 218

Journals, chemical, 147, 148, 214, 217

scientific, 117, 142, 144, 147

Journal of the American Chemical
Society, 217

Journal of the Chemical Society, 217

Journal of General Chemistry, 217

Journal of the R Chemical S
217

Judaism, 37

Jundi-Shapur, 49-51

fety,

Karlsruhe, Congress of, 191

Kazan, 218

Ketones, 183

Khalifate, 50, 63

Kinetics, chemical, 199-201, 203, 204,
206, 210

Krasis, 19, 29

Krypton, 197

Laboratories, chemical, 99, 103

Lactic acid, 132, 234

Lapidaries, 80

Lapis lazuli, 7, 67

Latin translations, 76, 79, 80, 84
Lattice, crystal, 153

Lead, 7, 14, 30, 45, 53, 67, 70, 86, 142, 226
Leblanc process, 170, 214
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Lehrbuch der allgemeinen Chemie, 217

Leiden, 123

Leiden jar, 164

Leiden Papyrus, 38, 39, 41, 43, 68, 74, 75

Lemon juice, 69, 238

Leucosis, 42, 43

Light, 113, 124, 130, 143, 146, 164, 168,
210

Lighting, municipal, 140

Lightning, 120

Lime, 39, 44, 68, 133, 134, 151, 152

List of Various Arts, 76

Litharge, 45, 86

Little Book of Distillation, 92

London, 117

Love, 22, 104

Lydia, 18

Macrocosm, 14, 21, 41, 46, 64, 96, 230

Madrid, 151

Magic, 8, 9, 87, 38, 46, 55, 57, 59, 88

Magistery, 85, 99

Maleic acid, 187

Magnesia, 138, 151, 152

Magnesium, 167, 189, 196

Magnesium carbonate, 133

Magnetism, 204

Malachite, 6, 67

Malic acid, 132

Manchester, 153, 216, 222, 224, 225

Manganese, 131, 192

Manichaeanism, 37

Mappae Clavicula, 76

Markovnikov’s Rule, 186

Mass action, 152, 153, 201, 209

Mass spectrograph, 226

Mathematics, 3, 17, 34, 79, 150, 151, 188

Mauve, 216

Mazdaism, 48

Mecca, 49

Medicine, 19, 30, 49, 69, 79, 80, 88, 89,
96, 97, 221

Medina, 49

Melanosis, 42, 43, 45

Melting point determination, 174

Mémoires, Academie des sciences, 142,
144, 147

Mephitic air, see Nitrogen

Mercuric oxide, 136, 142
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Mercuric sulfate, 102
Mercurius calcinatus, see Mercuric oxide
Mercury, 28, 43-45, 53, 58, 67, 69, 103,
134, 135, 142, 158, 167, 184, 220; see
also Sulfur-mercury theory
Mercury, calcination of, 71
Mercury pump, 221
Merv, 50, 60
Mesopotamia, 3-10, 12-14, 18, 32, 83, 37,
49, 53
Metabolism, 227, 236, 237, 240
Metalepsy, see Substitution
Metals, 104, 125, 131, 200
association with gods, 7
association with planets, 14, 43, 46, 95
nature of, 25, 29, 43, 65, 85-87, 122
Metallo-organic compounds, 184
Metallurgy, 5-7, 9, 39, 41, 45, 53, 76, 86,
93-96, 99, 103, 122, 216
Meteorologica, 29, 230
Meteorology, 154
Méthode de nomenclature chimique,
145, 148
Methyl radical, 176, 181, 183
Mica, 67, 69
Microanalysis, 173
Microcosm, 14, 21, 41, 46, 64, 96, 230
Micrographia, 120
Miletos, 17, 19
Milk, sour, 69
Mining, 89, 93-96
Minium, 102
Mixis, 28, 29
Mixts, 122
Modernen Theorien der Chemie, 192, 193
Mofette, see Nitrogen
Mohammedanism, 49, 60
Moisture, as a quality, 19, 21, 27, 28, 30,
65, 66
Molecular weight, 156, 179, 192, 208
Molecules, 156, 158, 179, 191, 192, 201
Molybdenum, 131
Mongols, 78
Monophysites, 48
Montreal, 224
Mosaic gold, 57, 58
Motion, 19, 21, 112-115, 146
Munich, 226
Muriatic acid, see Hydrochloric acid

SUBJECT INDEX

Murium, 161

Museum, 34

Mysticism, 34, 37, 46, 47, 56, 59, 63, 70,
71, 82, 84, 85, 87, 92, 96, 97, 107, 117,
121

Naphthalene, 177

Nature, 17

Natures, see Qualities

Neon, 197, 226

Neoplatonism, 37, 46, 47

Nestorianism, 48-51, 60

New Experiments Physicomechanical,
Touching the Spring of the Air, 113

New System of Chemical Philosophy,
155, 156

Nicholson’s Journal, 165

Nickel, 131

Nineveh, 8

Nisibis, 48-50

Niter, spirit of, 120

Nitric acid, 77, 78, 86, 104, 185, 144, 151,
152, 177

Nitric oxide, 135, 136

Nitrogen, 131, 135, 142, 143, 153155, 157,
165, 169, 173, 174, 184, 187, 196, 197

Nitrogen oxides, 106, 202

Nitrous air, see Nitric oxide

Nobel Prize, 226

Nomenclature, alchemical, 46, 47, 56,
144

chemical, 182, 144, 145, 152, 159
electrical, 167

Nous, 21, 22

Novum Lumen Chymicum, 120

Nucleus theory, 178, 179

Numerology, 13, 64, 6668

Nutrition, 147, 232, 235, 236, 240

Niitzliches Bergbiichlein, 93, 94

Octaves, law of, 193

Olive oil, 233

On Alums and Salts, 80

On the Colors and Arts of the Romans,
76

Onyx, 67

Optics, 116

Opus Majus, 78

Origin of Forms and Qualities, 114
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Osmotic pressure, 207, 208

Oxalic acid, 152, 156

Oxford, 117

Oxides, metallic, 104, 115, 120, 122, 123,
125, 142, 143, 146, 189

Oxygen, 123, 131, 135-137, 142-147, 154,
155, 157, 158, 160, 161, 165, 168, 169,
172-174, 176, 183-185, 196, 202, 231,
236, 287

Oxyhydrogen blowtorch, 218

Painting, 76
Pancreatic juice, 235
Pao-p’u-tzu, 57, 59
Paracelsans, 97-99, 108
Paris, 108, 117, 142, 145, 177, 185, 214,
215
Pavia, 165
Pearls, 67
Pellagra, 238
Pepsin, 234
Perfume, 94, 218
Periodic Law, 193-196, 225, 226
Persia, 32, 37, 48-50, 59, 60, 62, 65, 70
Pharmacists as chemists, 88, 101, 102,
107, 113, 172
Pharmacopoeia Spagyrica, 103
Pharmacy, 99
Phase Rule, 205, 206
Phenol, 177
Phenyl radical, 177
Philadelphia, 217, 218
Philosopher’s stone, 43, 57, 58, 65, 67, 72,
85, 87, 88, 202, 230
Philosophy, 3, 4
Aristotelian, 13, 26-30, 35, 40, 41, 46,
48, 65, 70, 80, 81, 88, 97, 105, 110,
111, 114, 116
Chinese, 53
Epicurean, 37, 110, 112
Greek, 16-19, 21-24, 32, 34-36, 119
mechanical, 112-114, 116, 121
Platonic, 24-27, 87, 42, 112
Stoic, 36, 41, 66
Phlegm, as an element, 107
Phlogiston, 121-124, 132, 135-138, 143—
146
weight of, 123-125
Phosphoric acid, 141, 152, 161, 162
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Phosphorus, 115, 158, 184
combustion of, 140, 141, 143
Photochemistry, 199, 210
Photosynthesis, 136, 231, 232
Physica et Mystica, 44
Physicians, 102, 172
as chemists, 68, 88, 95, 96, 101, 230
Physicists, 102, 121, 139, 161, 164, 169
171, 188-190, 200, 203206, 209, 220,
226, 227
Physics, 3, 113, 125, 145, 150, 169-171,
188, 199, 220, 221, 227, 236
Greek, 18
of contraries, 19, 21, 27, 28, 168
Physiologists, 231, 232, 234
Physiology, 230, 231
Pitchblende, 223, 224
Plaster of Paris, 139
Platinum, 131, 187, 202
Platinum metals, 190, 192
Pneuma, 36, 41, 77
Pneumatic chemistry, 106
Pneumatic trough, 132, 133, 135
Pneumatics, 34, 111
Polar compounds, 169, 227
Polarized light, 187
Polonium, 223
Polypeptides, 236
Porcelain, 53
Potash, 146, 151, 152, 156
Potassium, 158, 167, 168, 190
Potassium acetate, 181
Potassium carbonate, 76, 104, 106, 133
Potassium chlorate, 173
Potassium oxalate, 156
Potassium oxide, 168
Potassium sulfate, 168
Potassium uranium sulfate, 223
Prague, 226
Precious New Pearl, 86
Priests, 2, 7, 10
Primal matter, 12, 19, 21, 26, 27, 41, 65,
66, 110, 159, 233
Principia, 145
Principle of the Balance, 66
Principles of Chemistry, 193
Printing, 84, 91, 92
Probierbiichlein, 93, 94
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Proportions, constant, 102, 105, 151-153,

155, 178
multiple, 153, 155, 156

Proteins, 227, 233, 235-237

Prout’s hypothesis, 159, 191, 226, 233

Ptolemaic dynastry, 33, 34

Ptyalin, 234

Purines, 236

Pyrites, 95

Qualities, 27, 28, 30, 65, 66, 76, 110, 111
occult, 110, 113, 114, 116, 125, 146
Quantitative method, 71, 88, 94, 95, 105,

108, 119, 128, 130, 185, 139, 140, 150,
161
Quantum theory, 225
Quaternary ammonium salts, 182
Quintessence, 28, 77, 89

Racemic acid, 175
Radicals, 162, 173-176, 178, 179, 181, 184
derived, 177
fundamental, 177
Radioactivity, 213, 223-227
Radiochemistry, 217
Radium, 224
Radon, 197, 224
Rare earths, 190, 196
Reaction, order of, 200, 201
rate of, 128, 200, 202
Recherches chimiques sur la végétation,
232
Recherches chimiques sur les corps gras,
174
Recherches sur les lois de Paffinité, 152
Red precipitate, see Mercuric oxide
Research, 215, 216, 218, 219
Residues, theory of, 178, 179
Respiration, 135, 142, 143, 147, 231, 236,
237
Respiratory quotient, 236
Revolution, French, 139
Rice, polished, 237, 238
Rickets, 238
Rome, 36
Rosenhut, 93
Royal Institution, 166, 167
Royal Society, 117, 165
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Rubidium, 190
Russia, 186, 217, 218

Safety lamp, 170
Sage’s Step, T1
St. Petersburg, 205, 218
Sal ammoniac, 65, 67, 69, 70, 72, 77, 86;
se¢ also Ammonium chloride
Sal mirabile, see Sodium sulfate
Salerno, 76
Saliva, 234, 235
Salt, as an element, 97, 107
Saltpeter, 75, 77-79, 85, 104
Salts, 68-70, 94-96, 98, 103, 104, 108, 145,
151, 169, 208
composition of, 104, 117, 132, 157
Sand, 105
Saponification, 174
Scandinavia, 217
Scandium, 195
Sceptical Chymist, 114
Science, arabic, 26, 71
Greek, 3, 15-17
Hellenistic, 17, 26, 41
history of, 3, 4
medieval, 17, 26
physical, 17
renaissance, 17
primitive, 3, 5
Western, 3, 4, 92
Scotland, 132, 185
Scurvy, 233, 238
Secretin, 239
Selenite, 44
Selenium, 156, 187, 192
Seleucia on the Tigris, 8, 88
Seleucid empire, 33, 49
Shells, 67
Sicily, 79, 80
Siderite, 45
Silicon, 156, 189, 195
Silver, 6, 7, 14, 39, 42, 48, 53, 65, 67, 70,
86, 94, 122, 158, 165
Silvery Water and Starry Earth, 63
Smiths, 7
Soaps, 174
Societies, chemical, 215-217
American, 215, 217
English, 216, 217
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Societies, French, 217

German, 215, 217

Italian, 217

Russian, 217

scientific, 117

Soda, 146, 151, 152, 170
Soda water, 135
Sodium, 158, 167, 189, 190
Sodium carbonate, 68, 89, 133
Sodium chloride, 76, 85, 89, 99
Sodium sulfate, 104
Solution, 124, 152, 153, 207, 208
Solution pressure, 209
South America, 131
Spain, 49, 50, 71, 79
Specific dynamic action, 287
Spectra, 220
Spectroscope, 190
Speyer, 185
Stannic sulfide, 57, 58
Starch, 202, 235
Steam engine, 35, 134, 204
Stearic acid, 174
Steric hindrance, 187
Stereochemistry, 186, 187
Stockholm Papyrus, 38, 39, 41, 42, 74,

75

Stoichiometry, 151

Stones, 29, 68, 69, 95

Strain theory, 187

Strife, 22, 104

Strontia, 131, 152, 156

Strontium, 167, 192

Structure, atomic, 197, 207, 224227

chemical, 156, 179, 181-187, 210, 227

Substitution, 177

Succinic acid, 152

Suction, 113

Sugar, 49, 131, 146, 155, 170, 172, 187,
200, 208, 214, 233, 235

Sulfur, 28, 39, 43, 44, 46, 66-68, 78, 86,
99, 104, 119, 120, 158, 164, 168, 187,
192, 202; see also Sulfur-mercury
theory

combustion of, 140, 141, 143

Sulfur dioxide, 106, 136

Sulfur-mercury theory, 28, 65, 70, 72, 81,
85-87, 92, 97, 120

Sulfur trioxide, 168
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Sulfur water (calcium polysulfide), 39,
43, 68 )

Sulfuric acid, 77, 86, 99, 104, 141, 151,
152, 202

Sum of Perfection, 85

Sweden, 130

Symbolism, alchemical, 46, 47, 126

Symbols, chemical, of Berzelius, 159, 160,

161

of Dalton, 155

Syntagma, 99

Synthesis, 28

Synthesis, organic, 173, 187, 231

Syria, 4, 13, 18, 48, 49, 62

Syriac translations, 49, 51, 60, 79

System of Chemistry, 155

Tabula Chemica, 80
Tao, 55
Tao Te Ching, 54
Taoism, 54, 55, 58, 59, 71
Tartar, see Potassium carbonate
Tartaric acid, 152, 175, 187
Tautomerism, 186
Technology, ancient, 3, 4, 9, 10
Byzantine, 74-76
Chinese, 53
Egyptian, 34, 37-41
Western, 76, 89, 91, 92, 99, 172
Telluric helix, 193
Tellurium, 131, 192, 194, 196, 225
Temperature, 134, 199
Ternary compounds, 155, 156, 168
Teutschlands Wohlfahrt, 103
Textiles, 216
Thermochemistry, 124, 203-205, 237
Thermodynamics, 134, 199, 203-207, 210,
227
Thierchemie, 233
Thorium, 189, 197, 223-226
Thunder, 120
Thyroxin, 239, 240
Timaeus, 17, 24, 26, 42, 230
Tin, 6, 7, 14, 29, 39, 43, 57, 58, 67, 185,
142, 165
Tin tetrachloride, 99
Ting, 59
Titania, 131
Titanium, 156, 189
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Traité élémentaire de chimie, 145-147

Transmutation, see Elements, transmuta-
tion of

Transport numbers, 209

Treatise on Ores and Assaying, 94

Tria prima theory, 97, 98, 107, 114, 116
121

Triads, 192

Trichloroacetic acid, 178

Triple bond, 186

Triumphal Chariot of Antimony, 98

Trypsin, 235

Ts'an t'ung ch’i, 56

Tungsten, 131

Turba Philosophorum, 63, 80

Turquoise, 67

Two-volume system, 178

Types, theory of, 178, 182

Tyrocinium Chymicum, 102

Umayyad dynasty, 50, 62
Unitary theory, 178, 179

United States, 145, 186, 197, 218
Universities, 84

Ur, 6

Uranium, 197, 223-226

Urea, 173, 231

Vacuum, 21, 28, 35, 36, 110-113, 120, 199,
220-222

Vacuum tube, 220, 221, 223

Valence, 184, 195

Vapor, 106

Vapor pressure, 208

Vinegar, 69, 89, 102

Vitalism, 173, 185, 231, 234, 235

Vitamins, 238
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Vitriols, 67, 68, 70, 76, 77, 85, 99, 102
Voltaic pile, 165
Volumes, combining, 157

Water, as an element, 18, 19, 21-25, 27,
28, 35, 36, 66, 88, 105, 121, 139
composition of, 140, 143, 144, 154, 155,
157, 158
decomposition of, 165
Water clock, 22, 35
Water controversy, 144
Water glass, 105
Water type, 182, 183
Willow tree experiment, 105
Wine, 76, 89, 111
Work, 199
maximum, 205, 206
muscular, 236, 237
Wu Chén P’ien, 59

X-rays, 221, 228, 224, 227
Xanthosis, 42-44
Xenon, 197
Xerophthalmia, 233

Yale, 205, 225, 235
Yang, 54-56
Yeast, 235

Yin, 54-56
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Physics: The Pioneer Science, Lloyd W. Taylor. Very thorough non-mathe-
matical survey of physics in a historical framework which shows development of
ideas. Easily followed by laymen; used in dozens of schools and colleges for
survey courses. Richly illustrated. Volume 1: Heat, sound, mechanics. Volume 2:
Light, electricity. Total of 763 illustrations. Total of cvi + 847pp.

60565-5, 60566-3 Two volumes, Paperbound 5.50

THE RiSE oF THE NEW PHysICS, A. d’Abro. Most thorough explanation in print
of central core of mathematical physics, both classical and modern, from Newton
to Dirac and Heisenberg. Both history and exposition: philosophy of science,
causality, explanations of higher mathematics, analytical mechanics, electromag-
netism, thermodynamics, phase rule, special and general relativity, matrices. No
higher mathematics needed to follow exposition, though treatment is elementary
to intermediate in level. Recommended to serious student who wishes verbal
understanding. 97 illustrations. Total of ix + 982pp.

20003-5, 20004-3 Two volumes, Paperbound $5.50

INTRODUCTION TO CHEMICAL PHYsICS, John C. Slater. A work intended to bridge
the gap between chemistry and physics. Text divided into three parts: Thermo-
dynamics, Statistical Mechanics, and Kinetic Theory; Gases, Liquids and Solids;
and Atoms, Molecules and the Structure of Matter, which form the basis of the
approach. Level is advanced undergraduate to graduate, but theoretical physics
held to minimum. 40 tables, 118 figures. xiv 4 522pp.

62562-1 Paperbound $4.00

Basic THEORIES OF PHYsICS, Peter C. Bergmann. Critical examination of im-
portant topics in classical and modern physics. Exceptionally useful in examining
conceptual framework and methodology used in construction of theory. Excellent
supplement to any course, textbook. Relatively advanced.

Volume 1. Heat and Quanta. Kinetic hypothesis, physics and statistics, stationary
ensembles, thermodynamics, early quantum theories, atomic spectra, probability
waves, quantization in wave mechanics, approximation methods, abstract quantum
theory. 8 figures. x + 300pp. 60968-5 Paperbound $2.00
Volume 2. Mechanics and Electrodynamics. Classical mechanics, electro- and
magnetostatics, electromagnetic induction, field waves, special relativity, waves,
etc. 16 figures, viii 4+ 260pp. 60969-3 Paperbound $2.75

FOUNDATIONS OF Puysics, Robert Bruce Lindsay and Henry Margenau. Methods
and concepts at the heart of physics (space and time, mechanics, probability,
statistics, relativity, quantum theory) explained in a text that bridges gap between
semi-popular and rigorous introductions. Elementary calculus assumed. *‘Thorough
and yet not over-detailed,” Nature, 35 figures. xviii + 537 pp.

60377-6 Paperbound $3.50
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FUNDAMENTAL FORMULAS OF PHYysIcs, edited by Donald H. Menzel. Most use-
ful reference and study work, ranges from simplest to most highly sophisticated
operations. Individual chapters, with full texts explaining formulae, prepared by
leading authorities cover basic mathematical formulas, statistics, nomograms, phys-
ical constants, classical mechanics, special theory of relativity, general theory of
relativity, hydrodynamics and aerodynamics, boundary value problems . in mathe-
matical physics, heat and thermodynamics, statistical mechanics, kinetic theory of
gases, viscosity, thermal conduction, electromagnetism, electronics, acoustics, geo-
metrical optits, physical optics, electron optics, molecular spectra, atomic spectra,
quantum mechanics, nuclear theory, cosmic rays and high energy phenomena,
patticle accelerators, solid state, magnetism, etc. Special chapters also cover phys-
ical chemistry, astrophysics, celestian mechanics, meteorology, and biophysics. In-
dispensable part of library of every scientist. Total of xli -+ 787pp.

60595-7, 60596-5 Two volumes, Paperbound $5.00

INTRODUCTION TO EXPERIMENTAL Puysics, William B. Fretter. Detailed cover-
age of techniques and equipment: measurements, vacuum tubes, pulse circuits,
rectifiers, oscillators, magnet design, particle counters, nuclear emulsions, cloud
chambers, accelerators, spectroscopy, magnetic resonance, x-ray diffraction, low
temperature, etc. One of few books to cover laboratory hazards, design of explora-
tory experiments, measurements. 298 figures. xii + 349pp.

(EUK) 61890-0 Paperbound $2.50

CONCEPTS AND METHODS OF THBORETICAL PHysIcs, Robert Bruce Lindsay.
Introduction to methods of theoretical physics, emphasizing development of phys-
ical concepts and analysis of methods, Part 1 proceeds from single particle to
collections of particles to statistical method. Part II covers application of field
concept to material and non-material media. Numerous exercises and examples.
76 illustrations. x + 515pp. 62354-8 Paperbound $4.00

AN ELEMENTARY TREATISE ON THEORETICAL MECHANICS, Sir James Jeans.
Great scientific expositor in remarkably clear presentation of basic classical material:
rest, motion, forces acting on particle, statics, motion of particle under variable
force, motion of rigid bodies, coordinates, etc. Emphasizes explanation of funda-
mental physical principles rather than mathematics or applications. Hundteds of
problems worked in text. 156 figures. x + 364pp.  61839-6 Paperbound $2.50

THEORETICAL MECHANICS: AN INTRODUCTION TO MATHEMATICAL PHysICs,
Joseph S. Ames and Francis D. Murnaghan. Mathematically rigorous introduction
to vector and tensor methods, dynamics, harmonic vibrations, gyroscopic theory,
principle of least constraint, Lorentz-Einstein transformation. 159 problems; many
fully-worked examples. 39 figures. ix +- 462pp. 60461-6 Paperbound $3.00

THE PRINCIPLE OF RELATIVITY, Albert Einstein, Hendrick A. Lorentz, Hermann
Minkowski and Hermann Weyl. Eleven original papers on the special and general
theoty of relativity, all unabridged. Seven papets by Einstein, two by Lorentz, one
each by Minkowski and Weyl. “A thrill to read again the original papers by these
giants,” School Science and Mathematics. Translated by W. Perret and G. B.
Jeffery. Notes by A. Sommerfeld. 7 diagrams. viii 4+ 216pp.

60081-5 Paperbound $2.00
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EINSTEIN'S THEORY OF RELATIVITY, Max Born. Relativity theoty analyzed, ex-
plained for intelligent layman or student with some physical, mathematical back-
groynd. Includes Lorentz, Minkowski, and others. Excellent verbal account for
teachers. Generally considered the finest non-technical account. vii 4 376pp.
60769-0 Paperbound $2.50

PHYSICAL PRINCIPLES OF THE QUANTUM THEORY, Werner Heisenberg. Nobel
Laureate discusses quantum theory, uncertainty principle, wave mechanics, work
of Dirac, Schroedinger, Compton, Wilson, Einstein, etc. Middle, non-mathe-
matical level for physicist, chemist not specializing in quantum; mathematical
appendix for specialists. Translated by C. Eckart and F. Hoyt. 19 figures. viii
<+ 184pp. 60113-7 Paperbound $2.00

PrINCIPLES OF QUANTUM MECHANICS, William V. Houston. For student with
working knowledge of elementary mathematical physics; uses Schroedinger’s wave
mechanics. Evidence for quantum theory, postulates of quantum mechanics, appli-
cations in spectroscopy, collision problems, electrons, similar topics. 21 figures.
288pp. 60524-8 Paperbound $3.00

ATOMIC SPECTRA AND ATOMIC STRUCTURE, Gerhard Herzberg. One of the best
introductions to atomic spectra and their relationship to structure; especially suited
to specialists in other ficlds who require a comprehensive basic knowledge, Treat-
ment is physical rather than mathematical. 2nd edition. Translated by J. W. T.
Spinks. 80 illustrations, xiv + 257pp. 60115-3 Paperbound $2.00

AToMIC PHysICS: AN AToMIC DESCRIPTION OF PHYSICAL PHENOMENA, Gaylord
P. Harnwell and William E. Stephens. One of the best introductions to modern
quantum ideas. Emphasis on the extension of classical physics into the realms of
atomic phenomena and the evolution of quantum concepts. 156 problems. 173
figures and tables. xi 4 401pp. 61584-7 Paperbound $2.50

ATtoMS, MOLECULES AND QUANTA, Arthur E. Ruark and Harold C. Urey. 1964
edition of work that has been a favorite of students and teachers for 30 years.
Origins and major experimental data of quantum theory, development of concepts
of atomic and molecular structure prior to new mechanics, laws and basic ideas
of quantum mechanics, wave mechanics, matrix mechanics, general theory of
quantum dynamics. Very thorough, lucid presentation for advanced students. 230
figures. Total of xxiii 4 810pp.

61106-X, 61107-8 Two volumes, Paperbound $6.00

INVESTIGATIONS ON THE THEORY OF THE BROWNIAN MoVEMENT, Albert Ein-
stein. Five papers (1905-1908) investigating the dynamics of Brownian motion
and evolving an elementary theory of interest to mathematicians, chemists and
physical scientists. Notes by R. Fiirth, the editor, discuss the history of study of
Brownian movement, elucidate the text and analyze the significance of the papers.
Translated by A. D. Cowper. 3 figures. iv 4 122pp.

60304-0 Paperbound $1.50
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MATHEMATICAL FOUNDATIONS OF STATISTICAL MEecHANICS, A. 1. Khinchin,
Introduction to modern statistical mechanics: phase space, ergodic problems, theory
of probability, central limit theorem, ideal monatomic gas, foundation of thermo-
dynamics, dispersion and distribution of sum functions. Provides mathematically
rigorous treatment and excellent analytical tools. Translated by George Gamow.
viii -4 179pp. 60147-1 Paperbound $2.00

INTRODUCTION TO PHYSICAL StATisTICS, Robert B. Lindsay. Elementary prob-
ability theory, laws of thermodynamics, classical Maxwell-Boltzmann statistics,
classical statistical mechanics, quantum mechanics, other areas of physics that can
be studied statistically. Full coverage of methods; basic background theory. ix
-+ 306pp. 61882-X Papetbound $2.75

DraLoGUEs CONCERNING Two NEwW Sciences, Galileo Galilei. Written near the
end of Galileo’s life and encompassing 30 years of experiment and thought, these
dialogues deal with geometric demonstrations of fracture of solid bodies, cohesion,
leverage, speed of light and sound, pendulums, falling bodies, accelerated motion,
etc. Translated by Henry Crew and Alfonso de Salvio, Introduction by Antonio
Favaro. xxiii + 300pp. 60099-8 Paperbound $2.25

FOUNDATIONS OF SCIENCE: THE PHILOSOPHY OF THEORY AND EXPERIMENT,
Norman R. Campbell, Fundamental concepts of science examined on middle level:
acceptance of propositions and axioms, presuppositions of scientific thought, scien-
tific law, multiplication of probabilities, nature of experiment, application of math-
ematics, measurement, numerical laws and theories, error, etc. Stress on physics,
but holds for other sciences. “"Unteservedly recommended,” Nature (England).
Formerly Physics: The Elements. ix + 565pp. 60372-5 Papethound $4.00

THE PHASE RULE AND ITs APPLICATIONS, Alexander Findlay, A. N. Campbell
and N. O. Smith. Findlay's well-known classic, updated (1951). Full standard
text and thorough reference, particularly useful for graduate students. Covers
chemical phenomena of one, two, three, four and multiple component systems.
“Should rank as the standard work in English on the subject,” Nature. 236 figures.
xii - 494pp. 60091-2 Paperbound $3.50

THERMODYNAMICS, Enrico Fermi. A classic of modern science. Clear, organized
treatment of systems, first and second laws, entropy, thermodynamic potentials,
8aseous reactions, dilute solutions, entropy constant. No math beyond calculus is
needed, but readers are assumed to be familiar with fundamentals of thermometry,
calorimetry. 22 illustrations. 25 problems. x 4 160pp.

60361-X Paperbound $2.00

TREATISE ON THERMODYNAMICS, Max Planck. Classic, still recognized as one of
the best introductions to thermodynamics. Based on Planck’s original papers, it
presents a concise and logical view of the entire field, building physical and
chemical laws from basic empirical facts. Planck considers fundamental definitions,
first and second principles of thermodynamics, and applications to special states
of equilibrium. Numerous worked examples. Translated by Alexander Ogg. 5
figures. xiv 4 297pp. 60219-2 Paperbound $2.50
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Microscory FOR CHEMISTS, Harold F. Schaeffer. Thorough text; operation of
microscope, optics, photomicrographs, hot stage, polarized light, chemical pro-
cedures for organic and inorganic reactions. 32 specific experiments cover specific
analyses: industrial, metals, other important subjects. 136 figures. 264pp.
61682-7 Paperbound $2.50

THE ELECTRONIC THEORY OF ACIDS AND Basks, by William F. Luder and Saverio
Zuffanti. Full, newly revised (1961) presentation of a still controversial theory.
Historical background, atomic orbitals and valence, electrophilic and electrodotic
reagents, acidic and basic radicals, titrations, displacement, acid catalysis, etc., are
discussed. xi 4 165pp. 60201-X Paperbound $2.00

OPTICKS, Sir Isaac Newton. A survey of 18th-century knowledge on all aspects
of light as well as a description of Newton’s experiments with spectroscopy, colors,
lenses, reflection, refraction, theory of waves, etc. in language the layman can
follow. Foreword by Albert Einstein. Introduction by Sir Edmund Whittaker.
Preface by I. Bernard Cohen. cxxvi + 406pp. 60205-2 Paperbound $3.50

LiGHT: PRINCIPLES AND EXPERIMENTS, George S. Monk. Thorough coverage, for
student with background in physics and math, of physical and geometric optics.
Also includes 23 experiments on optical systems, iastruments, etc. “Probably the
best intermediate text on optics in the English language,” Physics Forum. 275
figures. xi 4- 489pp. 60341-5 Paperbound $3.50

PIEZOELECTRICITY: AN INTRODUCTION TO THE THEORY AND APPLICATIONS OF
ELECTROMECHANICAL PHENOMENA IN CryYSTALS, Walter G, Cady. Revised 1963
edition of most complete, most systematic coverage of field. Fundamental theory
of crystal electricity, concepts of piezoelectricity, including comparisons of various
current theories; resonators; oscillators; properties, etc., of Rochelle salt; ferro-
electric crystals; applications; pyroelectricity, similar topics. “A great work,”
Nuaiure. Many illustrations. Total of xxx - 840pp.

61094-2, 61095-0 Two volumes, Paperbound $6.00

PHYsICAL OpTICS, Robert W. Wood. A classic in the field, this is a valuable
source for students of physical optics and excellent background material for a
study of electromagnetic theory. Partial contents: nature and rectilinear propaga-
tion of light, reflection from plane and curved surfaces, refraction, absorption and
dispersion, origin of spectra, interference, diffraction, polarization, Raman effect,
optical properties of metals, resonance radiation and fluorescence of atoms, magneto-
optics, electro-optics, thermal radiation. 462 diagrams, 17 plates. xvi 4 846pp.

61808-0 Paperbound $4.25

MIRRORS, PrRiSMS AND LENsEs: A TEXTBOOK oF GEOMETRICAL OPTICS, James
P. C. Southall. Introductory-level account of modern optical instrument theory,
covering unusually wide range: lights and shadows, reflection of light and plane
mirrors, refraction, astigmatic lenses, compound systems, aperture and field of
optical system, the eye, dispersion and achromatism, rays of finite slope, the micro-
scope, much more. Strong emphasis on eatlier, elementary portions of feld, utiliz-
ing simplest mathematics wherever possible. Problems. 329 figures. xxiv -+
806pp. 61234-1 Paperbound $3.75
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THE PSYCHOLOGY OF INVENTION IN THE MATHEMATICAL FIELD, Jacques Hada-
mard. Important French mathematician examines psychological origin of ideas,
role of the unconscious, importance of visualization, etc. Based on own experi-
ences and reports by Dalton, Pascal, Descartes, Einstein, Poincaré, Helmholtz, etc.
xiii 4 145pp. 20107-4 Paperbound $1.50

INTRODUCTION TO CHEMICAL PHysIcs, John C. Slater. A work intended to bridge
the gap between chemistry and physics. Text divided into three parts: Thermo-
dynamics, Statistical Mechanics, and Kinetic Theory; Gases, Liquids and Solids ;
and Atoms, Molecules and the Structure of Matter, which form the basis of the
approach. Level is advanced undergraduate to graduate, but theoretical physics
held to minimum. 40 tables, 118 figures. xiv 4 522pp.

62562-1 Papetbound $4.00

PoLAr MoLECULES, Pieter Debye. Explains some of the Nobel Laureate’s most
important theories on dielectrics, including fundamental electrostatic field relations,
polatization and molecular structure, measurements of polarity, constitution of
simple polar molecules, anomalous dispersion for radio frequencies, electrical
saturation effects, connections with quantum theory, energy levels and wave me-
chanics, rotating molecules. 33 figures. 172pp. 60064-5 Paperbound $2.00

THE CONTINUUM AND OTHER TYPES OF SERIAL OrpER, Edward V. Huntington.
Highly respected systematic account of modern theoty of the continuum as a type
of serial order. Based on the Dedekind-Cantor ordinal theory. Mathematics held
to an elementary level. vii 4 82pp. 60130-7 Paperbound $1.00

CONTRIBUTIONS TO THE FOUNDING OF THE THEORY OF TRANSFINITE NUMBERS,
Georg Cantor. The famous articles of 1895-1897 which founded a new branch of
mathematics, translated with 82-page introduction by P. Jourdain. Not only a
great classic but still one of the best introductions for the student. jx + 211pp.
60045-9 Paperbound $2.00

EssAYs ON THE THEORY oF NumBERs, Richard Dedekind. Two classic essays,
on the theory of irrationals, giving an arithmetic and rigorous foundation; and on
transfinite numbers and properties of natural numbers. Translated by W. W.
Beman. iii 4 115pp. 21010-3 Papetbound $1.50

GEOMETRY OF FOUR DiMENSsIONS, H. P. Manning. Part verbal, part mathematical
development of fourth dimensional geometry. Historical introduction. Detailed
treatment is by synthetic method, approaching subject through Euclidean geometry.
No knowledge of higher mathematics necessary. 76 figures. ix 4 348pp.
60182-X Paperbound $3.00

AN INTRODUCTION TO THE GEOMETRY OF N DiMENSIONS, Duncan M. Y. Som-
metville. The only work in English devoted to higher-dimensional geometry. Both
metric and projective properties of n-dimensional geometry are covered. Covers
fundamental ideas of incidence, parallelism, perpendicularity, angles between linear
space, enumerative geometry, analytical geometry, polytopes, analysis situs, hyper-
spacial figures. 60 diagrams. xvii 4 196pp. 60494-2 Paperbound $1.50
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TaE THEORY OF SOUND, J. W. S. Rayleigh. Still valuable classic by the great
Nobel Laureate. Standard compendium summing up previous research and Ray-
leigh’s original contributions. Covers harmonic vibrations, vibrating systems, vibra-
tions of strings, membranes, plates, curved shells, tubes, solid bodies, refraction of
plane waves, general equations. New historical introduction and bibliography by
R. B. Lindsay, Brown University. 97 figures. Iviii + 984pp.

60292-3, 60293-1 Two volumes, Paperbound $6.00

ELECTROMAGNETIC THEORY: A CRITICAL EXAMINATION OF FUNDAMENTALS,
Alfred O'Rahilly. Critical analysis and restructuring of the basic theories and
ideas of classical electromagnetics. Analysis is carried out through study of the
primary treatises of Maxwell, Lorentz, Einstein, Weyl, etc., which established the
theory. Expansive reference to and direct quotation from these treatises. Formerly
Electromagnetics. Total of xvii 4- 884pp.

60126-9, 60127-7 Two volumes, Paperbound $4.50

ELEMENTARY CONCEPTS OF TOPOLOGY, Paul Alexandroff. Elegent, intuitive ap-
proach to topology, from the basic concepts of set-theoretic topology to the concept
of Betti groups. Stresses concepts of complex, cycle and homology. Shows how
concepts of topology are useful in math and physics. Introduction by David Hilbert.
Translated by Alan E. Farley. 25 figures. iv 4+ 57pp.

60747-X Paperbound $1.25

Tue ELEMENTS OF NON-EUCLIDEAN GEOMETRY, Duncan M. Y. Sommerville.
Presentation of the development of non-Euclidean geometry in logical order, from
a fundamental analysis of the concept of parallelism to such advanced topics as
inversion, transformations, pseudosphere, geodesic representation, relation between
parataxy and parallelism, etc. Knowledge of only high-school algebra and geometry
is presupposed. 126 problems, 129 figures. xvi + 274pp.

60460-8 Paperbound $2.00

NoN-EUCLIDEAN GEOMETRY: A CRITICAL AND HISTORICAL STUDY OF ITs DEVEL-
OPMENT, Roberto Bonola. Standard survey, clear, penetrating, discussing many
systems not usually represented in general studies. Easily followed by non-
specialist. Translated by H. Carslaw. Bound in are two most important texts:
Bolyai's “The Science of Absolute Space” and Lobachevski’s “The Theory of
Parallels,” translated by G. B. Halsted. Introduction by F. Enriques. 181 dia-
grams. Total of 431pp. 60027-0 Paperbound $2.75

ELEMENTS OF NUMBER THEORY, Ivan M. Vinogradov. By stressing demonstra-
tions and problems, this modetn text can be understood by students without ad-
vanced math backgrounds. “A very welcome addition,” Bulletin, American Mathe-
matical Society. Translated by Saul Kravetz. Over 200 fully-worked problems.
100 numerical exercises. viii -+ 227pp. 60259-1 Paperbound $2.50

THEORY OF SETs, E. Kamke. Lucid introduction to theory of sets, surveying dis-
coveries of Cantor, Russell, Weierstrass, Zermelo, Betnstein, Dedekind, etc. Knowl-
edge of college algebra is sufficient background. “‘Exceptionally well written,”
School Science and Mathematics. Translated by Frederick Bagemihl. vii 4 144pp.

60141-2 Paperbound $1.75
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A TREATISE ON THE DIFFERENTIAL GEOMETRY OF CURVES AND SURFACES, Luther
P. Eisenhart. Detailed, concrete introductory treatise on differential geometry, de-
veloped from author’s graduate courses at Princeton University. Thorough explana-
tion of the geometry of curves and surfaces, concentrating on problems most helpful
to studeats. 683 problems, 30 diagrams. xiv - 474pp.

60667-8 Paperbound $2.75

AN EssAy ON THE FOUNDATIONS OF GEOMETRY, Bertrand Russell. A mathe-
matical and physical analysis of the place of the a priori in geometric knowledge.
Includes critical review of 19th-century work in non-Euclidean geometry as well
as illuminating insights of one of the great minds of our time. New foreword by
Motris Kline. xx -4 201pp. 60233-8 Paperbound $2.00-

INTRODUCTION TO THE THEORY OF NuMBERs, Leonard E. Dickson. Thorough,
comprehensive approach with adequate coverage of classical literature, yet simple
enough for beginners. Divisibility, congruences, quadratic residues, binary quad-
ratic forms, primes, least tesidues, Fermat's theorem, Gauss's lemma, and other
important topics. 249 problems, 1 figure. viii + 183pp.

60342-3 Paperbound $2.00

AN ELEMENTARY INTRODUCTION TO THE THEORY OF ProBapILITY, B. V.
Gnedenko and A. Ya. Khinchin. Introduction to facts and principles of probability
theory. Extremely thorough within its range, Mathematics employed held to
elementary level. Excellent, highly accurate layman’s introduction. Translated from
the fifth Russian edition by Leo Y. Boron. xii - 130pp.

60155-2 Paperbound $1.75

SELECTED PAPERS ON NOISE AND STOCHASTIC PROCESSES, edited by Nelson Wax.
Six papers which serve as an introduction to advanced noise theory and fluctua-
tion phenomena, or as a reference tool for electrical engineers whose work involves
noise characteristics, Brownian motion, statistical mechanics. Papers are by Chan-
drasekhar, Doob, Kac, Ming, Ormnstein, Rice, and Uhlenbeck. Exact facsimile of
the papers as they appeared in scientific journals. 19 figures. v + 337pp. 614 x 914.

60262-1 Paperbound $3.00

STATISTICS MANUAL, Edwin L. Crow, Frances A. Davis and Margaret W. Maxfield.
Comprehensive, practical collection of classical and modern methods of making
statistical inferences, prepared by U. S. Naval Ordnance Test Station, Formulae,
explanations, methods of application are given, with stress on use. Basic knowledge
of statistics is assumed. 21 tables, 11 charts, 95 illustrations. xvii + 288pp.
60599-X Paperbound $2.00

MATHEMATICAL FOUNDATIONS OF INFORMATION THEORY, A. I Khinchin. Com-
prehensive introduction to work of Shannon, McMillan, Feinstein and Khinchin,
placing these investigations on a rigorous mathematical basis. Covers entropy
concept in probability theory, uniqueness theorem, Shannon’s inequality, ergodic
sources, the E property, martingale concept, noise, Feinstein's fundamental lemma,
Shanon’s first and second theorems. Translated by R. A. Silverman and M. D.
Friedman. iii 4 120pp. 60434-9 Paperbound $1.75
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INTRODUCTION TO SYMBOLIC LoGIC AND ITs APPLICATION, Rudolf Carnap. Clear,
comprehensive, rigorous introduction. Analysis of several logical languages. In-
vestigation of applications to physics, mathematics, similar areas. Translated by
Wiliam H. Meyer and John Wilkinson, xiv + 214pp.

60453-5 Paperbound $2.25

SymBoLic Logic, Clarence I. Lewis and Cooper H. Langford. Probably the most
cited book in the literature, with much material not otherwise obtainable. Para-
doxes, logic of extensions and intensions, converse substitution, matrix system,
strict limitations, existence of terms, truth value systems, similar material. vii -+
518pp. 60170-6 Papetbound $2.75

VECTOR AND TENSOR ANALYsIS, George E. Hay. Clear introduction ; starts with
simple definitions, finishes with mastery of oriented Cartesian vectors, Christoffel
symbols, solenoidal tensors, and applications. Many worked problems show appli-
cations. 66 figures. viii 4 193pp. 60109-9 Paperbound $2.00

GUIDE TO THE LITERATURE OF MATHEMATICS AND PHYSICS, INCLUDING RELATED
WORKs ON ENGINEERING SCIENCE, Nathan Grier Parke III. This up-to-date
guide puts a library catalog at your fingertips. Over 5000 entries in many languages
under 120 subject headings, including many recently available Russian works.
Citations are as full as possible, and cross-references and suggestions for further
investigation are provided. Extensive listing of bibliographical aids. 2nd revised
edition. Complete indices. xviii + 436pp.

60447-0 Paperbound $2.75

INTRODUCTION TO ELLIPTIC FUNCTIONS WITH APPLICATIONS, Frank Bowman.
Concise, practical introduction, from familiar trigonometric function to Jacobian
elliptic functions to applications in electricity and hydrodynamics. Legendre’s
standard forms for elliptic integrals, conformal representation, etc., fully covered.
Requires knowledge of basic principles of differentiation and integration only.
157 problems and examples, 56 figures. 115pp. 60922-7 Paperbound $1.50

THEORY OF FUNCTIONS OF A COMPLEX VARIABLE, A. R. Forsyth. Standard,
classic presentation of theory of functions, stressing multiple-valued functions and
related topics: theory of multiform and uniform periodic functions, Weierstrass’s
results with additiontheorem functions. Riemann functions and surfaces, algebraic
functions, Schwarz’s proof of the existence-theorem, theory of conformal mapping,
etc. 125 figures, 1 plate. Total of xxviii 4 855pp. 6Y5 X V4.

61378-X, 61379-8 Two volumes, Paperbound $5.00

THEORY OF THE INTEGRAL, Stanislaw Saks. Excellent introduction, covering all
standard topics: set theory, theory of measure, functions with general properties,
and theory of integration emphasizing the Lebesgue integral. Only a minimal back-
ground in elementary analysis needed. Translated by L. C. Young. 2nd revised
edition. xv 4 343pp. 61151-5 Paperbound $3.00

THE THEORY OF FUNCTIONS, Konrad Knopp. Characterized as “an excellent
introduction . . . vemarkably readable, concise, clear, vigorous” by the Journal of the
American Statistical Association college tex:.
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A COURSE IN MATHEMATICAL ANALysis, Edouard Goursat, The entire “Cours
dandlyse” for studenss with one year of calculus, offering an exceptionally wide
range of subject matter on analysis and applied mathematics. Available for the first
time in English. Definitive treatment.

VoLuMe I: Applications to geometry, expansion in series, definite integrals, de-
rivatives and differentials. Translated by Earle R. Hedrick. 52 figures. viii -+
548pp. 60554-X Paperbound $3.00

VoLUME II, ParT I: Functions of a complex variable, conformal representations,
doubly periodic functions, natural boundaries, etc. Translated by Earle R. Hedrick
and Otto Dunkel. 38 figures. x + 259pp. 60555-8 Paperbound $2.25

VOLUME II, ParT II: Differential equations, Cauchy-Lipschitz method, non-linear
differential equations, simultaneous equations, etc. Translated by Earle R. Hedrick
and Otto Dunkel. 1 figure. viii - 300pp. ~ 60556-6 Paperbound $2.50

Vorumr III, PArT I: Variation of solutions, partial differential equations of the
second order. Poincaré's theorem, periodic solutions, asymptotic series, wave
propagation, Dirichlet's problem in space, Newtonian potential, etc. Translated by
Howard G. Bergmann. 15 figures. x 4- 329pp. 61176-0 Paperbound $3.00

VoruME IH, Part H: Integral equations and calculus of variations: Fredholm’s
equation, Hilbert-Schmidt theorem, symmetric kernels, Euler’s equation, transver-
sals, extreme fields, Weierstrass's theory, etc. Translated by Howard G. Bergmann.
Note on Conformal Representation by Paul Montel. 13 figures. xi + 389pp.
61177-9 Paperbound $3.00

ELEMENTARY STATISTICS: WITH APPLICATIONS IN MEDICINE AND THE BIOLOGI-
CAL SCIENCES, Frederick E. Croxton. Presentation of all fundamental techniques
and methods of elementary statistics assuming average knowledge of mathematics
only. Useful to readers in all fields, but many examples drawn from characteristic
data in medicine and biological sciences. vii 4 376pp.

60506-X Paperbound $2.25

ELEMENTS OF THE THEORY oF FUNCTIONS. A general background text that
explores complex numbers, linear functions, sets and sequences, conformal mapping.
Detailed proofs. Translated by Frederick Bagemihl. 140pp.

60154-4 Paperbound $1.50

THEORY OF FUNCTIONS, PART I. Provides full demonstrations, rigorously set
forth, of the general foundations of the theory: integral theorems, series, the
expansion of analytic functions. Translated by Federick Bagemihl. vii - 146pp.

60156-0 Paperbound $1.50

INTRODUCTION TO THE THEORY OF FOURIER’S SERIES AND INTEGRALS, Horatio
S. Carslaw. A basic introduction to the theory of infinite series and integrals, with
special reference to Fourier’s series and integrals. Based on the classic Riemann
integral and dealing with only ordinary functions, this is an important class text.
84 examples. xiii + 368pp. 60048-3 Paperbound $3.00



CATALOGUE OF DOVER BOOKS

AN INTRODUCTION TO FOURIER METHODS AND THE LAPLACE TRANSFORMATION,
Philip Franklin. Introductory study of theory and applications of Fourier series
and Laplace transforms, for engineers, physicists, applied mathematicians, physical
science teachers and students. Only a previous knowledge of elementary calculus
is assumed. Methods are related to physical problems in heat flow, vibrations,
eletcrical transmission, electromagnetic radiation, etc. 828 problems with answers.
Formerly Fourier Methods. x 4+ 289pp. 60452-7 Paperbound $2.50

INFINITE SEQUENCES AND SERIES, Kontad Knopp. Careful presentation of funda-
mentals of the theory by one of the finest modern expositors of higher mathematics.
Covers functions of real and complex variables, arbitrary and null sequences, con-
vergence and divergence. Cauchy’s limit theorem, tests for infinite series, power
seties, numerical and closed evaluation of series. Translated by Frederick Bagemihl.
v -+ 186pp. 60153-6 Paperbound $2.00

INTRODUCTION TO THE DIFFERENTIAL EQUATIONS OF PHysics, Ludwig Hopf.
No math background beyond elementary calculus is needed to follow this classtoom
or self-study introduction to ordinary and partial differential equations. Approach
is through classical physics. Translated by Walter Nef. 48 figures. v + 154pp.

60120-X Paperbound $1.45

DIFFERENTIAL EQUATIONS FOR ENGINEERS, Philip Franklin. For engineers, phys-
icists, applied mathematicians. Theoty and application: solution of ordinary differ-
ential equations and partial derivatives, analytic functions. Fourier series, Abel's
theorem, Cauchy Riemann differential equations, etc. Over 400 problems deal
with electricity, vibratory systems, heat, radio; solutions. Formerly Differential
Equasions for Electyical Engineers. 41 illustrations. vii - 299pp.

60601-5 Paperbound $2.00

THEORY OF FUNCTIONS, PART II. Single- and multiple-valued functions; full pre-
sentation of the most characteristic and important types. Proofs fully worked out.
Translated by Frederick Bagemihl. x + 150pp. 60157-9 Paperbound $1.50

PrROBLEM BOOK IN THE THEORY OF FuNcrioNs, I. More than 300 elementary
problems for independent use or for use with “Theory of Functions, 1. 85pp. of
detailed solutions. Translated by Lipman Bers. viii -4 126pp.

60158-7 Paperbound $1.50

PrROBLEM BOOK IN THE THEORY OF FuNcTions, II. More than 230 problems in
the advanced theory. Designed to be used with “Theory of Functions, II” or with
any comparable text. Full solutions. Translated by Frederick Bagemihl. 138pp.

60159-5 Paperbound $1.50

INTRODUCTION TO THE THEORY OF EQUATIONS, Florian Cajori. Classic intro-
duction by leading historian of science covers the fundamental theories as
reached by Gauss, Abel, Galois and Kronecker. Basics of equation study are
followed by symmetric functions of roots, elimination, homographic and Tschirn-
hausen transformations, resolvents of Lagrange, cyclic equations, Abelian equations,
the work of Galois, the algebraic solution of general equations, and much more.
Numerous exercises include answers. ix 4 239pp.  62184-7 Paperbound $2.75



CATALOGUE OF DOVER BOOKS

INTRODUCTION TO ASTROPHYSICS: THE STARs, Jean Dufay. Best guide to ob-
servational astrophysics in English. Bridges the 8ap between elementary populariza-
tion$ and advanced technical monographs. Covers stellar photometry, stellar spectra
and classification, Hertzsprung-Russell diagrams, Yerkes 2-dimensional classifica-
tion, temperatures, diametets, masses and densities, evolution of the stars. Trans-
lated by Owen Gingerich. 51 figures, 11 tables. xii + 164pp.

(USCO) 60771-2 Paperbound $2.00

INTRODUCTION TO BESSEL FUNCTIONS, Frank Bowman. Full, clear introduction to
properties and applications of Bessel functions. Covers Bessel functions of zero
order, of any order; definite integrals; asymptotic expansions; Bessel’s solution to
Kepler's problem; circular membranes; etc, Math above calculus and fundamentals
of differential equations developed within text. 636 problems. 28 figures. x -
135pp. 60462-4 Paperbound $1.75

DIFFERENTIAL AND INTEGRAL CALCULUS, Philip Franklin. A full and basic intro-
duction, textbook for a two- or three-semester course, or self-study. Covers para-
metric functions, force components in polar coordinates, Duhamel’s theorem,
methods and applications of integration, infinite series, Taylor's series, vectors and
surfaces in space, etc. Exercises follow each chapter with full solutions at back
of the book. Index. xi -} 679pp. 62520-6 Paperbound $4.00

THE EXACT SCIENCES IN ANTIQUITY, O, Neugebauer. Modern overview chiefly
of mathematics and astronomy as developed by the Egyptians and Babylonians.
Reveals startling advancement of Babylonian mathematics (tables for numerical
computations, quadratic equations with two unknowns, implications that Pytha-
gorean theorem was known 1000 years before Pythagoras), and sophisticated
astronomy based on competent mathematics. Also covers transmission of this
knowledge to Hellenistic world. 14 plates, 52 figures. xvii + 240pp.

22332-9 Paperbound $2.50

THE THIRTEEN BOOKS oF EucLip’s ELEMENTS, translated with introduction and
commentary by Sir Thomas Heath. Unabridged republication of definitive edition
based on the text of Heiberg. Trdnslator's notes discuss textual and linguistic
matters, mathematical analysis, 2500 years of critical commentary on the Elements.
Do not confuse with abridged school editions. Total of xvii + 1414pp.
60088-2, 60089-0, 60090-4 Three volumes, Paperbound $8.50

AN INTRODUCTION TO SyMBoOLIC Logic, Susanne K. Langer. Well-known intro-
duction, popular among readers with elementary mathematical background. Starts
with simple symbols and conventions and teaches Boole-Schroeder and Russell-
Whitehead systems. 367pp. 60164-1 Paperbound $2.25

Prices subjfect 1o change without notice.

Available at your book dealer or write for free catalogue to Dept. Sci, Dover
Publications, Inc, 180 Varick St., N.Y, N.Y. 10014. Dover publishes more
than 150 books. each year on sci ~and.advanced mathematics, biology,
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THE HISTORICAL BACKGROUND
OF CHEMISTRY
HENRY M. LEICESTER

The nature of chemistry, based on technology, alchemy, and physics, belies
a history of theory alone. For this reason, The Historical Background of
Ghemistry lgoks all the way back to the pre-alchemical cultures of the Meso-
potamians, Egyptians, and Greeks, where significant technological advances
were first made, for its starting point, and as a result, succeeds in giving a
full and complete understanding of the complex evolution of this science.

Professor Leicester traces the development 'of chemistry through the thoughts
and ideas of its practitioners and theorists—from Aristotle and Plato to
Curie and 20th-century nutlear scientists. Particularly full coverage is given
to the pre-1600 periods, before chemistry was recognized as an independent
science, including the discovery of the first chemical reagents and the de-
velopment of basic apparatus in Hellenic alchemy, the use of chemical
preparations as medicine in Chinese alchemy, methods of distillation in-
vented and mineral acids discovered by Agricola, the erigin of the three
states of matter suggested by Paracelsus, and the formulation of the atomis-
tic theory Of matter. In effect, the text argues well the case for a wider
history of chemistry that concentrates not exclusively on the so-called Chemi-
cal Revolution of the 18th century.

The second half of the volume is devoted to a detailed explanation of how
the remaining obstacles to a coherent, consistent set of chemical laws were
removed. In “Lavoisier and the Foundation of Modern Chemistry” the prob-
lems of phlogiston and the theory of combustion are resolved, and in the
later chapters the development of theories of chemical affinity, invglving
atoms, molecules, radicals, valence, atomic weight, mass, and periodicity is
traced, through electro-, organic, 4norganic and physical chemistry.

The history of chemistry is developed in terms of the evolution of ideas and
the growth of technical expertise rather than by means of individual bi-
ography; and throughout, the relationship of chemical advances to a broader
world history is recognized and stressed. Not only the chemistry student and
chemist pursuing the history of his science, but *. . . scholars studying the
history of civilization or science will find the book ‘useful. Also, on account
of its wide scope, its citation of authorlties, and its good author and subject
indexes, it will find use as a reference book in libraries devoted to science.”
—R. R. Hawkins, Library Journal. ' ’

Unabridged republication of original (1956) edition. 15 figures. Name and
Subject Indexes. Complete reference lists at chapter ends. 534 x 8. ix 4
260pp. 9.B.N. 7066-0203-X Clothbound ed.  £2.50
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