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PREFACE

HI$ book is an attempt to outline as briefly and
succinctly as possible the historical development
of chemistry, and is designed more especially for those
students whose interest in this aspect of the science is
stimulated by the inclusion of ‘Historical Chemistry ”
in the syllabus of examinations which concern them. It
is therefore presumed that the reader is simultaneously
acquiring, or already possesses, a fair knowledge of
present-day chemical theory and practice, and, accord-
ingly, no space is devoted to the actual explanation of
hypotheses or reactions except in so far as the latter are
directly bound up with the historical sequence of facts.
Whenever practicable, each section is arranged so that
it follqws approximately those lines upon which a student
would learn the simple chemical facts in question; thus,
the introductory chapters dealing with the older chemistry
(down to Lavoisier) are succeeded by the history of
elements and inorganic compounds, treated, as far as
possible, according to the Periodic Law, whilst the details
of other branches, such as organic and physical chemistry,
follow in general the order given in the standard text-
books. Many facts, important in themselves but not so
germane to the general development of ideas, have been

collected in tabular form for convenient reference, and the
v
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book is concluded by a summary of the work of some
notable chemists and a chronological survey of the ex-
perimental and theoretical advances in chemistry during
the last two centuries. In order to secure a more com-
pact volume, no detailed references have been given to
the literature in which the discoveries, theories, etc., were
published, but the dates given in all cases will assist the
student to obtain the original account of any particular
point desired.

[ wish to acknowledge the kind help [ have received
from Dr. A. E. Dunstan, who read the book in manu-
script; from Dr. S. Smiles, Dr. A. W, Stewart, and Mr.
H. J. Page, who aided in the correction of proofs; and
from Prof. J. N. Collie, F.R.S., who advised me with
respect to the arrangement of certain parts of the work.

T. P, HILDITCH
UNIVERSITY COLLEGE
UNIVERSITY OF LONDON
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A CONCISE
HISTORY OF CHEMISTRY

CHAPTER 1
THE EVOLUTION OF THE SCIENCE

§ 1. The Chief Chemical Epochs—History of any kind
may be recorded in either of two ways :—

(r) Chronologically, as a whole;

(2) By taking onc section of the subject at a time and
treating each separatc division chronologically.

The first alternative is usually employed in the case of, for
example, a country or province, while the second would be neces-
sary in dealing with a continent composed of a variety of races,
each with its own life-story. We shall find it advisable to adopt
this latter plan with regard to chemistry, for the scicnce nowadays
possesses so many branches and ramifications that it is very
much ea.sier to understand the evolution of the whole from a
consideration of the development of the various individual parts.
There are, nevertheless, certain well-marked epochs which should
be noticed in the general progress of the science.

It is certain that no civilized race has yet existed in the
world without giving some thought to the properties and
mutual relations of the various sorts of terrestrial matter. Of
course, no one can tell precisely where, when, and how chemistry
really came into existence, and it would not suit our present
purpose to discuss the matter at any length. Let it suffice to
say that remote Chinese and Hindu philosophers appear to

have paid attention to this branch of science, while our records
1
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go back with certainty to the times of the ancient Egyptians
and Greeks.! These devoted themselves to speculations about
the ultimate composition of natural substances, and at the same
time—notably in Egypt—the idea of the transmutation of
metals began to develop. The predominance of this notion
at about the commencement of the fourth century A.». marks the
close of the first or Ancient Period—the period of philosophic
speculation—and the opening of the second, the Alckemical
Epoch. This lasted for more than a thousand years, and it is
said that even in the last century there yet existed individuals
holding alchemical tenets; practically speaking, however, the
ideals of chemists underwent a profound change towards the
close of the seventeenth century. Alchemists were dominated
by two pre-conceived and extraordinary ideas: firstly, that it
was possible to change common metals into gold by a chemical
process ; secondly, that the change was to be accomplished by
the agency of a substance, known variously as The Essence,
The Philosopher’s Stone, The Elixir of Life, etc., which pos-
sessed entirely supernatural powers.

The development of the physical sciences, on the other
hand, had bcen uncommonly rapid during the seventeenth
century, and this was largely duc to the adoption of induc-
tive methods. It is thus easy to see how chemists, tired of
fruitless search on a vain quest, and sickened by the duplicity
which was too frequently practised, turned to new methods.
Robert Boyle in particular changed the trend of chemical
reasoning, and thereby rendered his greatest service to science.

In the next period—the Phlogistic Period, dating from about
1700 to 1775—the properties of the most various bodies were
examined with a view to classification. The property which
attracted most attention was that of combustion—so much so
that this era fittingly takes its name from the famous but incor-
rect theory designed to explain the phenomenon of burning,

! Berthelot’s * Les Origines d’Alchemie ” is a standard work for those
wishing to study in detail the earliest era of the science.
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In 1774 Lavoisier published his theory of combustion, worked
out by the help of the balance, and made possible by Scheele’s
and Priestley’s discoveries of oxygen ; this inaugurated the era
of modern chemistry, which may again be subdivided into three
periods :—

(1) The Fundamental Period, comprising the labours of
Davy, Dalton, Gay-Lussac, Berzelius, Dulong, Faraday, etc.

(2) The Period of Static Structural Chemistry, commencing
with Wohler’s synthesis of urea in 1828, and comprising the
foundations of systematic organic and physical chemistry.

(3) The Period of Dynamic Structural Chemistry, i.e. the
development of the most recent views concerning the ultimate
composition of matter, the structure of chemical (and par-
ticularly “organic”) compounds, the nature of electrolysis,
ctc. This period may be said to have commenced about
188o0.

We may, then, summarize the six periods of chemical history
in the table on page 4, giving at the same time instances of
familiar historical events which may serve in some measure
to corrclate the various dates.

§ 2. The Origin of the Science and its Name—Therc
are various indications that some knowledge of the practical
applications of chemistry existed long before the era of Western
civili%tion. The Chinese, for instance, possessed means of
manufacturing articles which in some cases cannot be made with
the same degree of elegance at the present day ; this implies a
considerable acquaintance with some sort of technical chemistry,
At a less indefinite date, which is still too remote to be fixed
with any certainty, we find the Pheenicians and Egyptians well
acquainted with the manufacture of glass and pottery ; some of
the simpler metallurgical processes were already practised, in-
cluding the mechanical separation of gold, the smelting of iron,
the preparation of mercury from cinnabar, and the separation of
lead and silver. The arts of dyeing and embalming were also
largely engaged in by the Egyptians. The Jews, too, in the
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reign of Solomon (and probably for some time prior to that
period) recognized at least six distinct metals : gold, silver, iron,
copper, tin, and lead.

Metallurgy at this early date was carried on chiefly in the
northern part of Egypt; deposits of ores were fairly abundant
in that region, and, in addition, the seaport of Alexandria
afforded means for the import of ores from the various lands
washed by the Mediterranean. Not infrequently metallic de-
posits, consisting of a mixturc of metals or ores, would be
found ; sometimes much lead accompanied by a little silver,
sometimes silver and gold together, sometimes other metallic
mixtures. Moreover, methods were soon devised for preparing
the “noble” from the “base ” materials in such instances;
what is more natural, then, than that the idea of the baser
being transformed into the 1arer metals should gradually comce
into thc minds of these early metal-workers? Here is the
origin of the transmutation theory; gold and silver were re-
garded, then as ever, as most precious and valuable ; mixtures
of these with common substances were found—perhaps Nature
was slowly transforming the base into the rare?  This sugges-
tion developed into a most persistent and dominating belief in
the alchemical period; and cven now, centurics after the
theory has been dropped, we retain in common use phrases
which betray an innatc leaning towards alchemical ideas, such
as “busce” and “ noble” metals, “perfect ” gases, etc.

The famous transmutation theory, then, probably arose from
a very superficial kind of reasoning, and this may be due to the
circumstance that the carly metallurgists do not appear as a
rule to have been in touch with the “philosophers ™ or learned
theorists. The latter class of men, naturally most prominent
in ancient Greece, had little in common with the former.

It is convenicnt to summarize at this point the chemica
knowledge of the ancients:—

(1) Practical.~—In China and India (?), in Pheenicia and
Egypt : metallurgy, dyeing, glass, earthenware.
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(2) Zheoretical—In Greece (500-200 B.c.) and Rome (roo
B.C.-A.D. 150); vague, general observations on nat ire.

(3) Experimental (according to the modem meaning of the
word).—Practically none.

With regard to the origin of the word “chemistry,” there is
a choice of about six very plausible “ derivations,” such as from
the North Egyptian word “ chemi” = Egypt ; from xnpeia =
Egyptian art; from xnpeia = black, etc. As these cannot
all be correct, let us be content merely to say that the first use
of the word “chemia” appears in an astrological treatise com-
piled by Julius Firmicus, a writcr of the fourth century of the
Christian era.

§ 3. Alchemy : the Ennobling of Metals—When we turn
to review the next period of chemical history, it at first appears as
if the Greeks had all the clear-sighted theories and the alche-
mists none, for the superabundance of views and metaphor arc
bewildering. There is a break of some 200 years between the
latest philosophical writings and the carlicst authentic alche-
mical works, and during this time a great change in view-point
took place, culminating in the predominant belief in “ trans-
mutation,” which appears as a well-known doctrine in all the
latter treatises, although it is scarcely mentioned in the former.
This is natural in view of the probable origin of the theory
(- 5) and of the fact that the old philosophy finally died out
after Hypatia’s murder, and was replaced by a system bic.ed on
the Christian religion.  The unscrupulous blending of Christian
hypotheses and natural science led to as dismal consequences
to both as the intolerance of Christian authorities to scicnce
has done in many an instance. Assuming that they possessed
by revelation a divine “scheme” of the moral universe, the
new race of thinkers extended it to the material world, and
deduced that simplicity was the key-note and perfection the
end of matter as well as of mind. Gold and silver were as-
sumed the most perfect metals, “the end of Nature in regard
to metals,” and the original aim of alchemy was to “assist
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Nature ” by the application of certain agents or medicines,
which, acting on the “baser ” metals, should purge away the
impurities and leave worthier members of the metallic state.
Much later the idea arose that such agents—especially the
greatest of all, the Philosopher’s Stone, Alkahest, Elixir, etc.—
ought to be of service to men’s as well as metals’ ills; and
iatro-chemistry, in which chemistry is looked upon as the
servant of medicine, was developed. This branch of alchemy,
and the alchemical theories of the ultimate constitution of
matter, are discussed later (pp. 9, 28).

Because of the universal desire for gold and silver, and the
easc of making alloys or amalgams bearing strong superficial
resemblance thereto, the aim which alchemists set before them,
albeit at first purely philosophical, naturally lent itself to decep-
tion, and alchemy quickly became degraded into a mere gold-
imitating art.  Various popes and princes therefore proscribed
its practice in their realms, but usually found it too valuable
a means of filling empty purses to be very severe on its adepts.
Conscquently nearly every European court had its private
alchemist, who in general was merely a swindler, not a scientist,
with whom matters went hard i case of detection, but who
usually found it sufficiently easy to sccure against such a con-
tingency and to make a comfortable living. For a long while,
indeed, true chemists were few and far between, till better ideals
once gaore arose, thanks in the main to the outspoken utter-
ances of Boyle, Kunkel, and others. With the charlatans we
are not concerncd, but proceed to summarize as far as we can
the general trend of theory—a difficult task, since, to a greater
extent than at any other period, each followed his own in-
dependent path.

Nearly all alchemical writers refer to one Hermes Trismegis-
tus as the father or originator of alchemy. This somewhat
mythical person was supposed to have developed very largely the
practical side of alchemy in Egypt at an indefinitely remote
period ; his existence (except in the minds of these writers) is a
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matter of doubt, but his name has certainly survived, even in the
chemical parlance of the present day. It is amusing to note
how, later on, devotees of the “hermetic art” in their anxiety
to invest their science with a touch of religious sanctity asserted
that the first of their cult were Biblical characters, such as Adam,
Tubal-Cain (“an instructor of every artificer in brass and iron "),
Moses and Miriam, or Job (*Thou shalt lay up gold as dust”’)!
In reality the science of alchemy was chiefly fostered in the
museum of Alexandria! in the first centuries of our era, under
both heathen and Christian tcachers, as Zosimos of Panopolis
(¢circa AD. 420-450) and Bishop Synesius (czzca A.D. 400) until
the decay of the Western Roman Empire and the advent of the
Arabs, i.e. until about A.n. 640. The Arabs took up science
with wonderful zeal, for within a century universities, which
soon became famed for mathematics, medicine, astronomy, and
alchemy, began to spring up in Bagdad, Cordova, Seville, T'oledo,
and elsewhere, and to these in the course of the next four cen-
turies came many Western European students. Geber is the
first alchemist of notec whose existence is authentic, and of his
actual life we know very httle, cxcept that he was an Arab
physician, whose reputation lasted down through the Middle
Ages. No other Mohammedan alchemist attained such fame as
he, and he wrote scveral works on chemistry, which still exist in
the form of Latin translations. When Arab learning declined
(about 1200) alchemy was propagated in England, Fra..¢e, and
Germany by the students mentioned above, and indeed was
fully developed in Western Europe by the year 1400. It was

1The ‘ Alexandrian Academy” was foungded as a school and library
by Ptolemy Soter, destroyed by fire in 47 B.c. and A.p. 216, and taken by
the Arabs in 642. It is interesting because (1) 1t must have acted as a
point of contact for Greek theorists and Egyptian metal-workers, (2) it was
the final seat of the old heathen philosophy, and although the Christian
authorities murdered the latest of the philosophers, Hypatia, in their jeal-
ous endeavours to stamp it out, enough of their writings must have been
left to enable the Arabs, some two hundred years later, to assimilate and
propagate science as known to Hypatia, and her disciples.
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carried on notably in “apothecaries’ shops,” which, designed
for the purpose of preparing the simple medicines then used,
served also to train numbers of keen alchemists.

The fact that chemistry in the Middle Ages was dominated
by medieval religion will account for many of the biassed,
prejudiced ideas which held sway, and the influence of the
desire to make gold and the belief in the possibility of trans-
mutation all helped to enshroud the real end of the science in a
mist of preconceived notions and a tangle of hopeless beliefs.
Yet it must not be supposed that this period of chemistry was
unfruitful. Indeed it has been very well said that the hunt for
the Philosopher’s Stone and unlimited gold resembled very much
the search of the sons of the man who said on his deathbed
that there was a fortune buried in his vineyard—and we, the des-
cendants of the alchemists, are still reaping the benefit from the
fertile discoveries these made in the course of so much mis-
directed ploughing.

§ 4. Alchemy: Medicinal—\While the philosopher’s mind
was fixed on one theme—gold manufacture—his eaperiments
werce naturally concerned only with metallic derivatives, so that
few of the new facts discovered related to any but this class
of compounds. When the Renaissance of learning and the
Reformation led to a wider intellectual outlook the scope of
chemists’ views also appeared to broaden, and a larger field of
use for ghemistry was opened up.  Originally the doctrine of
the ennobling of metals had been deduced by analogy (however
fanciful) with human moral development, and now, conversely,
the beliefs (for theories were to alchemists *“articles of faith ™)
which had ariscn as to the composition of metals were applied
to the healing of physical diseasc. Basil Valentine and a few
other workers of the first alchemical period here and there
applied isolated metallic preparations as medicinal remedies, but
Paracelsus (sixteenth century) was the first to emphasize the
close inter-dependence and alliance of chemistry and medicine.
He assumed that the threc * principles,” sulphur, salt, and
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mercury, which were held to constitute the different metals,
also composed the human body, and that illness was the result
of deficiency or excess of one or more of these in the organism
—an assumption which was characteristically accepted as a
creed by Sylvius, van Helmont, Tachenius and other alchemists
of the next few generations. The ‘“medicine of the third
order,” the Philosopher’s Stone, which should bring perfection
to weak and erring metals, was naturally supposed to perform
the same function for mortals, cndowing them with an indefinite
span of life and resistance to all physical decay. This fusion
of medicine and chemistry was of advantage to both, but par-
ticularly to the latter, which then attracted men of wider
culture than previously ; it led to the discovery, too, of further
new facts and compounds, especially in the domain of what is
now “organic” chemistry, and unintentionally paved the way
for the emancipation of chemistry from a gold-making art to a
truth-seeking science.

At the present day there exist in nearly all civilized coun-
tries societies for the extension of chemical science and numer-
ous periodicals devoted to the same purpose ; but in alchemical -
times there was nothing of this kind, and the isolated character
of each individual’s work is very conspicuous. (Cf. Appendix,
pp- 209, 210.)

In the earlier history of alchemy this independence was due
to the selfish, competitive motives aroused by the' suest for
gold and the Philosopher’s Stone. Later on the change to
latro-chemical ideals, which postulated health for all rather than
wealth for one, and the repeated failures to obtain the ¢ elixir,”
which aroused a feeling that united work might solve problems
which baffled isolated workers, caused the formation of various
alchemical unions. These were chiefly “ sccret societies,” and
they thrived from about the beginning of the seventeenth to the
middle of the eighteenth century, but were in no way compar-
able to or connected with the real scientific societies then
existing, such as the Royal Society of London (founded 1663).
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Alchemy consisted, then, in the later stages of its existence,
of two branches, the one concerned merely with gold manufac-
ture, the other with the application of chemistry to healing.
The latter side of the subject cannot be said to have been
abandoned, but rather to have been extended by the rapid
adoption of the inductive method of research, its development
in one direction (the phenomena of combustion) leading to the
doctrine of phlogiston, which characterized the next period of
chemical history. The efforts to make gold from baser metals
were so unsuccessful, and yet afforded such scope for duplicity
and charlatanism, that a great deal of scepticism arose in course
of time as to the possibility of metal-transmutation at all, and
gradually the 1dea died out. It might be pointed out that,
until defimte proof was given for regarding the metals as ele-
ments (Le. in Lavoisier's time), it was not chemically wrong to
believe in the possibility of changing one into another.

$ 5. The Beginnings of Modern Inductive and Ex-
perimental Method—One of the first to apply the “induc-
tive” method to chemistry was Roger Bacon (thirteenth
century) ; then, towards the end of the seventeenth century,
the necessity of putting aside the subsidiary aims which chem-
istry might serve scems to have been more widely felt, and the
cfforts of chemists were ditected along new lines, notably by
the work of Boyle and Kunkel.  The latter, himself an enthu-
siastic :s®hemust, was concerned more particularly with the
careless phraseology and frequent duplicity of his contempo-
rarics, and denounced both with considerable vigour. Boyle’s
writings, however, show that he had little faith in alchemy, but
possessed views on the nature of chemical combination and of
chemical clements which have stood their ground ; morcover
—and this is very noteworthy—he stated that experimental
methods and careful observation were the only sure paths to
development. The gencral adoption of these views, although
hampered for a time by neglect of quantitative investigation,

has undoubtedly been the cause of the rapid progress of the
science to its present position.
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Let us contrast, then, the three different methods of investi-
gation which we have now discussed.

The ancients based their theories on careful observation of
natural phenomena, but made no experiments to shed further
light on their assumptions,

The alchemists based their theory on one fundamental
assumption (the simplicity and unity of nature), and madc
many experiments to show that the theory was certainly true.

The modern inductive method, which chemists owe especi-
ally to Boyle, is to base a theory on a consideration of the
known facts, thence to design new experiments to throw fresh
light on the subject, and, from the new facts so discovered, to
modify or confirm the original theory, and then repeat the
process indefinitely,

The whole difference of the systems lies in the different
relations which the various ages assigned to the bearing of ex-
periment and observation on theory.

§ 6. Chemistry in the Phlogistic Period—It has been
necessary to give a dctailed account of the chemistry of the
alchemists and ancients, because their view-points differed
fundamentally from those of all later investigators.  Chemistry,
indeed, as understood at present, originated when alchemy de-
cayed and the attainment of chemical truth was made the goal
of the science. The phlogistic chemists form a kind of link
between old and modern workers, for they aimed ¥sithe ex-
tension of chemical knowledge, while their theories and methods
were often not far in advance of those of their predecessors,
the alchemists. We will therefore conclude this sketch of
chemical evolution by a résumé of the work done by the
phlogistonists, and then pass on to the history of the various
branches of chemistry.

In the phlogistic period we notice first of all that qualitative
investigation was the almost invariable rule—the use of the
balance being quite exceptional. The chief subject of experi-
ment was the phenomenon of combustion, usually explained
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at that time on the “phlogiston” hypothesis (cf. chap. ii.,
p. 15).

Much progress was also made with methods of qualitative an-
alysis, and during this epoch the composition of water (Caven-
dish) and of air (Mayow, Priestley, Scheele, etc.) was cleared
up. In consequence of the manipulative processes intro-
duced by Boyle and (in lesser degree) the later iatro-chemists,
the investigation of gases went on rapidly and the isolation of
nitrogen or “ phlogisticated air ” (Rutherford, Schecle, Priestley),
oxygen or ‘“dephlogisticated air” (Scheele, Priestley), car-
bon dioxide or “fixed air” (Black), hydrogen (Cavendish), and
chlorine (Scheele) among other gases may be placed to the
credit of the “ phlogistic ” chemists. The mutual relationship of
salts, acids and bases was also recognized, Rouelle (1744) de-
fining the former as a combination of the two latter, and also
distinguishing between neutral, acidic, and basic salts. The
more ordinary acids became fairly well-known, sulphuric, phos-
phoric, nitric, and hydrochloric acids being classified as * mineral
acids,” while formic, citric, oxalic, uric, tartaric and others were
termed “animal acids ”; bases such as the alkalies and alkaline
carbonates, and “ carths” such as the calces of magnesia alba,
alum, barytes, quartz, etc., were also characterized at about
this time. In what is now called organic chemistry, the pre-
paration of alcohol, wood spirit and various ethers” was
advanced while Scheele, who discovered most of the ‘animal
acids " just mentioned, also isolated glycerine from fats.

Technical chemistry now rose to be an independent branch
of the science, the following being the more notable develop-
ments of the period : the manufacture of nitric, sulphuric, and
Nordhausen sulphuric acid ; the metallurgy of zinc, and pro-
cesses for gilding and silvering metals ; the fabrication of por-
celain (S&vres) ; and of mineral dyes and paints, such as Prussian
blue (Feu1[Fer(CN),],) and Scheele’s green.



CHAPTER 1II

THE CHEMICAIL HISTORY OF FIRE, AIR, AND
WATER

§ 1. Fire and the “ Fire Principle ”—Of the four * Aris-
totelian elements ” it may be said that, while chemists always
have been and will be concerned with the constituents of earth,
the nature of fire, air, and water was practically cleared up in
the course of a century, or, more precisely, during the phlogis-
tic period. It is thus convenient to study these three together
at this point. It was the universal custom of the ancient
philosophers to consider all three as clements, but it must be re-
membered that “element ” at that period meant rather a funda-
mental property, than a fundamental unitary kind of matter.
Later on, some of the alchemists held that by interaction of pairs of
these four elementary properties, three fundamental principles,
akin to mercury, sulphur, and salt, were formed. It is easy to see
why ¢ fire ” was given a position equal to the other threg elements,
for while the gaseous, liquid, and solid states could be repre-
sented fundamentally by air, water, and carth, the equally patent
state of ““flame ” was supposed to be the manifestation of the
principle of “ fire ”.

The earlier alchemists did not turn their attention very
seriously to the problem of combustion, but in the iatro-chemical
era, Sylvius (circa 1650) suggested that sulphur (the alchemical
« principle ") was the principle of fire, and also drew attention
to the analogy between burning and breathing. This suggestion
was accepted by other alchemists, such as Homberg and Kun-
kel ; Boyle, who, to use the title of one of his works, was more of

14
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a “sceptical chymist,” regarded it as possible, but not proved, and
preferred merely to call the fire principle a “ combustible earth ”.

In the meantime Mayow (1668-9) showed that there was
a substance in air which took part both in the calcination of
metals and in respiration, but did not seemingly pursue the
subject far enough to give a complete explanation. At about
the same date the alchemist Becher was trying to revive the
old “ principles” under new names, “ mercurial, vitreous, and
combustible earths”; the latter, *“terra pinguis,” was set frce
when combustion or calcination took place. Unfortunately, as
has frequently happened, preconceived assumption met with
more notice than precise observation (due in this case to
Mayow), and Stahl, one of Becher’s pupils, elaborated Becher’s
idea into the famous phlogiston theory.

Stahl assumed that all combustible or calcinable matter con-
tained a substance “phAlogiston” 1 which was evolved during
the process of burning ; thc more readily and completely com-
bustible the substance, then, the greater was the amount of
phlogiston it contained. Coal was supposed to be particularly
rich in phlogiston, for on heating it is almost entirely burnt
away, while by heating it with many metal oxides the metal is
reformed.  On the other hand, the metals, etc., were supposed
to be the products of union of phlogiston with the metal calces,
and we can represent these views by an equation, perhaps, as
follows =~

Metal 2> Phlogiston + metal calx (oxide),
Sulphur 2> Phlogiston + sulphuric acid.
Phosphoius 2> Phlogiston + phosphoric acid.

When a calx or sulphuric or phosphoric acid is heated with
matter rich in phlogiston (coal), the metal or sulphur or phos-
phorus is “revived ”. This idea is a direct inversion, so to
speak, of our modern view of combustion, for we hold that

1 Some consider that ¢ phlogiston ”’ has been in a manner realized in
the form of the ‘* heat of formation or decomposition ” of a body.
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addition of oxygen takes place in combustion, and elimination
of oxygen in reduction. In order to make the relation of
phlogistic to modern views quite clear, we may add that:—

Elimination of phlogiston = oxidation (combustion).
Addition of phlogiston = reduction (elimination of oxygen).

Stahl suggested that a similar explanation, based on phlogiston,
could be found for respiration, which would thus consist of an
exhalation of phlogiston.

This theory gave a concise explanation of a large number of
miscellaneous facts, and it was exceedingly simple. Unfor-
tunately, it was also hopelessly impossible ; the ¢ elimination of
phlogiston ” was invariably accompanied by gain in weight, and
conversely ! This did not deter the earlier adherents of the
theory, at all events, from accepting it as blindly as did the
alchemists the doctrines of metal transmutation and the exist-
ence of the elixir of life. One cannot quite understand the
attitude of chemists who said that “although ” gain in weight
always accompanied combustion, and loss in weight what we
now call reduction, yet ‘ notwithstanding this ” the former phe-
nomenon was due to loss, and the latter to gain, of phlogiston.
Of course little attention was paid at that time to quantitative
methods, and the importance of mass as the only rcliable guide
to the “ amount of matter in a substance ” was unrealized ; but
even much later, phlogistonists suggested, as a way et of the
difficulty, that their fire-stuff possessed a negative weight.

That the phlogistic theory was in no wise a worthless attempt
at an explanation of combustion is proved by the number of
useful discoveries made in all departments of chemistry in the
eighteenth century and by the men whose allegiance to it did
not prevent them from being brilliant chemists (Black, Cavendish,
Priestley, Scheele, Bergman, etc.). The nature ofair and water,
indeed, was finally elucidated during this epoch, and it will be
most convenient to deal with these before proceeding to,give a de-
scription of the advent of Lavoisier and the decline of phlogiston.

§ 2. Air: a Mixture of Gases—For long ages people
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were content with the old notion that air was an * element,”
a simple substance, but in coursc of time two circumstances
combined to render this view open to question.

(1) Van Hclmont, whom many regard as the “founder of
pneumatic chemistry,” showed that it was possible to isolate
gases from various materials, and that these gases frequently
possessed varying properties. He, indeed, was the first to use
the term “gas” (geist = spirit), and differentiated * gases,”
which he supposed to be unliquefiable, from * vapours,” or
gases which on cooling condensed to the liquid state. He
seems to have isolated carbonic acid in various ways (com-
bustion, fermentation, etc.), and gave specific names to a
number of other gases, but we cannot tell in many cases to
which particular substance he refers.

(2) A lttle later (1650-9o) the behaviour of substances
heated in an enclosed volume of air began to be observed;
Mayow (1668-9) noted that when metals were calcined or
animals breathed, a part of the air (the “ spiritus nitro-ereus,”
also a constituent of saltpetre) was used up, while the remainder
(“ nitrous air ') was somewhat lighter than the original air, was
insoluble in water and did not support combustion. Similarly
Boyle’s work on calcination and respiration showed him that
air was a mixture and that only one part of it was actually essen-
tial to burning or breathing, but neither he nor Mayow definitely
prepared this active ingredient.

The fact that air itself is ponderable was first proved by Rey
(1630). These facts comprise practically the whole knowledge
of air down to the middle of the eighteenth century. The
phlogistonists regarded it simply as a receptacle into which
phlogiston escaped in cases of combustion, etc., and if it was
desired to explain the incapability of some gases to support
life or flame, did so by the assumption that such were already
“ phlogisticated,”—saturated with phlogiston. Little material
progress was made till later upholders of the phlogistic theory

(Black, Priestley, Scheele, etc.) devised means for separating,
2
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collecting, and manipulating gases which rendered their more
minute investigation possible. Priestley, for instance, introduced
the familiar ““pneumatic trough ” and “beehive shelf ” and also
utilized mercury, instead of water, as the collecting medium.
We may thus say that at about 1750 air was believed to be a
mixture of at any rate two ingredients, one which supported life
and one which did not, or was a gas “ partly saturated with
phlogiston .

§ 3. Air: its Constituents—The bulk of the work of the
later phlogistonists on air was of a qualitative nature, but excep-
tions are to be noticed in the case of Joseph Black’s work on
carbonic acid (1750-5) and Cavendish’s analysis of air and
water (1785 onwards). The crucial point of the problem was
reached when Scheele and Priestley simultaneously and inde-
pendently discovered oxygen in the summer of 1774. Both of
these were examining the gases evolved from the * calces”
of metals under different conditions, and both obtained oxygen
by heating red oxide of mercury, and noted that 1t supported
combustion similarly to air, only very much more vigorously.
Their adherence to the phlogiston theory prevented them from
arriving at the correct explanation of combustion, but they re-
cognized that air was a mixture of two differcnt gases. Schecle
also obtained the new gas by heating saltpetre alone, and by
warming black oxide of manganese with phosphoric or sulphuric
acids ; he called it fire air.  Prestley obtained it from minium
(Pb,0,) as well as from mercuric oxide, and named it de-
pllogisticated air, from the readiness with which it “absorbed
phlogiston ”. By finding an absorbent for the new gas (Priestley
(1775) used “saltpetre gas,” nitric oxide, and Scheele (1777)
ferrous hydrate or phosphorus) both procecded to 1solate the
other constituent of air in a tolerably pure state, and found it
to be somewhat lighter than air and a non-supporter of com-
bustion, thus confirming Mayow’s previous work (p. 15); it
should be noted that the existence of oxygen itself was practically
discovered by Mayow and by Boyle, although neither succeeded
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in its isolation. This inactive part of the air, which Priestley
termed pllogisticated air, and Scheele spent air, had also been
isolated a little earlier (1772) by Rutherford, who adhered to
Mayow’s name, #nifrous air. A number of other scientists also
worked on this gas at about this period, and it acquired a variety
of names. Fourcroy in 1788 and Berthollet in 1791 showed it
was a constituent of animal tissues, and the former author, from
its relation to the “alkaline” ammonia, suggested the name
alcaligdne ; Lavoisier used the term mephitic air and later azote
—a name which means the same as the German Stic4stoff (suffo-
cating substance). Its modern name, nitrogen, was first used
by Chaptal, on account of its relation to mtre. It should be
noted that the elementary character of the gas was not realized
at this time, nor indeed for a considerable period after, for Davy
and Berzelius believed it to be made up of oxygen and another
element—a view which was not finally abandoned till about 1820.

We must now consider the other constituents of air—carbonic
acid, water, and the “rare gases of the atmosphere ”.

The presence of carbonic acid was appreciated even before
Mayow’s time, for van Helmont (early part of the seventeenth cen-
tury) noticed its occurrence in air, in caves, in mineral springs,
and in animal organs, and showed how to prepare it by burning
coal, fermenting wine or decomposing chalk or * potashes ” with
vinegar. He called it gas sylvestre, but confused it with other
gases which do not support combustion. Black (1750-5)
also realized its presence, and called it fixed air, but we must
discuss his work somewhat later, as it is concerned with the com-
position of the alkalies and alkaline carbonates rather than with
that of air. Lavoisier (1775-6) and Dalton (1803) both deter-
mined with more or less accuracy the proportions of carbon
and oxygen present in the gas, but this we can also deal with
more appropriately in a later chapter. We should mention,
however, that Scheele and Priestley each showed that when a
candle burns in an enclosed air-space, exactly as much jixed air
is generated as depllogisticated air is consumed.
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It has already been said that Cavendish was one'of the few
chemists of the phlogistic period who concerned themselves
with quantitative research, and as a matter of fact, he made
some exceedingly accurate analyses of air, showing that its com-
position was practically constant, but varied within very small
limits. He estimated the oxygen by explosion with hydrogen,
and then to see if the residual pllogisticated air was homogene-
ous, sparked it with excess of oxygen till no further contraction
took place. He stated (1785) that “if there is any part of the
phlogisticated air of our atmosphere . . . which differs from
the rest . . . we may safely conclude that it is not more than
135 part of the whole”. A hundred and ten years later it was
proved by Lord Rayleigh and Professor Ramsay that a little less
than one per cent of the atmosphere was made up of a series
of “inactive,” chemically inert, gases. We will summarize the
knowledge of air gained by the end of the phlogistic period and
then return to the description of these “new ” gases:—

PeRriop :
Ancient, Al- PHLOGISTIC,
chemical.
Modern  Definitely
Name. Isolated. Phlogistic Nawmes. Regarded as—
Oxygen 1774 Fire air (Scheele) Air
Dephlogisticated air  devoid of
= (Priestley) phlogiston.
=, Spiritus nitro-ereus
R (Mayow) -
3 Nitrogen 1772 Spent air (Scheele) Air
2 » Phlogisticated air  saturated with
g = N (Priestley)(M ( phlogiston
= itrous air (Mayow) (Priestley). or
e hud had Mephitic air, A)z]ote) Nitric Z«’:id
g ?o (Lavoisier) saturated with
< 5 Nitrogen (Chaptal), phlogiston
° etc. (Cavendish).
=
* Carbonic acid About 1620 Gas sylvestre (van Various, e.g.
€ or earlier Helmont) Phlogisticated
< Fixed air (Black) muriatic,
nitric, or
sulphuric acid.
[ Water - -— An element,
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§ 4. Air: its “Inactive ” Constituents—The history of
the five “inactive gases of the atmosphere " is comprised within
a very recent period—the last fifteen years; and much of the
work of their discovery, curiously enough, was carried out within
a few hundred yards of the house in Gower Street, London, in
which Cavendish, the last previous worker on the subject, lived
a century before.  The isolation of azgon, the first of the series
to be recognized and also the most abundantly occurring mem-
ber, was due in the first instance to physical research, Lord
Rayleigh (1893), who was engaged in checking the densities of
the principal gases, observing that nitrogen from the atmosphere
was always slightly heavier than that prepared from chemical
compounds. He and Ramsay found this was not due to any
peculiarity of the nitrogen present in either case, and therefore
set out to repeat Cavendish’s work on the question of the
homogeneity of nitrogen—only with all the advantages of
modern appliances and methods. The meaning of the last
sentence may be rcalized when it is reflected that these later
investigators had at their command (&) spectrum analysis, where-
by traces of any gas could be qualitatively determined with the
greatest easc (cf. chap. x., p. 186); (4) methods for cooling air
sufficicntly to liquefy it, whereby huge volumes of gas could be
treated at once (cf. chap. x., p. 174); (¢) chemical means of
absorbing nitrogen and other gases which were unknown in
Cavendish’s time. They found, by repeating Cavendish’s ex-
periment of sparking the residual gas with oxygen over potash,
and also by passing nitrogen repeatedly over heated magnesium
or calcium, that a residuc of inert gas, giving an altogether new
spectrum, was left. This they termed azgon, from its incapability
of entering into chemical reactions.

It was known that a gas, supposed to be nitrogen, was often
found occluded in uranium minerals (cléveite, broggerite,
pitch-blende, etc.). These were next examined by Ramsay and
from them in 1895 he obtained another inactive gas much lighter
than argon, previously only observed in the sun (by Sir N,
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Lockyer, who christened it /Ze/sum, in 1868), and at once re-
cognized by its spectrum (with a notable yellow line— D,”).
Argon was also sometimes obtained, one mineral—malacone—
giving this as the chief occluded gas. The residue from air
termed ‘“argon ” was therefore prepared in large amount in 1898
by Ramsay and Travers and fractionally distilled at very low
temperatures ; two main fractions were obtained, and of thesc,
the lower boiling one gave by repeated distillation two gases,
helium and another new member, 7¢02, while the other consisted
mainly of pure azgor with two heavier gases, Z7ypfon and ~enon.
Therc was thus obtained a series of five new gases of unprece-
dented nature, in that they seemed to be devoid of all chemical
affinity, no compound of any of them being known. ‘T'heir
physical constants have been determined fairly fully and arc
givenin the table below ; the atomic weights arce determined from
the densities, for Ramsay found by the method of Kundt and
Warburg (cf. p. 189), that the ratio of specific heat at constant
pressure to that at constant volume was about 160 in all
cases, the gases being accordingly monatomic. The spectra,
boiling-points, melting-points, etc., have also been determined by
various workers, notably Ramsay, Travers, and Dewar; helium
was not liquefied for some time, but Kamerlingh Onnes finally
succeeded in condensing it by the Linde-Hampson process
(p- 174), in 1908. Careful search has been made by Moore
in Ramsay’s laboratory for members of the series heavier than
xenon, but without success (1908). The table shows, as well as
the physical properties, the approximate amounts of each pre-
sent in air, from which it will be seen that the designation “ rare
gases of the atmosphere” is not very apt, since together they
comprise almost one per cent thereof, besides occurring oc-
cluded in various minerals, and dissolved in many springs, etc.
Their relation to the problem of radio-activity is not yct com-
pletely understood, but it may be said here that Ramsay has
proved that helium at least is one of the disintegration products
of radium, and that “radium emanation” is a gas possessing
the properties of a higher member of the series,
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Percentage in Atomic Weight Boiling- Melting-

Name. Atmosphere. (xg10). point point.
(760 m.).
Helium 00005 40 4'5° abs. Below 3° abs.
Neon 0°0025 20°0 - 243°C. -253° C.
Argon 0'942 39'0 - 186'1°C, -1896° C.
Krypton 0°00002 830 - 1517 -169'0
Xenon Less than any 130'7 - 109°'I - 1400
of the above

§ 5. Water—The story of water is a much simpler one
than those of cither air or fire. From the earliest times right
down to the end of the phlogistic period (and, in isolated in-
stances, cven later) it was looked upon as an “element ”.  The
ancients seem to have thought that water and air could be
transformed into cach other, and also that water was readily
converted nto “earth "—another proof that “element ” did not
then mean a definite unitary species of matter. The latter idea
crops up persistently through the next two periods : thus Basil
Valentine, who realized the importance of water to plant and
animal Iife, held that it was transformed in the organic economy
into carthy matters, and amongst the phlogistonists we find
Scheele engaged in a qualitative analysis of the solids left by
cevaporation of water (he mentions lime and silica as the chief),
while Lavoisier’s first purely chemical service was to show that
such solids were cither primarily dissolved in the water, or
dissolved by it out of the containing vessels.

We owe the discovery of the compound nature and quali-
tative composition of this all-important liquid, however, to
Cavendish, who proved definitely that when ZApdrogen burns,
water is the sole product of combustion. And here we may
conveniently recount the history of zydrogen. The gas and its
formation from iron and dilute acids were known to van
Helmont, who seemed to confound it with carbonic acid. Its
inflammability had been observed by others of the later al-
chemists and by Boyle; its reducing properties caused not a few
of the phlogistic chemists to look upon it as phlogiston itself.
The liquid formed when it burned was usually believed to be
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an acid until, as just mentioned, Cavendish (about 1782) showed
this to be pure water. He proved that hydrogen (or /nflam-
mable air, to use his phlogistic term) was only explosive in
presence of air or oxygen, thereby pointing out the remaining
constituent of water, and he determined the relative weight of
the gas with moderate accuracy. Although Cavendish used
hydrogen in determining the composition of air, it was Lavoisier
who, in 1783, made the first quantitative synthesis of water.
Lavoisier (178%) also gave hydrogen its modern name (“ water-
producer ”), and showed how this gas could be formed by the
action of steam on red-hot iron. The direct quantitative
analysis of water came a little later, when Nicholson and
Carlisle succeeded in decomposing it by electrolysis (1800).
The true composition of water, then, became known at about
the beginning of the nineteenth century, but the notion of its
elementary nature died very hard, even Priestley remaining
unconvinced for some years.

§ 6. Fire: Lavoisier’s Revolution—In following up the
history of air and water we have been forced to make a digres-
sion from that of combustion, which it will be recalled had
been traced down to the time at which the phlogistic thcory
held full sway. We must now return in point of time to the
years immediately preceding and following the French Revolu-
tion (1791)—as crucial a period for modern chemistry as for
modern politics, though for vastly different reasons.

Somewhat previous to the year 1770 the French scientist
Lavoisier was attracted by the twin phenomena of combustion
and calcination, owing, in the first instance, to a request to
investigate means for lighting the streets of Paris. As a physi-
cist (and physics at that time meant mainly astronomy, optics
and mathematics—all three sciences requiring precision of
measurement) it was natural that he should have paid much
more than usual attention to the guantity of the substances re-
acting, and that to this end he should have provided himself
with a delicate balance. In 1772, in a private communication
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to the French Academie des Sciences, he reported that metals,
phosphorus and sulphur gain in weight and absorb “air ” when
heated in the atmosphere, while by heating a metal oxide
(litharge) with coal much “air” was generated, as well as
the reduced metal This report betrays a tendency to go to
the opposite extreme of the usual failing, or, 1n other words,
to neglect the gualitative side of chemical reactions, for he
failed almost entirely to distinguish between the different kinds
of “air”. Let it be remarked, too, that increase in weight on
calcination had been obscrved by Rey and Mayow more than
a century previous to this, the latter being apparently well on
the way to the correct explanation of the process when, at a
somewhat early age, he died.

Lavoisicr, however, repeated the work of 1772 and produced
a series of results which settled once and for all the problems
of combustion, calcination, and respiration. ‘Thcse must be
briefly summarized.

In 1774 he heated tin in a closed vessel and found the
weight to be exactly the same before and after the process;
but on opening the vessel air entered into it in an amount
which showed that the deficit of air in the vessel was cqual to
an increase in weight which the tin itself was found to have
undergone. During the same year Pricstley told him of the
isolation of “dcphlogisticated air”. Lavoisier then repeated
the tin experiment with mercury, and from the oxide formed he
reproduced the new gas according to Priestley’s method ; in
this way he realized that the essential part in these processes
wasplayed by “dephlogisticated air "—it is unfortunate to have
to say that he avoids any mention of either Priestley or Scheele’s
work on the discovery of that gas! The next two years were
occupied by proving that the combustion product of diamond
and of wood charcoal was “fixed air,” and that many * organic ”
bodies (alcohol, oils, fats, etc.) gave only fixed air and water by
their combustion ; this, of course, showed such bodies to be
made up only of carbon, hydrogen (and perhaps oxygen), but
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the composition of water not being then known, this deduction
was not made for some few years. In 1777 he showed that
phosphorus leaves four-fifths of the volume of enclosed air in
which it burns untouched, but completely consumes similarly
enclosed dephlogisticated air; that sulphuric acid consists of
sulphurous acid (known to be formed when sulphur burns in
air) and dephlogisticated air, by prolonged heating of quick-
silver with sulphuric acid, when first the former and then the
latter gas is evolved (this experiment, in separate parts, had
been made previously by Priestley); and that nitric acid is
similarly constituted (the more detailed investigation of the
composition of nitric acid is due to Cavendish). With all these
facts, he was in a position to enunciate his “ oxidation theory” :
Substances burn only in “ pure air,” which is used up in the pro-
cess, the weight of air used balancing the gain in weight of the
substance. The product of combustion is usually an acid, but
metals give the metallic calees. A little later, concluding that
his “pure air” was a constituent of all acids, he suggested its
modern name, oxvgen (1781). ‘This later work consisted in
investigating the combinations of metals with oxygen and the
nature of the different “calces”. The only difficulty in the
way of his theory was that no cxplanation was given of the
reasons for the dissolution of metals in acids and the evolution
of hydrogen at the same time.  Cavendish’s synthesis of water
(1783) gave the clue to this, and so it may be said that by
about 1785 Lavoisier’s “oxidation theory” was complete, and
in the course of the next two decades completely supplanted
the topsy-turvy explanation furnished by the phlogistonists.



CHAPTER 1II
THE ULTIMATE CONSTITUTION OF MATTER

$ 1. Ancient and Alchemical Views—In the sixth cen-
tury B.C. Thales, Anaximenes and Heraclitus assumed for
varying reasons that water, air, or fire respectively was the
primary material out of which the universe was evolved. Such
views were not of great individual influence, but Empedocles,
about 440 B.C., gave utterance to the idea of fowr fundamental
clements—carth, air, fire, and water—a view possibly derived in
some degree from dimly-known Hindu and Chinese systems
of thought. Some hundred years later Aristotle modified this
theory by teaching that  matter” was the outward result of the
combination of ‘“propertics ”’; there were four essential “pro-
perties "—heat, cold, damp, dryness—besides a number of
secondary ones, all carried about by one original matter.
Combinations of these properties, two by two, were the
“elements”’ from which all matter was made; thus i —

Properties.  Element. Propertres. Element,
Heat + damp AR Cold + damp WATER
Heat + dryness FIRE Cold + dryness  EArTH

He further dcclared that another element of an immaterial
or ethereal nature was necessary for a complete explanation of
natural phenomena (this ethereal constituent was later called
the “quinta essentia,” and long after this was sought by the
alchemists as the “purest” form of matter, and identified by
them with their imaginary clixir). Aristotle’s somewhat fanci-
ful doctrine is noteworthy, because by the mutation of his

27
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« properties”’ the observed transformations of natural bodies
could be explained.

Somewhat earlier (about 425 B.c.) Democritus had suggested
that by repeated subdivision of matter a point would be
reached when no further subdivision was possible. The body
thus isolated—a * first beginning,” or atom of matter—was the
ground material of the universe, and, according to our philo-
sopher, all such atoms were of the same naturc and in continual
motion, but differed in form and size.

These two doctrines were co-ordinated and developed by
succeeding philosophers, notably by Ipicurus (345-274 B.C.),
and an elaborate account of the latest phase of ancient theory
is given by the Latin poet Lucretius in his work, “De Rerum
Natura,” published about 58 B.c. “'The void, or w®ther, per-
vades everywhere, while the matter is made up of a certain
primal element and its aggregates. This element exists in the
form of infinitely small, ever-vibrating first-beginnings or atoms,
of finite shape, but giving rise by varicd combinations to bodies
of infinite shape, either solid (when the atoms are tightly packed)
or liquid or gas, air or light (when they are not in such dense
aggregates).”

The term element possessed an indefinite meaning in the
next period, and sometimes referred to the actual matter in a
substance, sometimes to a property of that matter, but never to
a simple substance! In gencral, the alchemical “element”
meant something more related to properties than to matter
itself—something which we can perhaps best depict by the
word “principle”. Thus Geber (eighth century) states (it is
not clear upon what grounds) that all metals contain two such
principles—sulphur and mercury, the latter imparting metallic
properties, such as glance, ductility, etc., and the former rcadiness
of decomposition, the different properties of metals depending
on the varying amounts of these two principles, which, however,
must not be confounded with the actual chemical substances of
the same name. Quicksilver and sulphur, in the usual sense,
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were assumed to be bodies containing maximum amounts of
the respective principles. Other Arabian authors held much
the same view, but amongst the Christian nations the influence
of the Aristotelian doctrine and of a mystical importance
attached to the number #iree is noticeable. The third “ prin-
ciple,” first assumed by Basil Valentine (fifteenth century), was
“salt,” the principle of resistance to fire. Some alchemists used
differcnt names for the principles ; thus Albertus Magnus calls
them water, arscnic, and sulphur, and so it is hard to make any
setious generalization on the subject.  The iatro-chemists natur-
ally paid less attention to the ultimate composition of substances,
and this perhaps led to the looscly defined way in which the
three principles are referred to by many of the later alchemists ;
these were, however, always tacitly assumed, and Paracelsus
(sixteenth century) asserts that organized as well as inert
nature consists essentially of varying combinations of *sulphur,
salt, and mercury . Finally Becher (seventcenth century) gave
these alchemical clements a new series of names, as appears in
the following summary :—

ALCHEMICAL PRINCIPLES.

Of Solidification
Of Mectallicity Of Changeability  or Resistance
or Durabilsty. or Dross. to Fire.
Geber . . Quicksilver Sulphur —
Basil Valentine . ' ' Salt
{ Arsenic or
Paracelsus . \Quicksilver} " "
Becher . . Mercurial earth Combustible earth Vitreous earth

The lax nomenclature as well as the duplicity of not a few
alchemists was scathingly criticized towards the close of the
scventeenth century by Kunkel and by Boyle, who was the first
chemist to say precisely what he meant by “element,” giving at
the same time a definition which has lasted : a swbstance
whick has not yet been decomposed into simpler ones (“ Chemista
Scepticus,” 1661). While suggesting that the then so-called
elements were not necessarily simple, he yet predicted a much
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larger number of real elements than the Aristotelian four or
the alchemistic three, although he doubted if the elements so
obtainable by chemists would represent the absolutely ultimate
origin of matter.

§ 2. The Evolution of Chemical Nomenclature—No
further contribution of any permanent value to the problem
took place for a century after Boyle’s time, for, naturally, so
long as people were in error with reference to the supposed
phlogiston there was an inversion of opinion as to whether
‘“calx” or “ metal ” was the real element.  As soon as Lavoi-
sier’s theory of combustion was definitely accepted the way was
open for a sweeping generalization of the host of chemical sub-
stances then known. Lavoisier himself undertook the task
(1787), adopting as the basis of his system Boyle’s definition of
an element. With a few modifications he used the nomen-
clature introduced a little earlier (1782) by Guyton de Morveau,
one of the founders of and professor of chemistry in the “ Ecole
polytechnique " at Paris. This was as follows :—

CHEMICAL SUBSTANCES.
Elemcnts. Compounds.
(Five classes.) (Two classes.)
(i) Heat, light, oxygen, nitrogen, hydrogen. (1) Binary (acids, bases).
(i) Acid-forming elements (sulphur, car-
bon, etc.). (i) Ternary (salts).
(ii) Metals (we should say ‘‘heavy®”
metals, iron, copper, etc.).
(iv) Earths (lime, magnesia, alumina, etc.).
(v) Alkalies (only decomposed by Davy
years later).
Acids and bases, being regarded at that time as combinations of an
element with oxygen, were termed binary compounds.

Lavoisier’s chief alteration had reference to the last two
classes of “elements,” of the simple nature of which he was
doubtful ; indeed, two years later he felt the necessity of elimi-
nating the alkalies entirely from the list of elements. We may
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as well complete the story of chemical nomenclature at this
point ; as we shall shortly see, the discovery of the fundamental
rules of chemical combination and the doctrine of ¢ atoms ” in
its modern form soon followed the adoption of Lavoisier’s views.
These in turn led to the investigation and accurate analysis of
a great many inorganic materials, and in this field no more
active and skilful worker existed than the grcat Swedish chemist
Berzelius. His enlightened views and abundant experience fitted
him for the work of extending and adapting Lavoisier’s nomen-
clature to include the additional facts known by 1811. In that
year he published his first system of nomenclature, based upon
his electro-chemical or * dualistic” theory of chemical union
(see chap. iv., p. 50) :i—

CHEMICAL SUBS1TANCES.

A
Elcnents. Compounds.
Electro-positive. Electro-negative. Electro-positive.  Electro-negative.
Metals. Metalloids Basic oxides. Acid oxides.
(“ non-metals '), i A

Salts.

He tricd to extend the dualistic system and its nomenclature
Lo organic compounds, but met with little success 1n that direc-
tion, He also invented a simple method of chemical *short-
hand,” or abbreviation, which is practically that now in use, and
so necd not be detalled here. A certain amount of confusion
resulted from the fact that Berzelius referred all his formula to
the “ oxygen ” standard, or, in other words, took a éévalent ele-
ment as zni¢ of combination, and, further, was not definite with
reference to the distinction between equivalent and atomic
weight. This led him to the usc of “barred” symbols to repre-
sent what he called “ double atoms " in the case of compounds
containing two monovalent atoms combined with oxygen ; thus
he wrote HO and not H,O, and so on.  This ambiguity may be
the reason why his notation, now universally adopted, was at
first received with a good deal of coolness, and, indeed, open
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opposition, especially in conservative England. The only other
modern notation emanated from Dalton, who assigned to the
more common elements various geometrical symbols, and repre-
sented their combinations by placing the appropriate symbols in
juxtaposition. This method was naturally far too cumbrous to
be permanent, though doubtless it was of value in the early
struggles of the atomic theory, giving, as it must have done, a
mental picture of the way in which the atoms united to form
compound bodes.

§ 3. Discovery of Equivalent Combining Proportions
—Given Boyle’s definition of an element and Lavoisier’s proof
of what substances were elementary and what were compound,
it is possible without reference to any further hypothesis to
divide chemical substances into the different classes enumerated
by Berzelius. This does not apply, of course, to the Berzelian
notation, which, as far as its quantitative significance is con-
cerned, is based upon the atomic hypothesis. It only remains
now to discuss this important subject and its later development,
for all modern work connected with Dalton’s theory has so far
served to amplify and not to contradict it.

The establishment of the theory is really due to both English
and Continental workers. No one has ever questioned that
the genius and perception of Dalton led to his enunciation of
the doctrine of atoms ; it was his idea, and was confirmed by
his own experimental work. Nevertheless, when his views
were published, it was seen that other and somewhat earlier
work afforded strong confirmatory evidence in support thereof.

For instance, J. B. Richter (1791-1800) showed that mixed
solutions of two neutral salts invariably remained neutral,
whether double decomposition took place or not; he concluded
that the two quantities » and » of two different bases X and
Y which neutralized the same amount a of an acid A would
each neutralize an amount 4 of another acid B, and conversely.
He also measured the different amounts of metals precipitated
from salt solutions by certain other metals, and gave to the
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whole process the name Stoichiometry—the measurement of
the proportion by weight in which substances combine.

Again, in 1808, shortly after Dalton had published his theory,
Gay-Lussac published results on the volume relations of re-
acting gases, showing that the volumes entering into combina-
tion bore to each other and to the products (if gaseous) a
simple numerical ratio. Thus he proved that

2 volumes of carbon monoxide and 1 volume of oxygen give 2 volumes
of carbonic acid.
1 volume of nitrogen and 3 volumes of hydrogen give 2 volumes of
ammonia.
He readily perceived in this a confirmation of Dalton’s view,
while, curiously enough, the latter worker, as we shall shortly
see, was inclined to regard it as a stumbling-block.

§ 4. Dalton’s Atomic Theory—How, then, was Dalton
led to the conception of his “atoms”? It came about entirely
independently of all this previous work, and, in a more distinc-
tive way than many other famous advances in science connected
with different names, was due to the man’s own work and
thought. He had becn analysing olefiant gas (ethylene) and
light carburctted hydrogen (methane) and found that, for a
given amount of carbon, the latter contained exactly twice as
much hydrogen as the former. Struck by the simple relation
thus disclosed he proceeded to analyse carbonic oxide and
carbonic acid gas, of course with precisely similar results. In
this way the Lazw of Multiple Combining Proportions was dis-
covered, and its truth was emphasised still further when he
investigated the series of four nitrogen oxides and acids then
known.

What did this simple numerical rule imply? Some earlier
researches by Dalton helped him towards an answer. In some
work on the solubility of gases in water he had, like his con-
temporary and colleague, Henry, noted how pressure increases
the capacity of a gas to dissolve. It seemed as if the water
was a mass of minute particles between which the gas particles,

3
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which would be ‘“rarer” and more volatile, could move to a
certain extent, and then by increased pressure more of the
gas particles would be forced into the interstices of the water-
particles. Thus supplied with the rudimentary idea of an
atom, it was easy to extend it. If the gases were an assemblage
of such particles, in any one gas all the particles must be alike,
and moreover any action in which the gas participatecd must be
made up of the actions of the several particles. In other
words, when two gases joined to form a third, the process was
the result of the union of their constituent particles. It was
obvious, too, that one particle of a substance might be joined
to one, or to two, or to some other definite number of particles
of another substance—thus explaining the rule of multiple pro-
portions. So in 1807-8, the Atomic Theory was enunciated
as follows in Dalton’s ¢ New System of Chemical Philosophy ” :—

(1) Every element consists of homogencous atoms of constant
weight.

(2) Chemical compounds are formed by the union of dyfferent
elementary atoms in the simplest numerical proportions.

Dalton naturally proceeded to the dctermination of the re-
lative atomic weights of the clements, assuming that these
combined in the simplest possible atomic proportions, and
taking hydrogen as the unit of his system. These results,
which were not very accurate, expressed therefore the eguivalent
combining weight, and not the atomic weight (in the modern
sense of the term).

Dalton’s theory differs from the old Greck views of atoms
and from Boyle’s *corpuscles,” which were the ultimate par-
ticles of matter and by mutual attraction and repulsion pro-
duced chemical combination and decomposition, in that it
demands that the atoms of each element are entirely distinct
species of matter, and, as first enunciated, places a bar against
the notion of an ultimate primary material. He succeeded in
showing :—

(a) How the elements may be made up of atoms ;
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(6) How these atoms may unite to form compounds ;

() How to determine the relative combining weights of the
atoms.

§ 5. Development of the Atomic Hypothesis—The
conception of atoms was at once accepted by the leading
chemists, but most of these (e.g. Davy, Gay-Lussac, Wollas-
ton) perceived that the actual relative weights determined
according to Dalton’s principles were merely the combining
weights, and that no light was thereby thrown on the relative
weights of the atoms themselves. There was also the other
difficulty arising out of Gay-Lussac’s *Law of Volumes”; ac-
cording to his work on this subject, for instance, one volume
of nitrogen and onc volume of oxygen gave two volumes of
nitric oxide, whilst obviously onc atom of nitrogen and one
atom of oxygen would give only one “atom” of nitric oxide.
The difficulty of an “atom " of nitric oxide occupying twice
the volume of the atom of cither element was cleared up by
the Italian chemist Avogadro in 1811. He assumed that :—

(@) Under equal conditions of temperature and pressure,
equal volumes of all gases contained equal numbers of molecules ;

(#) There were two sorts of ultimate particles, * molé-
cules intégrantes” (molecules) and “ molécules élémentaires ”
(atoms) ;

(©) The ultimate particles of an element might be molecules
composed of more than one atom.

Returning to the previous point, viz. the difference between
equivalent weight and atomic weight, we might fill a chapter
with a description of the uncertainty and confusion which pre-
vailed in the first half of last century with respect to these two
terms. Some, like Davy or Gay-Lussac, held that the deter-
mination of the relative weights of atoms themselves was impos-
sible; others, and of these Berzelius was foremost, adopted the
opposite conclusion. Berzelius himself attacked the problem
with amazing thoroughness, and in the course of ten years had
made fairly reliable analyses of compounds of practically all the
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known elements. From the equivalents so obtained he chose
his atomic weights on the following system :—

(@) With elements possessing volatile compounds he made
use of Gay-Lussac’s and Avogadro’s volume-relations.

Thus, starting from 2 volumes of hydrogen and 1 of oxygen giving 2

of water, he saw that in water 2 atoms of hydrogen were united to 1 of
oxygen, and so obtained the true atomic weight of axygen.

(#) With other elements he worked on the ratio of metal to
oxygen, and assumed that in general only 1 atom of the metal
was present per molecule.

In this way he came to regard proportions such as 2:3 or 2: 5 as too
complex, and therefore formulated the iron oxides, for instance, as FeO,
and FeO,, and not FeO and Fe,0, as at present; so that what we now
know to be dyad metals received double, and monad metals received
quadruple their present atomic weights.

(©) He always took oxygen for the basis of his calculations,
and indeed, in his tabulated results, took 100 as the atomic
weight of oxygen. (Later on it was thought better to refer all
atomic weights to H = 1 as the standard, since hydrogen was
the lightest clement.  In this way the atomic weight of oxygen
becomes 15-88, and, since the majority of atomic weight deter-
minations involve the ratio element: oxygen, it has latterly be-
come the custom to call the atomic weight of the latter 16°00, and
refer hydrogen (1°008) and all the other elements to this value.)

This first atomic weight table of Berzelius was complete about
1817. We can only briefly summarize its subsequent career.

In 1819 Mitscherlich brought out his * Law of Isomorphism,”
stating that the amounts of elements which replaced each other
in isomorphous compounds were chemically cquivalent and
represented the relative weights of the replacing atoms, and
about 1821 Dulong and Petit showed that in many cases the
product of specific heat and atomic weight was a constant
number.

Both these rules were of assistance to Berzelius, though he
attached but a minor importance to the second.
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His second atomic weight table (1826) was rendered neces-
sary because he found reasons for halving many of the values
he had previously selected.

Analyses of the chromates showed that chromium trioxide was repre-
sented by CrO,, so that the basic oxide must be Cry0;.  Hence ferric
oxide was Fe,0; and the “protoxide” FeO, and by isomorphism he
deduced similar atomic weights for the allied metals.

Next year, however, doubt was cast on his fundamental
assumption that the weights of equal gaseous volumes of the
clements were proportional to the atomic weights by the
French chemist Dumas, who, by his vapour density measure-
ments (cf. p. 179), obtained in some cases values which were
multiples or sub-multiples of the Berzelian numbers.  This and
the slender basis of Berzelius’ assumptions about the atomic
composition of compounds led most people to despair of ever
finding the relative masses of the actual atoms, and a strong
reaction set in against his interpretation of the atomic doctrine.

Between 1830-50 further confusion arose. Gmelin, a Ger-
man worker, insisted on taking the simplest empirical com-
bining ratios as the equivalents and neglecting atomic weights
altogether, thus halving ncarly all the Berzelian values. A
few yecars later Gerhardt noted that on this hypothesis more
than one equivalent of water or carbonic acid always resulted
when one cquivalent of an organic compound was burnt, so he
decided for the old numbers, except that he regarded all metallic
oxides as composed of two atoms of metal and one of oxygen.
Al three systems were used concurrently by different workers,
and a few, not content with the muddle, increased it by calling
the equivalent of oxygen 8 but that of carbon 12!

Atomic Wesghts Berselius  Berelius Final
(o = 16). (1818). (1826). Gmelin, Gerhardt.  Value.
Hydrogen . . 1 I I ¢ 1
Oxygen . . 16 16 8 16 16
Carbon . . 12 12 6 12 12
Iron . . . 109 54°5 27 27 56

Sodium . . 93 46°5 23 23 23
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Fortunately the French chemist Laurent (1843) partially
cleared up the confusion by giving precise definitions to the
chief terms involved, namely, eguivalents, the mutually replace-
able quantitics of similar and similarly combined elements
(consequently not always the same for each eclement); afoms,
the smallest particles participating in reactions ; molecules, the
smallest particles capable of free existence; molecular weight,
the weight of a chemical substance occupying the same volume
as a molecule of hydrogen. And Cannizzaro in 1858 helped
still further by summarizing the methods of atomic weight
determination according to reliability as follows :—

(a¢) Vapour-density dctermination of compounds as well as
elements.

(6) Specific heat determinations

© Tsomorphi } with due reservation.
somorphism

§ 6. The Periodic System—The inquiry into the manner
of union between elements to form compounds has always been
closely accompanied by observation of the similarity or dis-
similarity of the various elementary bodies. Theories of the
mutual relations of the elements have, since the cstablishment
of the atomic theory, developed along two lines :—

(@) Discussion of the ultimate composition of the atoms, a
problem which we survey a little later (p. 41).

(0) Investigation of regularities in the chemical behaviour of
the elements,

Until Cannizzaro’s systematization of the atomic weight values,
only fragmentary cvidence of any connexion between properties
and atomic weights was available, but instances of apparent rela-
tions of this kind were very soon noticed here and there, especially
by Ddébereiner of Jena, who in 1829 showed that some series of
chemically analogous elements could be arranged in “triads”
whose atomic weights were in approximately arithmetical pro-
gression, e.g. lithium, sodium, potassium; calcium, strontium,
barium ; chlorine, bromine, iodine. It was also seen that other
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triads of very closely related elements possessed almost identical
atomic weights.

At about this time the ‘“homologous series” into which so
many organic compounds fall were being outlined, and Dumas
sought to show that the atoms themselves possibly formed in
some way a scries based on somewhat similar lines; otherarith-
metical regularities were pointed out by Odling in 1864. The
idea, though ingenious, was not supported to any great extent
by facts.

There are no other vicws sufficiently important to be recorded
until after the atomic weight confusion was removed in 1858,
but almost within a decade of this advance the periodic classi-
fication of the elements was accomplished. In its simplest form
this, which is the basis of all modern inorganic theory, was stated
by Newlands in 1864 ; he showed that by tabulating the known
elements according to increasing atomic weights “each eighth
element, starting from a given one, was a sort of repetition of
the first” (the “Law of Octaves”), but little serious attention
was paid to his discovery in England, and the honour of evolv-
ing the complete periodic system was divided five years later
between Lothar Meyer of Germany and Mendelejew of Russia.

The former showed that physical properties (atomic volumes)
and chemical properties (valency) varied periodically in each
group of eight elements and stated that the properties of the
chemical elements are perivdic functions of thelr atomic weights.
The latter drew up a complete table of all the clements known
at the time, arranged according to the “periodic law ” and
attracted much notice by the confidence with which he used his
newly found “law” to correct the atomic weights of some
elements and to predict in marvellous detail the characteristics
of threc elements at that time unknown. Both corrections
and predictions have been justified, the former in the cases of
beryllium, indium, and uranium, the latter by the discovery
of scandium, gallium, and germanium.

While the usecfulness and general correctness of the system
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have been admitted on all hands, difficulties have from time to
time appeared and some have not yet been removed. The chief
obstacles which have been encountered are :—

(@) The groups pass from a strongly electro-positive element
(e.g. lithium) through gradually decreasing basic elements and
finally reach a strongly electro-negative element (fluorine), after
which, without any gradual transition, the next element is again
highly electro-positive.

(6) The analogous elements of approximately cqual atomic
weights (such as iron, cobalt, nickel) do not find any suitable
place in the table.

(¢) Some elements of widely varying chemical behaviour are
brought into close juxtaposition; such are the alkali metals,
silver, copper, and gold.

(d) Some closely related elements are separated in the table;
such are silver and thallium, or barium and lead.

(¢) The position of argon and potassium and of tellurium
and iodine according to their propertics is the opposite of that
demanded by their atomic weights.

These objections have been partly met as follows :—

(@) The “new” non-valent gases of the atmosphere occupy,
from their atomic weights, positions intermediate between the
extreme electro-positive and -negative elements, and Ramsay
suggested that they form the transition elements previously
lacking. It will be noticed incidentally, that the original “ Law
of Octaves ” has become a “Law of Ninths”.

(¢) and (@) Itis urged that the resemblances or dissimilaritics,
as the case may be, of the various elements concerned are on
the whole best satisfied by their present positions in the table.

(¢) Many are the re-determinations of the atomic weights of
tellurium and iodine which have been carried out in the hope
of reversing their order. But the consensus of the results tends
to show that the accepted values are correct and that this, to-
gether with the argon-potassium anomaly, must be left at
present unexplained.
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Various difficulties have been at one time or another partly
removed by attempts to re-cast the system ; among such efforts
may be mentioned those of Johnstone Stoney (1888), Walker
(1891), and Staigmuller (1902).

In concluding this section, it must be emphasized that
Mendelejew’s designation of the periodic system as a “law” is
somewhat of an exaggeration. The real law which underlies
the system has not been discovered, although it may bc
surmised from the results obtamned n the past few years, that
the essential principle concerned depends on the constitution of
the atoms themselves, upon which question the electronic theory
of matter will no doubt n the course of its future development
throw considerable light.

§ 7. Is all Matter derived from one ultimate Funda-
mental Material 2—When Dalton’s atomic weight numbers
were tabulated with reference to that of hydrogen (the lightest)
as unity, the values for the few elements then determined were
nearly all very approximatcly whole numbers.  There has al-
ways been an instinctive desire on the part of philosophers to
make simple generalizations wherever possible ; it was natural
to think that the heavier atoms were made up in some way
of a definite number of “condensed” hydrogen atoms. The
suggestion is connected with the name of Prout and first ap-
pearcd in 1815. Tor a long while 1t was regarded sympathetic-
ally, then gradually the accumulation of cvidence agamst 1t
changed the opinion of chemists, and for years now it has been
the custom to speak rather lightly of  Prout’s hypothesis ”. It
is pointed out that, firstly, the values on which it was based
(Dalton’s and 'I'. 'Thomson’s) were hopelessly inaccurate ; that,
secondly, scveral workers with a strong prepossession in its
favour sct out to gather evidence for its support and returncd
convinced of its untenability ; that, thirdly, other workers have
tried to invent modified forms of the hypothesis and have
usually conspicuously failed. And yet, in spite of the cool
reception which Prout’s views mecet with at the present time,
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communications are intermittently appearing in the scientific
journals from observers who think they have found a means
of calculating the atomic weights of the elements or of indi-
cating how the latter have been “evolved” from a primordial
material,

The accurate determination of chemical equivalents by Ber-
zelius and others soon compelled the upholders of the original
hypothesis to shift their ground; and in succession the half
and the quarter of an atom of hydrogen were put forward as
the “unit ” of matter. This repeated subdivision of the
“unit” of course destroyed the original form of the idea.
Dumas, Marignac, and Stas were three noted stoichiometric
investigators, each of whom started to collect evidence to bear
upon Prout’s view, and all concluded that there was no such
simple rclation subsisting between the clements.  Stas, indeed,
executed a series of rescarches which were for all time a model
of manipulation and skill : true, of late years sources of error
have here and there been detected in them, but every such
source of error known to Stas at the period of his work (1840-
65) was climinated with perfect care.

Dumas, whose work was a little prior to that of Stas, and
who suggested that the elements formed ¢ homologous series ”
among themselves similar to the series of hydrocarbons, etc.,
discovered in organic chemustry, and also Pettenkofer (1850)
devised mathematical formulee whereby to deduce the atomic
weights of the heavier from thosc of the lighter clements, but
such equations werc scarcely approximately cxact,

A few years subsequently there comes a division in the
speculations as to the mutual relations of the clements. One
line of thought was concerned solely with the resemblances in
propertics of the various elements and sought to find a working
hypothesis by which to be guided in the general problems
of chemistry ; this helped to lead to the evolution of the
“ periodic classification of the elements”. The other, the
more speculative and philosophical line of thought, deals with
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the “ genesis of matter” and the constitution of the elements
themselves.

It may be said that this problem, too, has been approached
from two sides : spectroscopic and electrical.

For a number of years from about 1865 onwards, Sir W,
Lockyer made a detailed study of the spectra of the different
stars and found that the hottest stars contained chiefly hydro-
gen and other gases (some then unknown terrestrially), the less
hot stars contained the metals with which we are familiar on
earth, and the coolest were carbonaceous stars.  Again Sir
W. Crookes, investigating the “rare carths” obtained from
“ yttria” (originally supposed to be the oxide of one element,
yttrium), split these up into eight different fractions which were
in almost every respect chemically alike, but gave different
phosphorescent spectra.  The former research seems to show
that in star-formation a process of building-up of the heavier
clements from hydrogen—or something lighter—is going on;
the latter that there exist elements so closely related as to be
more like “varicties ” than distinct “species” of elementary
matter.  On this basis Crookes in 1886 suggested that the old
doctrine of the unity of matter might be true and that all the
clements were condensation products of a primary material,
“protyle”.  ‘The fact that Kayser and Runge, and others,
have recently shown mathematical or “harmonic” relations
to exist between the wave-lengths of similar groups of lines
in different clementary “spectra ” is held to be further evi-
dence of sinularity in the different atomic structures.

On the other hand, Crookes opened up a new line of attack
about 1880 by studying the action of electric discharges in
vacuum tubes. The ¢ cathode rays,” which he was thus the
first to study, have since been characterized by Sir J. J. Thom-
son and others as streams of rapidly-moving matter, as particles
whose mass was about the thousandth part of that of a hydro-
gen atom, and, finally, as particles or atoms of electricity, which
has thus itself come to be regarded as material, or rather, we
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recognize now that the basis of matter is electrical. Dr.
Johnstone Stoney named these atoms “electrons "—a namc
which has lately become very familiar,

Now, since in electrolysis, etc., a definite amount of elec-
tricity is always connected with the liberation of an atom of
any element, and also since the “radio-active” metals break
down ultimately into these electrons, it has appeared natural to
regard the atoms of electricity as the basis of the constitution
of the clements, and herc we come to the most modern phase
of that curious ever-present speculation as to a “primary form
of matter ”.

Most people at present regard the electron as #2¢ funda-
mental “stuff” of which “the world is spun,” but views
differ as to how the different atoms are made from the elec-
trons, and of course there is absolutely no experimental evid-
ence to show. From time to time, suggestions are offered ;
in 1908 Jessup showed how by addition of groups of clectrons
to four ¢ protons ”’ or fundamental elements, all the elements
in the periodic table could be accounted for, either by building
up or by “degradation” of atoms alrcady so formed ; in 1909
Egerton put forward the most accurate method of “calcula-
tion” of atomic weights yet devised, based on the fundamental
assumption of electrons and accurate in most cases to the
second decimal place when compared with the best experi-
mental values (his work only applied, however, to the twenty-
eignt lightest elements, and has been disputed, moreover, by
Moir on the ground that the agreements found are due to
mathematical necessity).

Chemists have, therefore, made fair progress of late years
towards deciding the vexed question of the “unity of matter,”
but there is still much to be done. The outstanding points
of their work in this direction have now been briefly mentioned,
and we must leave the story as it is—unfinished.



CHAPTER 1V

INORGANIC COMPOUNDS AND THE LAWS OF
CHEMICAIL COMBINATION

§ 1. Chemical Affinity and the Manner of Chemical
Combination—The German alchemist, Albertus Magnus,
scems to have first suggested the name “affinity ” to express
the force which leads certain chemical bodies to react with
certain others. Ideas as to the nature of the force were in those
times prolific and fanciful ; Glauber believed the different sub-
stances to “love” or “hate” cach other, others thought that
combination was effected by hooks or pointed prongs on the
ultimate particles of matter. Some thought that similar bodies,
others that dissimilar bodies, exerted most mutual attraction.
The first scientific treatment of the problem occurred when
Geoffroy in 1718 tried to construct “ affinity-tables,” consisting
of lists of substances (acids and bascs), 1n order of increasing or
decreasing affinity with respect to a fixed base or acid. How-
ever, in the phlogistic era little progress was made, because the
most important factor—mass—was left out of consideration
altogether.

In 1775 Bergmann practically stated that mass made no
difference at all, for he said that if, in the case of a substance
YZ, the part Y had more affinity for another part X than for
Z, then, if X be present, it would become entirely united to
Y at the expense of Z, by virtue of its greater affinity. On
the other hand, Wenzel in 1777 discovered the *“law of mass-
action” (which did not reappear till nearly a century later) by
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urging that the “amount of chemical action is proportional to
the concentration of the acting substance ”.

About 1801, Count Berthollet declared that the predominant
factor in chemical union was the relative masses of the sub-
stances concerned and not their affinity ; this was of course the
diametrical opposite of Bergmann'’s views, and was based on his
conception (and men like Buffon, Newton, and other philo-
sophers, had held the same idea) that the force determining
chemical action was 1dentical with gravity. He, therefore, sup-
posed that this, like gravity, was dependent on the masses of the
reacting compounds, but pushed his views too far by imagining
that azy (and not definitely * equivalent ”) masses of two sub-
stances could unite to form a third. In the ensuing six years
Proust contested his view, and proved by experimental work on
the basic carbonates of copper, the two oxides of tin, the two
sulphides of iron, and other compounds, that Berthollet was
wrong, that combination only took place in constant unvarying
proportions, and that if two elements united to form more than
one compound, the composition varied by leaps from one pro-
portion to another, and never gradually passed from one to the
other. The excellence of Proust’s experimental work forced
Berthollet to admit he was mistaken, and to modify his theory
accordingly. In its modified form, of course, it was correct, for,
as has been increasingly recognized, the mass of the reacting
substances present plays a very important part in determining
thex course of a reaction.

Son after this time the close connexion between clectricity
and/ chemical affinity began to be pointed out by Davy, Berze-
i3, and others, but as this concerns the structure of inorganic
Jodies rather than the point we are now studying we will leave
it for a moment.

During the first half of last century the results of numerous
researches tended to support the essential or modificd part of
Berthollet’s theory. For example, H. Rose made an extended
examination of the part played by water in various actions
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where, given suitable conditions, it can displace relatively strong
acids (1842); he showed how in some cases (iron, mercury,
etc.) basic salts are formed in presence of excess of water, while
in others (alkaline sulphides) complete hydrolysis may occur.
Somewhat later he discussed the influence of the varying pro-
portions of the reacting compounds in cases of “ double decom-
position,” and in 1855 Gladstone publicshed important results
dealing with the same class of reactions.

Mecanwhile, in 1850, Wilhelmy devised a formula to express
the rate of “inversion” or hydrolysis of cane sugar which is
essentially an enunciation of the modern form of the “law of
mass action”. Further data towards this end were provided by
the claborate work of Berthelot and Péan de St. Gilles from
1861 to 1863 on csterification ; they showed that, starting with
equimolecular amounts of alcohol and acid, or of the corre-
sponding ester and water, the same mixture of alcohol, acid,
ester, and water will finally be reached, and that the final com-
position of this mixture can be altered according to simple rules
by increasing the acting mass of any of the constituents. On
the other hand, thermo-chemical cvidence which, again, helped
to support the law of mass-action, was given by Julius Thomsen
at varying times from 1854 to 1868. The most complete state-
ment of the matter is always associated with the names of two
Norwegian investigators, Guldberg and Waage.  Supported by
the facts which have just been summarized, and basing their
arguments on Berthollet’s proposition that “chemical cquili-
brium depends not only upon the affinity, but also essentially
upon the relative masses of the reacting substances ” (Nernst,
“ Theoretical Chemistry ”), they affirmed that in all chemical
actions the amount of action is proportional to the acting mass.
Since we are merely treating the subject historically, it is im-
possible to give the details of their argument, but we may repro-
duce the familiar equation which represents the velocity V with
which a given reaction will proceed :—
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If substances of concentration cicqfs . . . are rveacting to form new
substances of concentration cyclycly . . ., then
V="rheeos . . . — kleliclyely o .
where k, k' are numerical constants ; thus when equilibrium is attained,
€195 « o = Kelyeloely o L

The treatise *“ Etudes sur les affinités chimiques” (1867) in
which these results appeared remained comparatively unnoticed
for some time, and indeed the generalization was subsequently
made by other chemists, but in its most extended form it was
developed, as we have said, by Guldberg and Waage. Van't
Hoff (1877) and Horstmann (1869-77) succeeded in making
approximately the same generalization in perhaps a more
strictly logical or deductive manner from thermo-dynamical
and mathematical considerations.

There have been a number of studies published on the sub-
jects of affinity and mass-action since the law was definitely stated
in 1867 ; these are dealt with in Chapter x.

It will be seen that the terms chemical statics and dynamics
are by no means fanciful, for nowadays the problem of chemical
affinity has been reduced, so to speak, to mathematical equations
and numerical constants, and by such rigid mcans as these a
knowledge of Zow the forces producing chemical charge act is
being rapidly gained, but when it is asked w/a# are these forces
and /4y do they so act, we cannot tell.

Having now outlined the work donc on the general question
of the rules of chemical reaction and formation or decomposition
of compounds, we turn to the other aspect of the problem, viz.
how are the various atoms joined, each to the other, in chemical
compounds ? It will be convenient to restrict ourselves for the
time being to inorganic compounds, for the theories of the
structure of organic substances are in a far more advanced state
than those of the former.

§ 2. The Structure of Inorganic Compounds—The
purpose of this book prevents us again from dealing with the
oldest views of structure, and we must confine ourselves to the
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more modern facts and theories, which are certainly no less
interesting.!

As chemists, however, we have to pay attention to present
facts rather than past fancies or future chances. The facts
upon which the structure of compounds depends are primarily
the “laws” of constant and multiple combining proportions.
We will call to mind then, how the former was definitely proved
by Proust in 1801-7 (p. 46), and the latter also foreshadowed
in Proust’s work and definitely established by Dalton about
1808 (p. 33). With the united help of these laws and of
Dalton’s atomic theory, it seemed so easy to most chemists in
the carly decades of last century to devise formule for all manner
of compounds. And so it was, indeed, very easy; but whether
the formula bore any relation to the chemical behaviour of the
compound in question was often quite another matter, and in
not a few cases the older formula: absolutely fail to express the
facts at all. In short, the problem of the structure of inorganic
compounds was for a long while thought to be much more simple
than it really is.

The view that there was a mutual connexion between heat,
electricity, and chemical force came to the front about 18oo.
Twen