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MODERN CHEMISTRY

FIRST FART

THEORETICAL CHEMISTRY

CHAPTER 1

INTRODUCTORY

BhmentB-Phloglston-Dlacovery of Oxyren-Cnn,

Mac's Lmw of Volumes-Avogadn^rHyaa^hhu

*na nut M l-*ir-Equlralenf-lsomorphhm.

And r. " ""* ^^' "' " ^^l-" " "<« nfade of '
"

rates, Jeaving •kim-milk behind. But the Question h-,. .

of thTtit r u ""l'
'^"'''^^- '''• »^''« " ^en made out

whom .r ^ '^" "'^"'"'"8
•
" P°««'b'y the person towhom the quest.or. is addressed mny krow that tht miM^contained the butter in the state of fine Xbu es and Thi^the pocess of churning b eaks up the glluK and ca e

4"anrefed"2" d H
'^ °"'^^^^ ^""^^ ^^^ -' Xo. en answered; and indeed it is not an easy one to renlv to

of ^ri^ndt Tr"' "^^^^^^ ^^^--'-» to^hete'o;^ot old, and they led to many speculations.
^
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• MODERN CHEMISTRY
£/emeil/».—OneoftheieipcculatioM was that tiiingt

which we see around us were built up out of elements, just
as a word is built up out of letters. Indeed, the word
elemens, wh.ch is the Latin word for element, is pro-
bably derjyed from the letters /, m, and «, and involves
that Idea. The ancient Greeks surmised that there were
four such elements—earth, water, air, and fire. Bat as it
was obvious that some things, for instance gold and silver,
did not contain either water or air, the word element was
often used to signify, not the constituent of a thing, but
rather a property of a thing ; and it might have been said
that gold partook of the properties of earth and water,
because, like earth, it is not altered by being heated, and
yet It can take a fluid form like water if heated hot enough.
Hence the old word «* element" had a double meaning
It was sometimes used in the sense of "constituent," ai'.^
sometimes more in the sense of • property."

If a child is given a mechanical toy, his wish lo see how
It works generally leads to his taking it to bits. This is
unfortunately only too easy; but it is seldom that he
succeeds in putting it together again. Now, if we inquire
what a piece of wood or stone ts made of, we can, after a
fashion, take them to bits; we may pull the wood into
fibres, or we may crush the stone, and pick out the piece*
that appear to differ from each other in colour, if they are
large enough. But the fibres have much the same appear-
anc as the piece of wood, and the fragments of stone,
though somewhat different from each other, are still pieces
of sione. The question is still to be answered, of what do
wood and stone consist ? It is evident that some plan must
be tried by which the wood and stone will be unbuilt, as it
were, and by which they will yield their constituents.

It had long been noticed that many things are greatly
changed when heated. A piece of wood takes fire and
burns

;
some kinds of stone melt ; some metaU, such as lead

and iron, change into earth y-coloured powders. Surely
these changes ought to lead to some knowledge of the
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nature of wood, .tone, and metals. It wa. Jong, however

aj made a difference .n the re.uJt of heating .ubstancesWhen attention wa. drawn to thi. aifferenrr . „cw .u,-gction wa. adopted. It wa., that things, be. es con "si.ng o or sharing th. propertie. of earth water, air, andfire al.o consist of, or at least are like. Lit, .ulphur nJ

^t to Ir?n
7,^"\'^'"8" »""« '"her contain a kind of

share ^henrn /"'/''',' ^^P""^' ^-^ '^'V «""" «' '«^»«thare the property of saJt, m so ^ as they dissolve. Sin.i-

•hare the property of mercury, .^eing that they ,hine withthe same kind of lustre
; and many things resemble JulZr

hwasor
•'''^- "'." !"^ Produce a'smell in burning. S

like, .alt, sulphur, and mercury; he imagined all thino.

naSthet '""^T °k
^'^ «^°^ ^° ^°° '^ ^'^^^e ear'h^snamely the m -curial, the glassy, and the fatty, the lasmplymg the

, .perty of being' able to burn.^' X^d inpearly year of the eighteenth century, BecherWGeorge Ernest Stahl. who was Professor of Medicine inJena, and later in Halle, two small German town madean.mportant addition to the ancient theories, namely, thltIt was possible to restore the "sulphur." or the "fettvearth," as Becher called it. to things whi^ch had £deprived of it by burning, by heating them wUh o^ersubstances rich in that constituent.

Phlogiston.Suhl devised a new name for this com-bustible constituent of substances, in order better to direct^Iten ion to his new idea
; he called it " phlogiston,'' a wordwhich may be translated « burnableness/' for it is derTved
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from a Greek word signifying flume. Thus lead, which
when heated in air changes to an earthy dross, or, as it

was then termed, "calx," may be restored to the state of
metal by heating it with charcoal powder, or with flour,

or with any substance rich in '« phlogiston ;
" that is, with

any substance which is itself capable of burning. He sup-
posed that the lead was rich in ' phlogiston ; " that when
it changed to lead-dross, the "phlogiston" escaped; but
that on heating with charcoal, the latter parted with ///

phlogiston to the lead-dross, changing it back again into

lead. It is evident that this idea accounts for some of the
facts observed ; and it gained ground rapidly. But it had
been shown by the French physician Jean Rey, by the Eng-
lish philosopher Robert Boyle, and others, that metals, when
they changed into earthy powders on heating, gained weight;
and it is at least curious that the lead, on /osing one of its

constituents, namely "phlogiston," should ^rt/n weight: one
would have expected that weight would be lost, not gained.
The way out of this difficulty was ingenious. We know, it

was said, that weight i , due to the attraction of the earth
;

now, it is not impossible that the earth may repel phlo-
giston, instead of attracting it; and in that case a body would
grow heavier, instead of lighter, if it parts with phlogiston.

Another objection to the theory was that a candle, for

example, which is rich in phlogiston, goes out when made
to burn under a glass shade ; that is, when air is excluded.
True, said the phlogistonists ; that is because the phlogiston
cannot escape. And because this theory gave a plausible

explanation of the common phenomenon of combustion, it

was widely accepted, and survived until the end of the
eighteenth century.

The idea had been steadily gaining ground that know-
ledge was to be acquired only by trial and failure. Francis
Bacon, Lord Venilam, at the eud of the sixteenth cen-
tury wrote: "The true kind of experience is not the
mere groping of a man in the dark, who feels at random
to find his way, instead of waiting for the dawn or striking
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a light. ... It begins with an ordered—not chaotic-
arrangement of facts, deduces axioms from these, and from
the axioms again designs new experiments." Many ex-
periments were made on the action of heat on various
things, either alone or mixed with others. Boyle, who
introduced the word "analysis" to denote the art of dis-
covermg one substance in presence of another, and who
contended for the use of the word "element" in the mean-
ing of a constituent of, and not as a properly of matter, made
many such experiments, and systematically put Bacon's ad,
vice into practice. And so knowledge of facts gradually
accumulated, and speculations acquired some substantial
basis. To Priestley, a nonconformist clergyman of Bir-
mingham, wc owe the discovery of numerous gases, and
Scheele, his contemporary, a Swedish apothecary, also en-
riched chemistry in this respect. The discovery of oxygen,
in 1774, was made simultaneously by both of these illus-
trious men. It had been generally supposed that all gases,
or, as they were then termed, "airs," were merely modifi-
cations of atmospheric air; and it was not uncommonly
held that air, in consequence of its want of substantiality,
was but one remove from nothing. Joseph Black, Pro-
fessor of Chemistry in Edinburgh in the middle of the
eighteenth century, was the first to prepare carbonic acid
gas or, as he termed it, "fixed air," in a pure state ; and
by determuiing the loss of weight on heating its compound
with magnesia, to show that it was due to the escape of the
gas

;
for he succeeded also in absorbing the gas, and re-

constituting the carbonate of magnesia, which then possessed
practically the same weight as it originally had. In spite
ot this discovery, made in 1756, the doctrine was still gene-
rally held that burning substances lost their constituent
principle, "phlogiston;" and we owe to the French che-
mist Lavoisier the true explanation of the phenomenon
ot combustion. Lavoisier had been informed by Priestleym the autumn of 1774 of his discovery of what, accord-
ing to the views then current, he termed « dephlogisticated
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air;" he proceeded to repeat an experiment which had
previously been made by BoyJe, in heating metallic tin to
redness in a sealed glass vessel ; there was neither gain nor
loss of weight, although the tin had been partly converted
into " calx

;

" but on admitting air, he observed a gain in
weight, nearly equal to that which the tin had gained on
being calcined. The conclusion was obvious, that the gain
in weight was due to the absorption of a portion of the air

6y the hot tin ; and he subsequently showed that the gain
was to be ascribed to the absorption of Priestley's «* de-
phlogisticated air," of which Priestley had shown common
air to contain about one-fifth. And in 1777 Lavoisier
published the statements :

—

( 1 ) Sul^tances bum only in pure air.

(2) This air is consumed in the combustion, and
the increase in weight of the substance burned is
equivalent to the decrease in weight of the air.

(3) The combustible body is, as a rule, converted
into an acid by its combination with the pure air,
but the metals, on the other hand, are converted into
" calces."

Oxygen.—This last statement explains the name which
he gave to Priestley's and Scheele's gas, namely oxygen, a
word derived from two Greek words, signifying «« acid-
producer.'^' The compounds of this substance he termed
"oxides;" and it is to him that we owe the system of
nomenclature now generally in use. Before the end of the
century, the doctrines of Lavoisier had gained almost
universal acceptance.

The word «< analysis," as has been stated, was suggested
by Boyle, to signify the ascertaining the composition of
substances. Attempts were made by him, and by other
chemists, especially by BJack, to perform quantitative
analyses during the seventeenth and the first half of the
eighteenth centuries. Priestley and Scheele tried to find the
relative proportions of oxygen in air with partial success

;
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but it was rot until Lavoisier had convinced most chemists
that oxygen was a substance, and not the negation of one,
like the absence of phlogiston, that serious attention was
directed to accurate determinations of quantity. And
towards the end of the eighteenth century fairly trustworthy
data began to accumulate.

Combining Proportions,— It. became evident, chiefly
owing to the work of two German chemists, Wenzel and
Richter, that when an acid, such as vitriol or vinegar, is

mixed with a base, such as potash, and neutralised, as the
expression runs—that is, rendered incapable of changing the
colour of certain vegetable extracts and deprived of its sharp
taste—the same weight of base was always required to
neutralise the same weight of acid. And other examples of
apparently constant proportions between the constituents of
substances had also been observed. But the processes of
analysis were very imperfect, and the results by no means
always concordant; and there was some ground for the
statement made by Count Berthollet, a contemporary of
Lavoisier, mhis Researches on the Laws of Affinity, published
in 1803, that the composition of chemical compounds was
variable, and not constant ; that, in fact, it depended on
circumstances, such as the proportions of the substances
present, on the temperature, on whether the substance pro-
duced was an insoluble solid, and so on. Berthollet's
statement was disputed by his countryman Proust, who, by
fairly accurate analyses, carried out' during eight years of
controversy, proved the truth of the doctrine of constant
proportions. But in the course of his work, he found that
in certain cases two elements form more than one compound
with each other ; for example, tin combines with oxygen in
two proportions, each of them fixed and constant ; and iron
forms similarly two compounds with sulphur. Perhaps the
most exact experiments which had at that time been made
were those due to the Hon. Henry Cavendish, who having
discovered that water was composed of oxygen in union with
another gas, to which the name « hydrogen " was subae-
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quently given, determined the proportion of these constituents
with very great accuracy. He found that two volumes of
hydrogen invariably combine with one volume of oxygen to
produce water, neither hydroge.i nor oxygen being left over.
Owing, however, to the method of expressing the composi-
tion of compounds, no relation was evident between the
proportions of the constituents. Thus Proust expressed the
results of his determination of the composition of the two
oxides of tin and of copper in parts per hundred ;

Metal .

Oxygen

Sulwxide of Protoxide of Suboxide of Oxide of
coi)per. copper. tin. tin.

. 86.2 80 87 78.4
• ^i-^ 20 13 21.6

«

lOO.O 100 100 100.0

Had he calculated by simple proportion how much oxygen
18 combined with the same weight of copper and tin in each
case, he would have found that the ratio of the oxygen in
the suboxide of copper to that in the protoxide is as 1 3.8 to
21.5 ; and in the two oxides of tin as 13 to 24. The
correct figures are :

—

Metal .

Oxygen

Suboxide of Protoxide of Suboxide of Oxide of
copper. copper. tin. tin.

88.8 7u.Q 88.2
I 1.2

1 00.0

79-9
20.1

100.0

II.8

1 00.0

78.9
21.

1

1 00.0

The ratio should be as i to 2 in each case ; and the fact
that Proust did not remark this is to be ascribed partly to his
method of stating his results, and partly to the inaccuracy of
his analyses. ^

Attention was first drawn to the existence of simple
proportionality between the amounts of one element forming
more than one compound with another by John Dalton, a
Manchester schoolmaster, in 1802 and the next succeeding
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years. In the year named, he dLscribed experiments "On
the proportion of the several gases in the atmosphere ;

" and
he then stated: "The elements of oxygen may combine
with a certam portion of nitrous gas, or with twice that
portion, but with no intermediate cuaniitv." And ht later
illustrated the same fact by considering the composition of
two compounds of carbon with hydrogen, marsh gas, and
olefiant gas, the former of which contains twice as much
hydrogen as the latter, proportionally to the same weight
of carbon.

The laws relating to the proportions in which various
elements combine are therefore usually called Dahons
Jsaivs ; they are :

—

Dalton's Laws.—The laiv of definite proportions:—
When two or more elemen*^. combine with each other
to form a compound, the^ combine in constant pro-
portions by weight.

The la-w of multiple proportions :~Wheu tWO elements
form more than one compound with each other, they
combine in simple multiple proportions.

Tims, if A and B are definite weights of two elements,
the proportions in which they combine will be A with B

;
or A with 2B ; or A with 3B ; or 2A with B ; or 2A
with 3B; or 3A with zB, &c.

But Dalton not merely stated these facts ; he devised a
theory with a view to explaining them ; he revived and
gave defimteness to the ancient conception that all substances
which we see around us consist of atoms. This idea is at
least as ancient as 400 b.c., and is to be found in the writ-
ings of the Greek philosophers. The theory, in the form
which Dalton gave it, is as folic - : All compounds con-
sist of atoms of elements united each other. An atom
IS an indivisible (literally "uncattable ") particle, or,
more correctly, a particle which resists division. Each
atom has its own definite weight ; but as there is no apparent
means of determining this weight (for atoms are inconceiv-
ably small), we must be contented in determining their

f

<
)
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weights relatively to each other. This we can do by
ascertaining the proportion in which they exist in their

compounds. Thus, knowing that water consists of oxygen
in combination with hydrogen, if the smallest particle of
water consists of one atom of each element, the relative

weights of the atoms will be found by discovering the
proportions by weight in which these elements are combined
with each other. Now, it is found that 8 parts by weight
of oxygen and i part of hydrogen by weight combine to

form 9 parts by weight of w?*er ; hence an atom of oxygen
is eight times as heavy as an atom of hydrogen ; and an
atom of water is nine times as heavy.

We must beware of confusing this theory with the facts

on which it is founded ; indeed, Dalton's contemporaries,

while accepting the facts, refused in many cases to accept
his theory. Sir Humphry Davy used the word •* propor-
tion" in place of the word "atom ;

" and Dr. Woilaston
preferred the word " e<juivalent.*' And even granting the

existence of atoms, the problem of determining their relative

weights is not so simple as would at first sight appear. For
how is it possible to know which of several compou .Js is

the one containing only one atom of each element ? The
ivo compounds of carbon with hydrogen by means of
which Dalton illustrated his law will furnish a good example
of this difficulty. While one of them, marsh-gas, consists

of one part by weight of hydrogen in combination with
three parts of carbon, the other consists of one part of
hydrogen, in union with six parts of carbon. Which of
these two contains one atom of each element? If the

forme , then the atom of carbon is three fimes as heavy as

the atom of hydrogen ; if the latter, it is six times. Dalton
was quite aware of this difficulty, but could devise no means
of overcoming it, and the numbers which he adopted were
only provisional.

The difficulty was solved chiefly by the experimental

work ofJoseph Louis Oay-Lussac, Professor of Chemistry
in the Ecole Polytechnique in Paris, and by P. L. Dulong
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and T. A. Petit, Director of, and Profc;,sor in, the same
school. The attention of Gay-Lussac having been directed
by the celebrated explorer Humboldt to the fact that water
is formed by the union of one \nolume of oxygen with two
volumes of hydrogen gas, he followed it up by the discovery
tin other gases unite in very simple proportions by volume.
Of this we shall see many instances hereafter.

Qay-Lussav*s Law of Volumes.—Stated in the
form of a law, Gay-Lussac's discovery was:

—

The weights
of equal volumes of both simple and compound gases
are proportional to their combining weights (or, to
use Dalton's term, their atomic weights), or to rational
multiples of the latter. This law appeared as if it ought
to have some simple relation to Dalton's laws ; but there
is an apparent difficulty in reconciling them, which was
surmounted in 1811 by Amadeo Avogadro, Professor of
Physics in Turin. The difficulty is this :

—

Imagine a given volume, say a cubic inch, to be filled

with oxygen ; suppose it to contain a very large but un-
known number of atoms of oxygen, which we will call «.

This oxygen, if mixed with twice its volume of hydrogen,
or two cubic inches, and made to combine with it (which
can be done I;y heating the mixture with an electric
spark), yields nothing but water ; and neither of the gases
remains uncombined in excess. Let us suppose that n atoms
of oxygen combine with 2« atoms of hydrogen ; and as
water also, according to Dalto' consists of atoms, there will
be n atoms of water formed / their union. But experi-
ment shows that the water, m the state of water-gas or
steam, has a volume equal to that of the hydrogen from
which it was formed ; that is, n atoms of water-gas inhabit
a volume equal to that inhabited by 2« atoms of hydrogen.
From this it would appear that equal volumes of gases
do not contain equal numbers of atoms ; and while some
chemists supposed, with Dalton, that water consists of one
atom of oxygen in union with one atom of hydrogen, others
imagined that two atoms of hydrogen were present for each



IS MODERN CHEMISTRY
atom of oxygen, basing their conclusions on the fact that
two volumes of hydrogen combine wiih one volume of
oxygen, and considering i» pro! able that equal volumes of
gases contain equal numbers of atoms. This last proba-
bility was maintained by Avogadro, and he defended hid
doctrine by the following suggestion.

Avogadro*s Hypothesis.—SuhstdTtces consist of two
kmds of particles, each of which has been termed an atom
by Dalton. But they are in reality different. The smallest
par^'cle, or, as Avogadro named it, molecule, of water, con-
sists of three atoms, two of hydrogen and one of oxygen.
But hydrogen gas and oxygen gas also consist of molecules,
«ach of them containing two atoms. The act of union of
these elements is to bt regarded not as a case of combination
of atoms, ak Dalton supposed, but rather as an exchange of
partners

; the atom of oxygen leaving the other atom with
which it had been combined, and uniting with two atoms
of hydrogen, each of which had similarly left its partner.
Thus n molecules of oxygen exchange partners with in
molecules of hydrogen, and form in molecules of water-gas

;

but whereas the molecules of oxygen and hydrogen each
contain two atoms, those of water-gas contain three. And
this explanation is consistent with the facts ; for while m
molecules of hydrogen and n molecules of oxygen, containing
together 6« atoms, react to form in molecules of water-
gas, the latter also contains 6n atoms, for each molecule of
water-gas contains three atoms.

Using the symbols H and O for one atom of hydrogen
and one atom of oxygen respectively, Dahon's idea of the
combination was

—

H + 0=.HO.

On the assumption that equal volumes of the gases contain
equal numbers of atoms, the equation becomes

—

2H + = H,0.

Lastly, on Avogadro's hypothesis, that the action is one
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between molecules of hydrogen and molecules of oxygen,
each containing two atoms, the equation is :

Granting Avogadro's hyiothesis, the relative weights
of the atoms can be ascertained. For, as oxygen is

16 times as heavy as hydrogen, and as equal volumes of
these gases contain eoual numbers of molecules, and more-
over as <'ach molecule consists of two atoms, it follows that
an atom of oxygen is 16 times as heavy as an atom of
hydrogen.

Atomic Weight.—This is usually expressed by the
phrase—the atomic weight of oxygen is 16; for the
atomic weight of hydrogen, being the smallest known, was
taken as the unit.

The relative weight of a molecule can also be calculated;
as an instance, let us calculate the molecular weight of
watei-gas. Expeiiment shows that a given volume of
water-gas is 9 times as heavy as an equal volume of hydro-
gen at the same temperature and pressure; again, equal
volumes of gases contain equal numbers of molecules;
therefore a molecule of water-gas is 9 times ai hea-' as
a molecule of hydrogen. But a molecule of hydrogen
consists of two atoms ; consequently a molecule of water-
gas is 1 8 times as heavy as an atom of hydrogen.
Molecular Weights.—This is usually expressed by

saymg that the molecular weight of water is 18 ; and inas-
much as it consists of two atoms of hydrogen in union with
one atom of oxygen, the weight of a molecule of water-gas
IS equal to the sum of the weights of the atoms composing
It; for, (2x i) + i6=i8.
Duiong and Petlt's Law.—Let us now consider

the discovery of Duiong and Petit, already alluded to. In
1819 they made the announcement that the atoms of
simple substances, or elements, have equal capacity for heat.
It must be explained that equal weights of different sub-
stances require different amounts of heat to raise them

I
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through the same interval of temperature. Thus, if the
amount of heat required to raise the temperature of a gram
of water from, let us say, o" C. to loo' C. be taken as
unity. It IS found that only one-ninth of that amount is
required to raise an equal weight of iron through the
•ame range of temperature. Or, in other words, while
the specific heat of water is i, that of iron is Ji, or in
decimalc, 0.112. Tlie quantity of heat necessary to be
imparted to one gram of water to raise its temperature
through I C. IS termed a heat-unit, or calory; but
sometimes the unit is chosen one hundred times as large,
and represents the heat required for a rise of temperature
from o to 100°; and r.he French make use of a unit
one thousand times that of the smallest unit. Dulong
and I'etits* discovery was, that if weights of the solid
elements be taken proportional to their atomic weights,
equal amounts of heat must be imparted to :hem in order
to raise them through the same interval of temperature.
Ihe following table illustrates this fact, and exhibits some
ot the results obtained by Dulong and Petit ;—

Atomic weight. Specific heat Atomic heat.
Element.

Bismuth .

Lead
Gold .

Platinum

Silver

Copper .

Iron . .

Sulphur .

208

207

197

108

63

32

0.0288

0.0293
0.0298
0.03

1

4

0.0570
0.0952
0.1138

0.1776

6.0

6.0

5.8

6.1

6.1

6.0

6.4

5-7

If the specific heat be taken as the heat required to raise
the temperature of one gram of each of these substances
through one degree, compared with that required for one
gram of water, the atomic heats of bismuth, lead, gold, and
the others represent the heats required for 208 grams of
bismuth, 207 grams of lead, and so on. It is evident
that they are all nearly equal. It should follow that the

I
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•pecific heat of •olid hydrogen mutt be also fi, since the
atomic weight is taken as i.

These facts, though clearly indicating the numbers which
should be token for the atomic weights of the elements,
were neglected, until renewed attention was called to them
in 1858 ^ Oannizzaro, still Professor of Chemistry at
Rome. He pointed out that all that can be gained from
the analvsis of a compound, for example an oxide, is the
«« equivalent" of the element. And as an element, such
as iron, often forms more than one compound with othtr
elements, let us say oxygen or chlorine, it therefore may
possess more than one equivalent. But granting the atomic
hypothesis, its atom can have only one definite weight.
That atomic weight may, however, be inferred from its
specific heat, or from the density of its gaseous compounds.
Let us consider a concrete instance of each of these
methods.

The analysis of two of the oxides of iron leads to the
followmg results :

—

Iron . .

Oxygen

Ferrous oxide.

• 77-77
. 22.22

99.99

Ferric oxick-.

70.00

30.00

100.00

Equivalent.— }<iow, j gram of hydrogen combines
with 8 grams of oxygen in water ; and 8 is there x)re
chosen as the equivalent of oxygen ; for the definition of
an equivalent is that amount of an element which will
combine with or replace one part by weight of
hydrogen. In ferrous oxide, since 22.22 grams of
oxygen combine with 77.77 grams of iron, 8 grams of

77.77x8oxygen will combine with
22.22

= 28 grams of iron
;

and in ferric oxide, 8 grams of oxygen are in combination
70x8-—-= 18.66 grams of iron. Thus the equivalent

with



I«. MODERN CHEMISTRY
of iron in ferrous oxide is 28, and in ferric oxide 18.6
The question now arises, What is the atomic weight
iron? We have seen that the specific heat of iron

0.1138; and we know that the specific heat of aol

hydrogen is probably 6. And as the specific heats
elements are inversely as their atomic weights, we ha
the proportion

—

Specilic heat
of iron.

O.I 138

SpeciHc heat Atomic wei .;ht Atomic wvi^
ofiiydrogen. of hydrogen.

I

of iron.

52.7

The number 52.7 is nearly 2 x 28, and nearly 3 x i8.6f
these products give 56 ; and it must be remembered th
Dulong and Petit's law is not absolute, but merely j

spprdximation ; hence 56 is accepted as the true atom
weight of iron.

The element sulphur forms a compound with hydrogt
which has the following composition :

—

Sulphur

.

Hydrogen .

94.12 per cent.

100.00

The gas is 17.1 times as heavy as hydrogen; and th

means that a molecule of hydrogen sulphide is 17.1 timt

as heavy as a molecule of hydrogen. But a molecule (

hydrogen is believed to consist of two atoms ; hence
molecule of hydrogen sulphide is 34.2 times as heavy as a

atom of hydrogen. Now, if this gas consists of one atoi

of hydrogen in combination with one atom of sulphur, the
the ntomic wejnht of sulphur will be the same as its equiva

lent, viz., -yy = i"; 'lit >f It contain two atoms c

hydro;;cn, then the atomic weight of -ulphur will b

94.12 X 2—^ uu — i^' The first hypothesis is impossible, for the

che molecular weight of hydrogen sulphide would b
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ISOMORPHISM
,7

16+ I -17; whereas, it has been found to equal u.2 •

I

but if two atoms of hydrogen are present in sulphide of
hydrogen, the molecular wei;;ht is 32 + 2 = 34 • and this is

,

nearly the same as the number found, vi/., 34.2. It is

j

however, st.ll possible that hydrogen sulphide consists oftwo
I
atoms of hydrogen m union with two atoms of sulphur, in
which case the atomic weight of sulphur might still be 16 •

but many other gaseous or gasifiable compounds of sulphuj
are known, and m n. of them is the molecular weight
such that they could be supposed to contain less than u
parts of sulphur for each part of hydrogen, or its equivalent
of another element. It is consequently regarded as impro-
bable that the atomic weight of sulphur is less than 32 ; and
that 32 is the correct number follows also from the deter-
mination of its specific heat.

Isomorphism.-A third method of arriving at the
correct atomic weight of an element was suggested in 18 10
by Eilhard MitscherUch. then Professor in Berlin When
two substances crystallise in the same crystalline form,
they are said to be " isomorphous " with each other. It is
often the case that such compounds are similar chemically •

that is, they may contain the same number of atoms, andmay also closely resemble each other physicajly. Thus
there 1., a large lassof compounds, named "alums," which
are sulphates 01 cwo metals. Ordinary alum is a sulphate
ot a uminium and potassium

; it crystallises in eight-sided
regular figures, termed « octahedra." When the rare metal
gallium was discovered, it was found to form an "alum • "
It gave a sulphate of gallium and potassium, crystallising 'in
octahedra, and similar in properties to ordinary alum. Now.
Mitscherhch s statement was, that when one element takes
the place of another in an isomorphous crystal of the same
chemical character, the substitution occurs so that one atom
ot the one replaces one atom of the other. Hence, if the
atomic weight of the one element is known, the weight of
the other element which replaces it will be proportional to
Its atomic weight. In the case above mentioned, it was

VOL. I.
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found that 27.1 parts by weight of aluminium were replaced

by 69.9 parts of gallium ; and as it was known from experi-

ments such as those previously described that the atomic

weight of aluminium is 27.1, it follows that 69.9 is he

atomic weight of gallium. But care is necessary in using

this indication of the atomic weight ; for it may happen that

two compounds may contain the same number of elements in

the same proportions, and have a similar crystalline form

;

and yet Mitscherlich's law may not be applicable.



CHAPTER II

Gaseous and Osmotic Pressure—Boyle's Gay
Lussac% Pfeffer's, and RaouWs Laws.

If we grant, in accordance with modern views, that matterconsists of mmute particles, termed molecules it IsTa sobe allowed that the distance between these ulti;ate particlesmust be very different, according to whether the mClm the solid, or hqmd, or in the gaseous state. Thus acubic centimeter of water at loo' expands, when it isboiled into steam of the same temperature, to 1700 cubiccentimeters; and a cubic centimeter of oxygen, measured
at Its boihng-point, i«a% boils into 266 cu'bic e"of oxygen gas of the same temperature. In changing i!
state, therefore, from liquid or Llid to gas, maUe" Z-goes a great alteration of volume. It is'accordingly to beexpected that the molecules of a gas, being at so nLh
greater a distance from each other Ln the ,?J c LTf1solid or liquid, should yield more readily to pressure, andshoula decrease in volume when the pressure is raisedmuch more than solids or liquids. It is also ound asappeared probable, that the expansion of a gas is muchgreater than that of a solid or a liquid, by a definite nseof temperature.

^ ^ "cnniie rise

Boyle's Law.—The law relating to the comnressibihty of gases was discovered by Boyle. It is Tha Tftemperature be kept constant, the vLme of all gL^IS inversely as the pressure. Thus, if the preLureTZatmosphere, which is equal to 1033 grams on each square
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I

centimeter of the earth's surface at sea-level, or approxi-
mately 1 5 lbs. on each square inch, be doubled, the volume
of a given weight of air, or of any other gas, will be halved ;
on trebling the pressure the volume is reduced to one-third,
and so on. As the length of a column of mercury, one
square centimeter in cross-section, must be 76 centimeters
in order that its weight shall be 1033 grams, 76 centi-
meters is taken as the "normal " height of the barometer.
And if the height of the mercury in a gauge or "mano-
meter ' is 152 centimeters, the pressure which produces
that rise m the mercurial column will halve the volume
of a gas exposed to it.

Qay-Lussac's Law.— The Jaw connecting the
volume of a gas with the temperature was discovered by
Gay-Lussac, and independently by Dab .; but it is gene-
rally attributed to the former chemist. It is .-—Provided
pressure be kept constant. *he volume of a gas mea-
sured at 0° C, increases ..1^, for each rise 'of 1°.
Ur I volume of gas at o" will become 1.00367 volume at
i =

; 1.0367 volume at 10°; 1.367 volume at ioo% and
so on. Generally stated, if / stand for a temperature, i

volume of gas will become i + 0.00367/ when heated from
o to that temperature.

A third law may be deduced from these two; it is,
that if the volume of a gas be kept constant, the
pressure of a gas will increase ,,1.. of its initial
value at 0° for each rise of 1°. This is evident from
the following consideration :—Suppose that i volume of
a gas is heated from 0° to 1°; the volume will increase
to 1.00367 volume. To reduce the volume again to its
initial value, i, the pressure must be raised by 0.00367
of its original amount. If the initial pressure corresponded
to that of 76 centimeters of mercury, it would have to
be increased to 76+ (76 x 0.00367) centimeters, or to
76.279 centimeters in order that the gas should resume
Its original volume of i. The same consideration will
hold if the gas is cooled instead of being heated ; but
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stead of being ra.sed. It follows from this, that if thetemperature could be reduced to 273 below o^C thegas would exert no pressure. This temperature, -27VIS termed "absolute zero." As a matte? of fact, so o^J

e aTn'Thar'al
" "'"^

'7." T^"'' '
^"^'—-'^ ^

"

certam that all gases would change to liquids before thattemperature was attained. But it serves \s the startit-

iT-%1:V ^""f
''' "^'^"'"^^ -^'^ ^'^^^?^^''

..IJ I .
°^ * ^^^ ** constant pressure increasesas the absolute temperature; and itf corollary thus^lThe pressure of a gas at constant volume increases

tth''7f'"n?he *rr^*T ^°; °° ^-
-"-""'

witn 273 on the absolute scale; and 273 volumes of Paswill become 274, if the temperature is raisedTom 27^absolute to 2 74" absolute. Similarly, the pressure of a laswill increase m the proportion 273: 274 if the absolutetemperature is increased from 2-3° to 274°
Pressure Proved by DiffusIon,~Wh,n a solidIS dissolved m a liquid, as, for example, sugar in water theparticles of sugar its molecules L'n,us't obvlusly beseparated from each other to a greater or Jess extent ac-cording as much or little water be added. And i^ habeen noticed that if the sugar be placed in the wate andnot stirred .., the sugar will dissolve at theUt^^f ^hevesse, d ,he strong solution of sugar will slowly mix upwith the upper layer of water, and in course of time beequally distnbuted through the water; just as a heatv gassuch as carbonic acid gas, if placed in an open far wi 1gradually escape into the lighter air above it!^ Th 'pTo-cess of mixing oftwo liquids or gases is termed "diffusion "

It is now generally held that the pressure of a ga! o^hewalls of the vessel which contains it is produced by theunpacts of its molecules against the walls; ad 7s Lmoecules are extremely numerous, and in a 'state of veryrapid motion, they escape from an open vessel ; so lit



22 MODERN CHEMISTRY
even a heav) gas, like carbon dioxide, will escape upwards
into a lighter gas; and similarly, a light gas, like hydro-
gen, will escape downwards into a heavy gas, owing to the
unceasing motion of its molecules. The fact that the
molecules of sugar, which, by the way, becomes itself a
liquid when dissolved in water, travel upwards, and diffuse
through the lighter water, shows that they too are in
motion

;
but the slowness of the diffusion, compared with

the rate of diffusion of a gas, indicates that their motion
IS much impeded by the molecules of water, with which
they are constantly coming into collision. And just as the
motion of the molecules of a gas produces pressure, and
causes the gas to escape through an opening, so the motion
of the molecules of sugar, which causes them to rise through
water agairs^ the attraction of the earth, may be taken to
imply that they also exert a kind of pressure. But the
molecules of water, with WiUch the molecules of sugar are
mixing, must also be held to exert pressure of the same-
kind, since they disperse themselves through the molecules
of sugar. How is it possible to distinguish the pressure due
to the sugar from that due to the water ? A parallel case
with gases will help us to reply to this question.
Dalton's Law of Partial Pressures.—Suppose a

vessel of one litre capacity to be filled with oxygen gas at
o

,
and under the atmospheric pressure of 76 centimeters of

mercury. The oxygen will exert pressure on its walls
equal to that of the atmosphere, for the vessel may be
placed in communication with the atmosphere, in ord-r to
equalise pressure, before it is closed. Now let half a litre
of hydrogen be introduced by means of a force-pump. As
temperature and volume remain the same, the pressure will
be increased to 76 cms. + 38 cms. Introduce another half-
litre of hydrogen, and the initial pressure will be doubled ; it

will now be 1 52 cms. Let another litre of hydrogen be
introduced, and the initial pressure will be trebled. We
might introduce a third gas, say nitrogen, into the vessel, and
the pressure would be increased proportionately to the quan-
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tity introduced. Each constituent of the gaseous mixture.
accordingly, exerts pressure on the walls of the containing
vessel proportionally to its relative amount. For examp'e
the pressure of the nitrogen of the oxygen and of the argon
in air is proportional in each case to the amounts of these
constituents, v.z., oxygen, about 21 per cent. ; nitrogen, 78per cent. ;_and argon, i per cent. This statement is known
as Dalton s law of partial pressures. If the pressure ofthe air is 76 cms., that of the nitrogen is ^X_«- x 76 • of th^
oxygen, - X 76; and of theargont ,J, r76c,^'

' tt
case ot liquids, however, such a method fails. For while
in some instances the volume of a solution is nearly equal to
that of the solvent, plus that of the dissolved substance, in
others the volume is less, and in a few instances greater.A device has, however, been discovered, by which it is
possible to measure the partial pressure of the dissolved sub-
stance; and again an example will first be given from the
behaviour of gases. The rare meta' ^.Il.^iA is permeable
at high temperatures by hydrogen, bu .. .y other gases.Now, if a vessel made of palladium be filled Jith a gal that
cannot escape through its walls-for example, with nitrogen
at atmospheric pressure-equal to that of 76 cms. of mercury—and at a high temperature, say ^00° C. ; and if it bethen surrounded with hydrogen gas, also at atmospheric
pressure, the pressure of the gases in the interior of the
vessel will rise to two atmospheres, owing to the entry ofhydrogen through the walls, which are permeable to thaf gas
alone. The mercury in the gauge connected with the
palladium vessel will rise, until it stands at a height of 76 cms.,showing that the original atmospheric pressure has been
doubled. As there is no opposition to the passage of the
hydrogen inwards or outwards through the walls of the
vessel, hydrogen will enter until the pressure ofthe hydrogen
in the interior is equal to that on the exterior of the vessel,
iiuf the mtroger cannot escape, hence it exerts its original
pressure of 76 cms. of mercury.

*"

Osmotic Pressure.—The partial pressure of the dis-
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solved substance in a solution has been measured by a similar
plan, devised by the German botanist Pfeffer. It was
necessary for this purpose to discover a « semi-permeable
membrane," through the pores of which water c^ould pa

'

subsur.
" ^^'^^.^°"''i be impermeable to the dissolved

^bstance. A shmy precipitate, produced by adding
potassium terrocyanide to copper sulphate, is not permeatedby dissolved sugar, though water freely penetrates it. But a

n^L^^'^p^r i-
"''"'^'' ^'^ '°° ^^"^^'- *o withstand any

cvanide'f^^'^'' "T^^^ ^" '^^P^^'^-g ^he slimy ferro!cyanide of copper in the interior of the walls of a pot ofporous unglazed earthenware, and so constructing a vssel

cZ?.;- ^'t PP''' ""^'"'^ """' ^'°''°^' ^^^ placed inconnection with a gauge containing mercury ; and after thepot and stopper had been filled with a solution of sugar hetopper was connected with the gauge, which thus registeredthe pressure upon, and consequently exerted by, the liquid.The pot was then immersed in a large vessel of water, whichcould be heated to any desired temperature, not too h^h toso ten the cement. It was found that the water sbwly
entered the pot, and consequently raised the mercury in the

Sr '. ^^^ T['""
q"^°ti^y had entered, the ingress ofwa^r stopped, and the pressure ceased to rise.

pressure thus raised has been termed "osmotic

pIZC ^'' """'"^ ^''^'^ ^°"°" --^ obtained Ly

Concentration.

I per cent.

4 J,

6 ..

>»

»

Pressure.

53-5 cms.
IOI.6

208.2

307-5

>»

>>

Ratio.

53-5
50.8

52.1

51-3

When a gas occupying a certain volume is increased in
quantity by pumping in an equal volume of gas, it is clear
that the number of molecules in the volume is doubled-
and experiment shows that, in accordance with Boyle's law'
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the pressure is doubled. The concentration of a solution

parts of the solution; and ,t is evident from Pfeffer's

suZ b a ^ " '°?'^'"«
V'^

""'"^^ ^' molec les osugar in a given volume of the solution, the osmotirpressure is also doubled. The osmotic press re, in faincreases directly as the concentration, Lactl/'as wS
Pfeffer also niade experiments at different temperaturesOwing to the softening of the cement with wh cTfhe eltpermeable pot was closed, he was net able to use hiihtemperatures

;
but some of his results are g v n below -^^

Temperature
C.

^5-5°

32.0"

36.0'
»»

Temperature
-M.S.

= 2S7.2'
= 2cScS.5

=

= 305.0'
= 309.0^

Pressure.

S^'O crr.3.

52-1 „
54-4

56.7
»»

>j

Pressure
Calculated.

51-0 cms.

51.2

54.1

54.9 >»

I^"^rd"E^'^''- '""'"'/':'' '^"y 8°. in reasonablygOTcI accord. Experiments of this kind liave seldom been

metbra°nr;"Vhec'Y f"'"i*^ ^ P^'P^™* -""^"^^y

.Ton tr -heIsltt Turf1^:° h"'^
"" '"^ ^''"-"P"

,.
""'""i-'w pressure, like the caseous nre«i<!iir*.

increases directly as the absolute temperatuFe.
^ '

A striking proof of the correctness of the analo.vbetween osmotic and gaseous pressure is derived fror^th^

S fenr?"''°°-* ^ Sram of oxygen gas, meaTu ed

6qq . ;. '
""'• P'""''"'""' ^^' ^'^ ^^^^d o occupy

699.4 cc; now, 32 grams of oxygen form a eraTmolecule, for the atomic weight of oxv/en Ts J .Ta

as we have seen on n t » T'u^ i r » '

J- I !- P* 3- ^he volume of 22 pram<! iaaccordmolv 6qq j. v -j? ^^ /,y^ r,.,, * P''
Mams isii^.y "99-4 -^ 32 = 22,380 cc. Tie simplest for-mula for cane-sugar is C H O -.r.A

'"P^^^"^ ^°'^'
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were possible for cane-sugar to exist in the state of gas, it
might be expected that 342 grams in 22,380 cc. would
exert the same pressure as 32 grams of oxygen, viz.,
7& cms., since 342 grams of sugar are likely to contain
as many molecules as 32 grams of oxygen. But sugar
chars when heated, and decomposes. However, it is
possible to calculate, by means of Boyle's and Gay-
Lussac 8 laws, the pressure which a i per cent, solution
ot sugar ought to exert at 14.2° C. If there were
223.8 grams in 22,380 cc, the solution would be one
ot I per cent. And the pressure which it should exert

would be ^>--x76, or 51.66 cms. at o^ C, or 273-

Abs. And at 14.2° C, or 287.2° Abs., this pressure
should be increased in the proportion 273 : 287.-?

; giving
a theoretical pressure of 52.5 cms.; the actual pressure
measured was 51 cms._a fairly close approximation. It
may, therefore, be taken that sugar in solution in water
exerts the same osmotic pressure on the walls of a semi-
permeable vessel, as the same number of molecules would
do, if :i were in the state of gas, occupying the same
volume, and at the same temperature.

Experiments with semi-permeable diaphragms arc very
difficult

;
the diaphragm seldom receives sufficient support

from the pipe-clay walls of the pot, and is usually torn
when the pressure rises to even a very moderate degree.
But It is not necessary to attempt such measurements ; for
the Dutch chemist, J. H. van't Hoff, now Professor of
Physical Chemistry in Berlin, pointed out in 1887 that
very simple relations exist between the osmotic pressure of
so utions and the lowering of the freezing-point of the
solvent, due to the presence of the dissolved substance,
and also the rise of boiling-point of the solvent, produced
by the same cause. A proof of this connection will not be
attempted here, but the facts may be shortly stated.

Measurement of Osmotic Pressure by Lower-
ing of Preezing-point.—AW pure substances have a
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DEPRESSION OF FREEZING-POINT ^^

sdntr^^'''"''"
-nelting-point; thus, ice melts at o^ C,^ilphur at ,20, t.n at 226% lead at ,25% and so onThese temperatures are also the f.eezing!points of th^hquds, provded some of the solid substanL i presem!If th.s .s not the case, then it is possible to cool the^ ituidbe ow US freczmg-point without i!s turning solid. Accord,•ngly water freezes at 0° if there is a trace of ice present •

/J 4
"° f '"^'*^'' ^' "^^ '^ ^here is a trace of solid tnadded to the cooled liquid; and if, for example, w er becooled without the presence of ice, until it ha^s a tempera!ue lower than o^ say 0.5= below c , on addit onTlspicule of ,ce a number of little crystals of ice beain toform m the hquid and the temperatle rises to o' 'fitIf there .s some substance dissolved in the liquid, as forexample, sugar .n the water or lead in the t?n, then the

ITl^'^t " \°"^^^? ^'°" ^^^' °f '^- pure subslceAnd when the solvent freezes, in general the solid co^Sof the solid solvent, none of the dissolved substance crvstalIjsing out with it. It is owing to this fact tha^travel L tArctic regions manage to get water to drink; for the i"from salt water ,s fresh, and when melted yields fresh waterIt has been observed that with the same solvenTTh;
freezing-point is lowered proportionally to The amount of

'rtne Th" P^-VP^^^'^^^^^h^ solution itdilute one. Thus, a solution of cane-sugar in watercontaining 3.42 grams of sugar in 100 gram of he

inlTalf tt" " "^'^" '^^"' ^^^°^ and'orconta !ing half that quantity, 171 grams, froze at 0.092' below

produce^T' T' ^°"""« °^ "^^ freezing-pointT

Sts of tLT ,"'5 P-L^P^"'""^! ^o the mdecularweights of the dissolved substances. Malic acid an ariHcontained in sour apples, has the molecular wetht iMwhile ,t wil be remembered that the mokcuW weLht^ofcane-sugar is 342. Now, a solution of r.34 Ss ofrnahc acid in water, made up with water so that the whotsolution weighed 100 grams, froze at 0.187^ below z^ro !number almost identical with that found for sugar
'
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Solvents other than water may also be used; but in

that case the lowering of the free/.ing-point is ditFerent.Ace ,c acid, wh.ch is vinegar free from water, is often
employed; so a.so is benzene, a compound separated from
coal-tar, produced in the manufacture of coal-gas. The
freezing-point of acetic acid is 17^; that of benzene is
4.9.

.

It was found in 1884 by Raoult, Professor of
Chemistry in Grenoble in the South of France, that while
1.52 grams of camphor (the hundredth part of its mole-
.ular weight) dissolved in benzene (100 grams of solution)
Jowered the freezing-point of the benzene by 0.514% thesame quantity of camphor, forming a solution in acetic acid
ot the same strength, lowered the freezing-point of the
latter by 0.59 . And he Jso noticed that the lowering of
the freezing-point is proportio»7al, at least in some cases, to
the molecular weights of the solvents. Thus, the mole-
culai weights of acetic acid and benzene are respectively
60 and 78; and as 0.39 : 0.514 : : 60 : 79, fhe pro-
portionahty is very nearly exact.

It is possible by this means to determine the molecular
weight of any substance which will dissolve in any solvent
tor which the depression produced in the freezing-point ia
known. Thus, for example, Beckmann, the deviser of
the apparatus with which such determinations are made
found that a solution of naphthalene, a white compound of
carbon and hydrogen contained in coal-tar, in benzene, the
solution containing 0.452 per cent, of naphthalene, lowered
the freezing-point of benzene by 0.140°. A i per cent,
solution would therefore cause a lowering of 0.309°. And
as 0.309 : 0.39 •: loo : 126, this is therefore the molecular
weight of naphthalene. The simplest formula for naphtha-
--ne 18 L^jhl^, for its percentage composition is carbon,
93-75. hydrogen, 6.25; and to find the relative number
ot atoms, the percentage of carbon must be divided by the
atomic weight of carbon, and that of hydrogen by its atomic

weight, thus:-^>3.75^7.«i, and ^-^-5^6.25; and these
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number, are to each other in the proportion t • , ii„,

hence .he formula of napSn"!'
. T^, 'h*''^ !^method is not evirr hnt ;» „a- j •. ^ o^^s* i ne

in conjuncti™ with 'the a IItof' t'^e''""
"*"'?"' '^^™

the JecuUr weight to rd'eCmted
'"""'"'"'• """"

cular wei.h^.'^'fi,,„^jr l'°;i,trbS''^"'°'%
their solutions was also deviied b„ Twl '""''"«-P°"'.' ?f

frequentivr used Tt- „
""^''

.")' "^kmann, and it is

whU:h the d^Lsil nrr"' ' """'"S"'" "> "« i"

aii^.c present. As an example, et us caln.lnfn .k«.moecuJar weiph* nf ;nrl,„« j-
i j •

cajculate the

rise in the ^ii ng-pdnror he ^h 7' 'k"'" '^^ '^
the hundredth pfrtV the tJ-oUt weight^TrStt ^

- .05'. .53 g^fof iot^ l°„:rh: : tteltr'^

.tate^ ofttr it is' n-'eaTULrjtnTet" '"h

'''

r'^^v^re^r.t^L•«£^"r
™«i I r • , "" Statement iniuJies thnf amolecule of lod.ne gas is 126 times as heavy a moleculeof hydrogen gas

;
and as a molecule of hydrogen consk!of two atoms, a molecule of iodine ^isVT.\i-vy as an atom of hydrogen,t; itfrndeXtdgh:
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i» 252. The numbtr obuincd from the deniity of the gai
18 accordingly almost identical with that obtained from the
rise in the boiling-point of ether.

We have now studied four methods by means of which
the molecular weights of elements and compounds hare
been ascertained ; they are:

—

( 1 ) By determining the density of the substance in the
state of gas with reference to hydrogen, and doubling the
number obtained

; for molecular weights are referred to the
weight of an atjm of hydrogen, while a molecule, it is
believed, consists of two atoms.

(2) By measuring the osmotic pressure exerted by a
solution of the substance, and comparing the pressure with
that exerted by an equal number of molecules of hydrogen,
occupying the same volume, at the same temperature.

(3) By comparing the depression in freezing-point of a
solvent containing the substance in solution, with the de-
pression produced by the hundredth part of the molecular
weight m grams of a substance of which the molecular
weight is known, and by then making use of the known
fact that equal numbers of molecules produce equal depres-
sion in iht t" eezing-jtoint of a solvent.

(4) By a similar method applied to the rise in boiling-
point of a solvent caused by the presence of a known
weight of the substance of which the molecular weight is
required.

*



CHAPTER III

Dissociation-Electrolytic Dissoclati
lonlsatlon.

on or

of U-i/l:/^;^'/"^
the molecular weight is the sumor 14 + 4 + 35-5 -53- 5- But the found density is onlv

."UTthaf .f r"^'^'
'''- ^3-3-5- It wL:; simagined that this discrepancy was to be explained bvabnormal expansion of the gas ; but with such a supTositionof course Avogadro's law could not hold. Ot^r ubstances which show the same -abnormal dens^^el" are"pentachloride of phosphorus and sulphuric ac!d To explain this abnormality, Henri Saint-Claire Deville pro"pounded the idea that such substances do not gl^ uJ h"state of gas as compounds, but that they spht into si^lwcomponents, each of which has its us^ual dens" tv ndmixture of the components will exhibit a tem dens';

the density of the s^posed ammoniaSSrg^^ijf^^the mean of the densities of I , two copstituenfs \
has the formula NH,, an. hvd^ooen chWide hVTT
former has the densit/ 8.5, and thfl^tt^^lt^ t

L'f«. ^1
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mean of these two numbers is 13.375. Phosphoric chloride,
which has the formula PCl^, splits in a similar manner into

PCI.^ and CI2 ; and sulphuric acid, H.,SO^, into watc-,
H^O, and sulphuric anhydride, SO3. 'To this kirri •<,

decomposition, where the bodies which are decompof\u by
a rise of temperature re-unite on cooling to form the .i\.tU

nal substance, Deville gave the name dissociation. . '. t

been found possible, by taking advantage of the fact that
light gases, like ammonia, pass out through an opening,
or, as it is termed, "diffuse" more rapidly than heavier
gases, like hydrogen chloride, to separate these gases,

and thus to prove that they exist as such in the vapour
of ammonium chloride } for compounds are not decom-
posed into their constituents by diffusion ; hydrogen chlo-
ride diffuses as such, and is not split into hydrogen and
chlorine.

Let us look at this dissociation from another standpoint.

We know that if 2 grams of hydrogen, or 32 grams of
oxygen, or 28 grams of nitrogen, or, in fact, the molecular
weight of any gas expressed in grams, be caused to occupy
22,380 cubic centimeters at o"" C., the pressure exerted by
the gas will be 76 centimeters of mercury. If the tempe-
rature is higher, the pressure will be increased proportionally

to the increase in absolute temperature. Thus, suppose the

temperature were 300° C, the pressure would be increased

intheproportion2 73° Abs. : 573° Abs.:: 7 6 cms. : 160 cms.
Now, if 53.5 grams of ammonium chloride were placed in

a vacuous vessel of 22,380 cc. capacity, and the temperature
were raised to 300° C, and if no dissociation were to

take place, one would expect a pressure equal to that of
160 cms. of mercury. It has been found, however, that

the actual pressure is twice that amount, or 320 cms. In
order to account for the doubled pressure, the supposition

that dissocintion has taken place must again be made ; that

is, in order that the ))ressure must be doubled, twice as many
molecules must be present as one would have supposed from
the weight taken. The fact of dissociation may accordingly
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^r!^l"'f
"''^"' ^'^'^ ' ^•'"•"i^hed density or from anincreased pressure.

^

"Dissociation" of Salts in Solution -Fewmeasurements of the osmotic pressure of salts h"ve beenmade owmg to the difficulty in producing a membra ewhch
to salts ^'^Rr"

'° P'^^' '"^ ""^''^ «^^" ^ impermeableto salts. But very numerous measurements of the depression

IksTZT'^' ^"f
^'^T '" boiling.pointofsoE ofsalts have been made
; and it has been already explainedtha these quantu.es are proportional to the osmotic pressure

Icotredtr. "?r"r ^' ^" ^^- experiLntally

o the h1 K t" '"'^ "''"' '^' ^^" '" freezing-point;or the rise in bo.ling-point is too great for the supposedmolecular weight of the salt. It m'ust be concludedThalhe osmotic pressure would also be increased, were it poss bkto measure ,t. But the fall in freezing-point or tL^r se nboi ing po.nt does not imply a doubled' osmotic presur
"

d^hite M
'' TT '° '''^'' "' ""^^^« 'he solution is verydilute. Now, if the pressure were doubled, we might areuefrom such cases as ammonium chloride that'dissociftion ifuotwo portions had occurred

; but in moderately concen"ra edso utions, as the pressure is not doubled, it mus{ be con" Sedthat the dissociation is not complete ; it is only in vervd lute solutions that complete dissociation can be im^a'Ld ohave taken place. Cases are known where substance's in thestate of gas undergo gradual dissociation, and then the prls-

Sen "ffirr" "%---"- -til the temperlre' h

L

chloridP Jff,
'1'°" ""'' '^'^ '' "°' "°t'^^^ ^'th ammonium

be^n reacLd t^^^^
temperature of complete dissociation ha"Deen reached before the substance turns to gas.Common salt is chloride of sodium

; its formula is

bto natom„rJ?"' '''. ^"°^"^"" '^'' ^' ^'^^^-tedinto an atom of sodium and an atom of chlorine on bein^
dissolved m water was received as too improbaWe to g
Tof Tf^T' -^'"^ '^' °^—

'
-other wayout of he difficulty

; n ,s to suppose that a molecule of
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salt has the formula Na._,CI,, ; in that case, i ; 7 grams of
sah— ( 2 X 2 3 ) + ( 2 X 3 5. 5 )—dissolved in I o,ooo grams
of water should produce the normal lowering of freezing-
point ; or, it it produced a larger lowering, it might be
sup)H)sed that these complex molecules had sj)lit more or
less completely into the simpler molecules, NaCI. But
though the explanation suggested might account for this

instance, it is incapable of accounting for the fact that

chloride of barium, which is known to possess the formula
BaCIo (or a multiple thereof), gives, in sufficiently dilute

solution, a depression three times that which one would
have expected froln its supjjosed molecular weight, or that

ferricyanidq of jwtassium and ferrocyanide of potassium,
the formulx of which are respectively K,,Fe(CN),; and
K^Fc(CN),., should give four and five times the exjiected

depression. But these results are quite consistent with the
hypothesis that

I\aC! -f- Aq decomposes into Na.Aq and CI.Aq
;

BaCl., + Aq decomposes into Ba.An and CI.Aq, and CI.Aq ;

K3Fe(CN),, + Aqdecomposes into K.Aq + K.Aq + K.Aq,
andFe(CN),.Aq; and

K4Fe(CN),. + Aq decomposes into K.Aq + K.Ac \q
+ K.Aq, and Fe(CN),..Aq.

(The symbol " Aq " stands for an indefinite but large

amount of water—"aqua.") Here again we are face to

face with facts and an attempted explanation. The facts are

that certain compounds, which have long been known as
" salts," give too great a depression of the freezing-point

or too great a rise of boiling-point of the solvent in which
they are dissolved, corresponding to too great an osmotic
pressure. It has been observed that when the dilution is

sufficient the depression in each case reaches a maximum,
and that that maximum is two, three, four, or five times
what might be expected ; and in each case it is possible to

divide the salt into two, three, four, or five imaginary por-
tions, which often consist of atoms, though frequently of
groups of atoms.
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Electrolytic Conductivity of Salt Solutions.—
Ihis hyi)()tlicsi8, that a kind of dissociation takes place in
salt solution, might have failed to ;;ain acceptance had it

not k-en for a very remarkable coincidence. It appears
that all solutions wiiich show this behaviour allow an electric
current to pass through them, whereas all solutions of com-
pounds such as cane-sugar, do not j.ermit the ]ja8sage of a
current of electricity. The latter class of compounds is

called " non-conducting
;
" the former class contains com-

pounds which are " conductors " of electricity. But metals
and certain compounds, chiefly consisting of the sulphides
of the metals, are also conductors of electricity, with this
difference, however : while the latter are apparently un-
altered by the passage of the electric current, solutions of
salts undergo profound change. In some cases, oxygen

|

appears in bubbles at the ])late connected with the positive
]pole of the battery, while hydrogen is evolved from that

connected with the negative pole ; in others, when the dis- J

solved substance is a salt of such metals as copper, silver, or
mercury, the metals themselves are deposited on the negative
pole, or, as it is usually termed, the " kathode; " while if
chlorine, bromine, or iodine is one of the constituents of
the salt, it is evolved at the " anode " or positive pole.
Faraday's Law.~~\t was discovered in 1833 by

Michael Faraday, Professor of Chemistry in the Royal
Institution in London, that if an electric current be passed
simultancouslythroughdifFcrentsolutions, the weightsof metals
deposited or of elements or groups of elements likrated are
proportional to their equivalents ( see p. 1 5 ). I fthe same cur-
rent be passed, for example, through a solution of dilute sul- (

phunc acid, copper sulphate, and iodide of potassium, each
'

contained in its own vessel, provided with plates of ])lalinum ^

or some other unattackable metal dipping into the solution, I

for every gram of hydrogen evolved from the kathode in
(the vessel containing sulphuric acid, 8 grams of oxygen are /

evolved from the anode; 32.7 grams of copper are de-
posited on the kathode dipping into the copper solution.
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while 8 grams of oxygen rise in bubbles from the anode

;
and lastly, 127 grams of iodine are liberated from the anode
m the vessel containing potassium iodide, i gram of hydrogen
rising from the kathode. The evolution of hydrogen

> instead of the deposition of potassium is due to the fact
that the metal potassium is unable to exist in presence of
water, but immediately displaces its equivalent of hydrogen.

;

All these numbers are in the proportions of the equivalents
' of the elements. And without the liberation of these
elements no current passes. The elements may, there-
fore, in a certain sense, be said to convey the electricity

;

and as the same quantity of electricity passes through each
solution, liberating equivalents of the elements in each case,
it would appear that the same quantity of electricity is con-
veyed by quantities of elements proportional to their equiva-
lents. The equi'-alent of an element, it will be remembered,
is the weight of the element which can combine with or re-
place one part by weight of hydrogen ; it may be identical
with, or It may be a fraction of the atomic weight. In
the instances given above, the equivalents of iodine and of
potassium are identical in numerical value with their atomic
weights

; but those of oxygen and of cop|)er, 8 and 32.7,
are half their atomic weights, which are respectively 16 and
63.4. It would follow, therefore, that an atom of copper
or of oxygen is capable of conveying a quantity of electri-
city twice as great as that conveyed by an atom of hydrogen
or of iodine.

But how is it known that the atoms " convey " quantities
of electricity ? Must they be imagined as like boats, taking
m their load of electricity at one pole, and ferrying it over
to the other, and there discharging ? It was at one time
held that the process ratner resembled the method of
loading a barge with bricks, where a row of men, who
may stand for the atoms, pass bricks, representing the
electricity, from one to the other. But it was proved
by Hittorf that the charged atoms actually travel or
"migrate'* from one pole to the other, carrying with
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them their electric charges. And the charged atoms, for
which the name « ions," or «* things which go," was de-
vised by Faraday, do not Hways move at the same rates.
1 he rate of motion depends on the friction which the ions
undergo on moving through the water or other solvent in
which the sMt is dissolved. This friction is different for
different ions

; it also depends on the particular solvent em-
ployed

;
and it is diminished if the temperature is raised.

1 he force which impels the ions is the same as that commonly
known as electric attraction and repulsion ; the negatively
charged atoms or "kations" being repelled from the negative
and attracted by the positive electrode dipping into the solu-
tion, while the positively charged atoms or «* anions" are
repeiled by the anode and attracted by the kathode.
When the anions touch the kathode, they are discharged

;and similarly, when the kations touch the anode, they lose
their charge. And for every anion discharged, a kation
must simultaneously lose its charge. The result of this
is that the number of anions remaining in solution must
always be equivalent to the number of kations. It need
not always be the same, for it is possible for a kation
like copper to carry twice the charge of an anion like
chlorine; but the number of "electrons," or electric
charges, must always be the same, although some ions
are capable of carrying more than one electron. There
can never, therefore, be an excess of, say, copper ionsm solution

; for they are always balanced by the requisite
number of anions. Thus, if the solution be evaporated,
the remaining salt has its usual composition; though, of
course, there is less of it than if none had been decomposed.

Hittorfs Migration Constar*?.—The fact that ions
move at different rates can be demonstrated in two ways,
one direct, the other indirect. The indirect method was
devised by Hittorf; the direct method, which is much
more recent, was first suggested by Lodge.

It is always advisable to form a mental picture, if
possible, of any physical phenomenon, pour preciser Us
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ulees, as the French say ; and a trivial illustration will be
now given which may render Hittorfs conception clearer.
Imagine a ball-room with a door at each end. Suppose
the partners to be all separated from each other ; and
suppose an order to be given that the men shall march to
one door at twice the rate at which the ladies make for
the other door ; but that at the same time, for every man
who passes through the one door, only one lady shall
pass through the other door. At a given signal, say when
half the ballroom has escaped, let the condition of the
room be examined. It is easy to see that there will be
an equal number of men and women in the room, but
that there will be a greater number round the door at
which the men issue than round that at which the ladies
are trying to escape. And the rates of motion will be
proportional to the relative numbers in each half of the
ballroom, for the greater the rates at which the men move
proportionally to the ladies, the greater will be the number
in that part of the room at which the men are escaping.

This is a conception in close analogy with Hittorfs.
The rnen and women are the anions and kations ; and on
analysing the solutions round the anode and kathode, he
found that the concentration was, as a rule, altered, so
that he was forced to conclude that the rate of motion
towards the pole at which the concentration was increased
was more rapid than that towards the pole at which he
found the concentration to be diminished. By comparing
the concentrations, too, he calculated the relative rates o(
motion of the anions and the kations towards the kathode
and the anode respectively.

Lodge's direct method has recently been improved by
Orme Masson, and very accurate results have been ob-
tained by him. His plan is to trace the rate of motion
of the anions by following them up with a coloured anion,
such as the copper ion, wh'ch is blue, and can be seen,
while the rate of motion of the kation is indicated by
following it up with a coloured kation : the one he used
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4

for this purpose is the chromate ion, which is orange-yellow.

The apparatus which Masson employed consisted of two

riasks connected together by a narrow tube. This tube

is filled with a solution of the salt of which the rate

of migration of the icns is to be determined, but in order

to prevent diftiision of the liquid, or escape owing to

currents produced by differences of temperature, the water

in which the salt is dissolved contains enough gelatine to

make it set into a jelly when cold. It is found that the

gelatine does not appreciably interfere with the motion of

the ions. The one flask was charged with a solution of

copper chloride, and the anode plate was of copper. The
other flask was charged with a dilute solution of a mixture

of chromate and bichromate of potassium, and the kathode

was of platinum. The connecting tube was filled with a

warm soluiion of the salt to be examined, say potassium

chloride, in water containing gelatine, and after it had

cooled and set it was placed in position. On passing the

current, the potassions migrate towards the kathode, and

are followed closely by the blue cuprions, which serve to

mark the position of the rearmost of the potassions. The
chlorions, on the other hand, migrate towards the anode,

followed by the orange-yellow chromations, which reveal

their position. The rates can be measured by following

the advance of the colour in the tubes. If the ions have

equal velocity, as is nearly the case with potassions and

chlorions, the meeting-place of the blue and the orange is

nearly at the middle of the tube ; but if, as in most other

cases, the rates are different, the point of junction will be

at one side or other of the middle point of the tube. The
distances traversed in the same time give a direct measure

of the relative velocities of the anion and kation. Having
established this ratio, another salt, say sodium chloride,

having a different anion but the same kation, can be em-
ployed, and so the relative rates of potassion and sodion

may be compared.

The table which follows gives the rates of migration of
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a few ions compared with that of potassion, which is taken
as 100.

K
lOO

Na Li >H, Mg/2 CI SOJ2
65.6 45.0 100 40.5 97.0 87.7

As the conductivity for a current depends on the velocity
both of the anion and the kation, relative numbers for the
conductivity may be obtained for any salt by adding the
numbers of the individual ions given above. Thus, ir it is
required to find the conductivity of lithium sulphate, which

has the formula LigSO^, we have Li = 45, and ~* == 87.7,
2

together equal to 132.7.

Measurement of the Extent of lonisatlon,—It
IS found m practice, however, that the conductivity of salts
agrees with the numbers deduced from the velocity of their
ions only when the solution is a very dilute one, and even
then not always. This can be ascribed to either or to both
of two causes. If the solution is a strong one, the mole-
cules of salt may bear an appreciable ratio to the molecules
of water, and may interfere by their possibly greater fric-
tion with the free transit of the ions. Or, on the other
hand, some of the molecules may not be resolved into ions,
and there may be fewer " boats " to carry across the elec-
trons, the progress of which towards the anode and he
kathode must consequently be slower, for the non-ionised
molecules take no share in the conveyance of electricity.
And as the conveyance of electricity depends on the number
of ions and on the rate at which they move, if the latter is
known, the relative number of ions may be calculated from
measurements of the conductivity of the solution.

Conductivity of Eiectrolytes.—To measure the
conductivity of a solution, a "gram-molecular-weight,"
i^. the molecular weight of the saFt' taken in grams, is
dissolved in a litre of water. A small quantity of this
solution 18 placed in a small beaker immersed in a large
tank of water, so that the temperature may not vary ; for
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the conductivity increases with rise of temperature, owin^j
to the smaller resistance offered by hot water to the passage
of the ions, than by cold. Two circular platinum plates,
the surfaces of which have been roughened by havine
platinum deposited on them, are immersed in the solution,
so that one lies at the bottom of the beaker, ./hile the other
;s one centimeter distant from it, higher up in the liquid.
1 he wire connected with the lower plate is protected bv a
glass tube, m order that the current may pass only between
the plates. To measure the conductivity of this solution an
arrangement termed a « Wheatstone's bridge " is employed

the construction of which will be understood from the an-nexed diagram B is a battery, actuating a small toy coil, C,from the secondary termma.s of which T T wires proceed
to the measuring-bridge Mb, which consists of a straight
piece of nickel-silver wire stretched along a scale. From

frT Tk t \'i'^^?*
^* '^^ ^"''^"' ''^^"^^s '^^ solution

;h-om the other, M, the current passes through a resistance-
box, K, contammg bobbins of wire of known resistance, thenumber and resistance of which can be varied at will untU
the resistance is nearly equal to that of the solution. Ifthey are exactiy equal, and if the pointer P is exactly in
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the middle of the nridge-wite Mb, then no sound can Ix;

heard in the telephone T. The resistance of the solution

can then be read fro.n the box. If, as generally happens,

the resistance of the solution is not equal to that in the box,

it is necessary to move the pointer P until the resistances are

equal. Having thus ascertained the resistance of the solu-

tion, a portion is diluted with water, so that its strength is

exactly half of the former, and the resistance is again deter-

mined. Successive dilutions in which the volume of the

solution is doubled, and again doubled, are made, and in

this manner the resistance due to an equal number of mole-

cules in each case is calculated. The conductivity is the

reciprocal of the resistance, and it is found that the mole-

cular conductivity increases with the dilution up to a certain

point. Thus Kohlrausch, the deviser of this method, found

the following numbers for sodium chloride :

—

Concentrati~n

:

Molecular Relative number of ions

58- 5 gr ims m conductivity. per 100 molecules of salt.

I litre 69.5 67.5

2 litres 75-7 73-^>

10 »» 86.5 84.1

100 >» 96 -»

93-5
1,000 >» ICC 98.0

I 0,000 »> 102.9 1 00.0

50,000 yj 102.8 1 00.0

It is evident that 58.5 grams of salt dissolved in 10,000

litres of water give a maximum conductivity, for the dilu-

tion to 50,000 litres is attended by no further increase.

That the altered velocity is not influenced by the frictional

resistance of the water is obvious, for the solution of 58.5

grams of salt in 10 litres of water does not differ much

from pure water in this respect. The increase in conducti-

vity must accordingly be attributed to an increase in the

number of ions at the expense of the molecules ; and, as

a dilution in 50,000 litres of water produces no greater

conductivity than in 10,000, it must be concluded that
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complete ionisation lias taken place. The rij>urcs in the
last column are obtained by sinij)le proportion, thus : As
I02.(; : (hj.^ :: loo : 67.5.
The extent oi' ionisation 'calculated from the conducti-

vities of salt solutions agrees well in the main with that
calculated from the depressions of freezinj>-i)oint.

Conductivity of Pure Water.—Two points remain
10 be mentioned. One has reference to the conductivity of
pure water. It is no easy matter to prepare pure water

;

even after the water has been distilled, it contains traces
of substances which are ionised, such as carbonic acid or
ammonia. It is possible, by employing special precautions,
to add to the water before distillation substances which form
non-volatile compounds with these impurities, and by making
use of vessels of gold or platinum, which are not attacked,
however slightly, by water, to produce almost pure water.
Such water is not wholly devoid of conductivity, but its

resistance to the passage of electricity is very great. It
must be presumed that the water is for the most part mole-
cules of H^,0, or perhaps »ven more complex molecules,
such as H^O^, H^O^, Sec. Jut there are, besides, a few

ions of H and OH ; so that water is capable of reacting in
certain cases where ions might be suspected.

Conductivity of Fused Sa/^s.—Another fact which
is well known, and largely put to practical use, is that fused
salts are, as a rule, good electrolytic conductors of electri-
city. Even when the salt is as pure as it can be made, it

still conducts in the molten state. Although the conducti-
vity of fused salts has not been investigated with the same
completeness as that of solutions, yet it cannot be doubted
that the salt must be more or less ionised. The ionisation
appears to increase with rise of temperature, /or the salt
becomes a better conductor. This, however, may be due,
in part at least, to the smaller frictional resistance which it

offers to the passage of the ions towards the electrodes.
But recent experiments have shown that the molecules of
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some salts, at least—those in which measurement is possible

—are more complex than would be sup{)oseci from their

formulsc. Thus, nitre, KNOj,, consists of molecules of

four times that complexity, or K^N^O^.^ ; and it is not

improbable that among these complex molecules there are

some ions of K and of NOg capable of conveying an elec-

tric charge. It may indeed be stated that those liquids

which possess complex molecules have the power of ionis-

ing salts dissolved in them. Water is one of the most

striking examples ; and it is to be presumed that such com-
plex molecules are able to surround and prevent ions from

at once disc|iarging into one another by protecting them
from each other.

To sum up:—Certain substances, in the state of gas,

exhibit dissociation—that is, they decompose into simpler

constituents, which combine again on cooling. This disso-

ciation is favoured by a rise of temperature or by a lowered

pressure, and reversed by a fall of temperature or a rise of

pressure. From a determination of the density of the mix-
ture of gases the extent of the dissociation can be calculated.

Certain substances, in like manner, and such substances are

generally named " salts," when dissolved in water or certain

other solvents, undergo electric dissociation or ionisation ;

this dissociation is often increased by a rise of temperature,

and always by dilution. The constituents of such solutions,

the anions and kations, can be urged in opposite directions

by an electric current ; they usually " migrate " at different

rates ; and when they discharge, by contact with the elec-

trodes, they are sometimes liberated in the free state, as, for

example, many metals, and bromine and iodine ; but some-

times the discharged ion is incapable of existing in the free

state in contact with the solvent, and in this case they

react with the water, and form new secondary compounds.

The amount of this ionisation can be measured by deter-

minations of the depression of freezing-point, or of the

conductivity, of the solution.



CHAPTER IV

Blements:—Methods of Preparation; Classifi-
cation; Valency. Compounds :—Structural
Formula:; Classification; Nomenclature,

We have seen, in Chapter I., how the idea of an '« element
"

as a constituent of compounds gradually became more de-
fined. As fresh discoveries were made, it was found that
certain substances could not further be decomposed, vieldine
new constituents. But it is not easy always to determine
whether or no a subf^^nce is an element! For certain
compounds are very stat)le, that is, are very difficult to de-
compose

; and it has happened several times that such com-
pounds were mistaken for elements. A remarkable instance
IS a copper-coloured body, found in the debris left in the
hearth of an old iron furnace, which was for long supposed
to be the element titanium

; more careful investigation,
however, proved it to be a compound ot titanium with
nitrogen and carbon.

Methods of Preparing Elements,—There are
three methods by which elements have been prepared, and
al^l elements have been made by one of these methods.
1 hey are :

—

T./'i-.®®JE"**^®^ ®^ **^® Element by Means of an
Electnc Chttrent.—We have already seen that the com-
pound must be ionised, and this is attained only by dissolv-
ing It m water or some other appropriate solvent, or by
fusing It. It IS the act of solution or of fusion which
ionises the compound

; and the effect of the current is to
45
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I.: !

direct the ions towards one or other electrode, and dis-

charge them ; they then assume the form of the free ele-

ment. It is necessary, in order that this method shall

succeed, that the discharged ion shall not act on the solvent,

nor on the electrode. It is impossible, for instance, to

deposit sodium from an aqueous solution of any of its salts,

for no sooner is the sod'ton discharged than it is attacked by

the water ; hydrogen is evolved in equivalent amount to the

sodium, and sodium hydroxide is produced, in which the

sodium has taken the place of one of the hydrogen atoms in

water ; its formula is therefore NaOH. Chlorine, too,

cannot be produced by the electrolysis of a chloride, if the

anode is of iron, for example, for it at once unites with the

iron, and forms a chloride of that metal instead of coming

off as an element.

(2) Separation of an Element from a Compound by-

Heat.—There appears to be little doubt that at a suffi-

ciently high temperature all compounds would be decom-

posed into their elements : in the sun, which possesses a

temperature much higher than can be reached by any means

at our disposal, it is probable that all compounds are decom-

posed. But certain compounds, like silica or quartz, for

example, are so stable that they resist the highest tempera-

ture which we can give them, without any change, except

fusion and volatilisation. There is, moreover, another

reason why this process often fails to isolate an element.

The compound may be decomposed on heating, but its con-

stituents may re-unite on cooling, unless one of them is

more volatile than the other, and removes itself from the

sphere of action. For these reasons this process of obtain-

ing elements is of somewhat limited application. But it

forms the most convenient method of preparing oxygen
;

for example, if oxide of mercury be heated, it decomposes

into gaseous oxygen, the boiling-point of which lies far

below atmospheric temperature, -182°; while the mer-

cury, which boils at 358°, although it volatilises at the

temperature requisite to effiect the decomposition of the
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oxide, condenses in the Hask or tube in which the oxide is
heated. Sulphide of gold, too, can be separated into gold and
sulphur on being heated; for while sulphur boils at 446°, the
boiling-point of gold is probably not much below 2000°.

(3) Separation of an Element from a Compound
by Displacement.—On heating one element with a com-
pound of another element, it not infrequently happens that
the element m combination is displaced and liberated, while
the other element takes its place in the compound. This is
doubtiesc an ionic phenomenon ; one element—that in com-
bmation—being ionised, and hence electrically charged,
exchanges its charge with the added element, which in its
turn becomes ionised. A solution of iodide of sodium, for

example, contains iodions and sociions, I and Na. On
adding to It a solution of chlorine in water, in which there
are certainly many non-ionised chlorine molecules, CI,, mole-

cular iodine, I-I is set free, while ionised chlorine, ct
goes into solution. The free iodine forms a brown solul
tion, or, if much is present, a black precipitate. Again,
when nietalhc sodium is heated with magnesium chloride to
a red heat, globules of metallic magnesium are set free,
while the sodium enters into combination with the chlorine.
It may be supposed that on fusion the magnesium chloride
contains some ions of chlorine and magnesium ; the non-
lonised sodium takes the charge of the ionised magnesium,
while the latter metal is liberated in an non-ionised state,
liut It may be objected that only those magnesium ions
which exist as such should exchange their charges with the
sodium

; that is true ; but when they have done so others
become ionised and undergo a similar change ; for if the
temperature be kept constant, the ratio between the number
ot the ionised atoms of magnesium and the non-ionised
atonis of magnesium in the chloride must remain constant,
so that when the magnesium ions are replaced by sodium
ions, other molecules of magnesium chloride become ionised
to keep up the balance.
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The element carbon is most frequently used to displace

other elements. In its case, little or nothing is known of

the electrical actions ; but if analogy may be taken as a

guide, its action may be attributed to a similar exchange

of electric charge between the displaced element and the

carbon. But here the carbon, as soon as it unites with the

oxygen which was previously in combination wi^h the dis-

placed element, escapes in the form of gas, and the oxide of

carbon is certainly not an ionised compound.

An essential condition for the preparation of elements by

the method of displacement is that the element which it is

proposed to prepare in the free state shall not itself com-

bine with the element which is used to displace it. Thus,

chlorine canpot be used to displace either carbon or sulphur

from the compound of carbon with sulphur, bisulphide of

carbon, since it itself combines with both the carbon and

the sulphur, yielding chloride of sulphur together with

chloride of carbon. In general, however, this difficulty

does not occur.

The elements which are generally usedfor the displacement

of othersfrom their compounds are :—
1. Free hydrogen at a red heat which displaces

elements from their oxides or chlorides.

2. Ions of hydrogen, on the point of being discharged

electrically, or hydrogen " in the nascent state," i.e.

hydrogen b»eing set free from its compounds by the

action of a metal ; it also displaces elements from their

oxides or chlorides, or, in general, from their salts.

3. Metallic sodium, which displaces elements from their

chlorides or fluorides.

4. Metallic magnesium, which displaces elements from

their chlorides or oxides.

5. Metallic aluminium, which displaces elements from

their oxides.

6. Metallic iron, which displaces elements from their

sulphides.

7. Fluorine, which displaces oxygen from water

;
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chlorine in sunlight, which acts slowly in the same
way

; chlorine displaces bromine, and bromine,
iodine.

8. Carbon, which is the most generally employed agent
for replacing other elements ; it combines with oxy-
gen, forming carbonic oxide or carbonic anhydride
gases, and liberating the element with which the
oxygen was combined.

The question of cost or of convenience often decides as
to which of these methods is used. In the sequel, only
the more generally used plan will be described, h must
be remembered, too, that the employment of these processes
does not always lead to the isolation of the element ; in
many cases a compound is produced, containing less of the
element which it was intended to remove ; and it is some-
times difficult to decide whether or not an element has really
been set ^ree. Experiments on its compounds are often
required to decide the question.

Classification of Elements.—For long it had been
noted that certain elements displayed a marked similarity
with each other. Thus the metals sodium and potassium',
discovered by Sir Humphry Davy, are both white, soft,
easily oxidisable metals, forming soluble salts with almost
all acids; these salts resemble each other in colour, in
crystalline form, and in other properties. The subsequently
discovered metals, lithium, rubidium, and caesium, have also
a strong resemblance to potassium and sodium. Their
atomic weights also increase progressively; thus we have
the series, Li = 7, Na=23, ^ = 39.1, Rb = 85, and Cs =
133. Similar series had been noticed with calcium, stron-
tium, and barium ; magnesium, zinc, and cadmium ; and
so on. It was not until 1863 that John Newlands called
attention to the fact that if the elements be arranged in the
order of their atomic weights a curious fact becomes notice-
able. It is that, omitting hydrogen, the first, the eighth,
the fifteenth, and, in short, all elements may be so arranged
that the « difference between the number of the lowest
member of a group and that immediately above it is 7 ; in

VOL. I. Q
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other words, the eighth element starting from a given one is

a kind of repetition of the first, like the eighth note of an

octave in music." This idea was subsequently discovered

independently and elaborated by Lothar Meyer and by D.

Mendel^eff, and it has now been adopted, in spite of some

difficulties, as the ground-work of classification of chemical

substances.

The table may be given in the following form, although

there are many ways of representing the order in which the

elements lie :

—

The Atomic Weights of the Elements arranged^

according to the Periodic System.

H He Be B
1

1

12

No Na Mg
23 2420

A! Si

27 28»9

CI

35 40 39 40 44 48 51

K

N O
14 i<^

P S

31 32

Cr Mn
52 55

Br Kr Rb Sr Nb Mo
80 82 85 87 89 90 94 96 98

I X Cs Ba La Ce Nd Prd Sm
[27 128 133 137 142 140

Yb
173

111

Th
23a

IV

141 144

Ta W
182 184

? U
240

1 o 1 n

to

vu

1 It is a matter of indifference which element is placed first on the

list. The most convenient form to give the diagram is that of two

V VI vn

to to to

1 11 n
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other words, the eighth element starting from a given one is

a kind of repetition of the first, like the eighth note of an

octave in music." This idea was subsequently discovered

independently and elaborated by Lothar Meyer and by D.

Mendel^eff, and it has now been adopted, in spite of some

difficulties, as the ground-work of classification of chemical

substances.

The table may be given in the following form, although

there are many ways of representing the order in which the

elements lie :

—

The Atomic Weights of the Etements arranged^

according to the Periodic System,

H He Li Be B C N
I +

,

7 9 II 12 H 16

F Nc Na Mg Al St P S

19 20 «3 24 27 28 31 32

Fe Co Ni Cu Zn Ga Ge As Se

56 59 58., 63 65 70 72 75 79

Ith Ru Pd Ag Cd In Sn Sb Te
102 103 106 108 112 114 119 120 127

? >
• ? >

•
>
• Gd

156

>
•

> 9
•

Os Ir Pt Au Hg Tl Pb Bi >
•

191 193 194 197 200 204 207 208

1

• •*

VIU vii iv iii
••

11 m iv V
•

71

to to to to and and and to to
• •

u ii

•

11

•

1
•

1

•

1

• •

u ii

• •

u

i

1 It is a matter of indifTerence which element is placed first on the
list. The most convenient form to give the diagram is that of two
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It will be noticed that the number of elements in the first
two horizontal rows is not seven, but eight, and that, con-
sequently, every nmth element, and not every eighth, pre-
sents similarity with its predecessor in the vertical columns.
This IS owing to the recent discovery of the elements in
the second vertical column. It will also be seen that it is
possible, by folding the projecting slip to one side or other,
to bring new s^of elements in the third and succeeding
horizontal rowsT^neath the elements in the first and second!
1 he first and second rows are termed « short periods," the
others, « long periods." It appears that by so arranging
the elements, analogies are brought out more striking than
It such long and short periods were not adopted.
Valency.—The Roman numerals below the vertical

columns refer to what is termed the "valency." An
element capable of combining with or replacing one atom
of hydrogen, or, in other words, of which the equivalent
and atomic weight are identical (see p. 15), is termed a
monad, or is said to be mom-oalent. Thus, 23 grams d
sodium replaces i gram of hydrogen in water or in hydro-
gen chloride, to form hydroxide or chloride of sodiun* •

and as 23 is known to be the atomic weight of sodium
trom determmations of its specific heat, the atomic weight
ofsodium 18 expressed by the same number as its equiva-
lent. It is therefore a monad. The element oxygen is adyad or divalent, because, in water, two grams of hydrogen
are combined with 16 grams of oxygen ; its equivalent is
therefore 8. But oxygen is 16 times as heavy as hydro-
gen—that IS, a molecule of oxygen is 16 times as heavy as
a molecule of hydrogen; and as a molecule of each of
these substances is believed to consist of two atoms, an
atom of oxygen is 16 times as heavy as an atom of
hydrogen. The atomic weight is therefore 16; but as

cylinders, on which the elements follow ^nim' \\r^^ c, »u »

smaller cylinder, while selenium and bromine. tellur°urS and iodine&c.
,
are conspicuous round the larger cylinder.

'
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the equivalent is 8, the atomic weight is twice the equiva-

lent. Hence the name ** tfyaii." Similarly, there are tri-

valent elements, or triads ; tetravalent elements, or tetrads ;

pentavaUnt elements, or pentads ; hexavalent elements, or

hexads ; heptavalent elements, or heptads ; and possibly one

octovalent element, or octad.

Valency of Elements.—As elements may have more

than one equivalent (see p. 15), so they may have more

than one valency. Certain elements, however, so far as is

known, possess only one valency ; examples of this are

found in the lithium, the beryllium, and the boron columns.

But the majority of elements exhibit more than one valency,

according to circumstances. Thus, compounds of nitrogen

are known possessing the formulae NO, NHg, NO.,, and

NH4CI, in which one atom of nitrogen is combined with

of dyad oxygen, and is therefore also a dyad

;

one atom

with three atoms of monad hydrogen, and is accordingly a

triad ; with two atoms of dyad oxygen, whence nitrogen is

here a tetrad ; and with four atoms of monad hydrogen

and one atom of monad chlorine—in all, with five monads

—and in this case nitrogen must be accounted a pentad.

The atomic weight of nitrogen is known from its density

to be 14; and its equivalents in these compounds are

respectively -*^, V» ^*» and V* This peculiarity makes

the classification of some of the elements a difficult task.

But there is an additional difficulty which meets us in

attempting to ascribe the valency to an element. It is

connected with what is known as the «* structure" of

compounds. As this subject will be frequently alluded to

in succeeding chapters, enough will only be said here to

give an idea of the problem which faces us in attempting a

rational classification of the elements.

We are ignorant of the form of the atoms. It is true

that various speculations have been made which may

possibly lead to a true conception of their appearance and

motions, but these are not sufficiently definite and sup-

ported by facts to require more than a passing allusion
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here. For all practical purposes, we are content, in

default of a better conception, to regard atoms as spheres,
hard and clastic, and compounds as formed by the
juxtaposition of these spheres. That this conception
is far from reality is more than probable, but it has
to suffice. Certain deductions, however, may be drawn
regarding the methods of combination of the atoms in the
molecule. It is certain that molecules must occupy space
of three dimensions; but just as it is possible to represent
solid objects on a plane surface by the help of perspective,
so it is allowable to picture molecules as made up of atoms
spread over a plane surface, until we find facts which
demand space of three dimensions. We shall see later
that in certain cases such solid models of molecules are
necessary, but, as a rule, they can be dispensed with.
And instead of attempting to picture the atoms as circles
or projected spheres, the symbols alone will be employed.
The fact of combination will be indicated by a dash uniting
the atoms; thus, a monad will have one, and only one,
dash, proceeding from it ; a dyad, two ; a triad, three, and
so on.

Structural Formulas.—The simplest case which
we can consider is that of a compound consisting of two
monovalent atoms, such as hydrogen chloride. Here we
have th Miral formula, H—CI. A compound of a
dyad with ;wo monad atoms, such as water, or its analogue,
hydrogen subhide, must have the formula, H—O—H,
or H—S--H. The compound of a triad with three
monad attms, as, for example, ammonia, would be written

H—N/
; and of a tetrad with four monads, \CC .

where an atom of carbon is the tetrad, and the compound
18 named methane, or * marsh-gas." The atom of sulphur
18, however, not always divalent; it is sometimes tet:a-
valent, as in its compounds with chlorine and with ^ .yge/

.

In the first case, tetra-chloride of sulphur has th» ibrnuli,
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.CI

>S<; ; and in the latter, sulphur dioxide is reprc-

^. x:i
sented by the formula = S=0. Sulphur dioxide unites

directly with chlorine on exposure of a mixture of the two
gases to sunlight, forming a compound named sulphuryl

chloride, which has the empirical formula, SO.,Cio ; in

this compound sulphur is regarded as a hexad, hence the

structural formula must be /S^ . Now, sulphuryl

CK ^O
chloride reacts at once with water when they are brought

into contact, and sulphuric acid is produced along with

hydrogen chloride. This change can be represented

structurally by the equation :

—

O H-Cl H-0. ,0
+ ^S^

H-Cl H-O/' ^O*

H-O-H CK

H-O-H CK ^O
The chlorine atoms of the sulphuryl chloride have com-

bined with two of the hydrogen atoms of two molecules of

water, leaving the residues —O—H, which are termed
** hydroxyl groups ;

" these have taken the place of th

chlorine ? tis, forming sulphuryl hydroxide, or, as it is

commonl ermed, sulphuric acid. If the foregoing repre-

sentatior '3 correct, then an intermediate substance should

exist, which may be named " sulphuryl hydroxy-chloride,"

and which should contain a ch'orine atom and a hydroxyl

group, each in union with sulphuryl. Such a body has been

prepared by the direct union of sulphur trioxide, where

sulphur is in combination with three atoms of oxygen, with

hydrogen chloride. But here there must be a transposition

of the hydrogen atom, as is evident from the equation

—

CI ^O Cl-^ ^o
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In a similar manner to the above schemes, the relations of
the atoms in compounds may be traced out, but sometimes
it is difficult to decide regarding the structure. Here is an
instance. The specific heat of the element barium shows
that it possesses an atomic weight not far removed from

137 ; the analysis of its chloride leads to the fact that

137/2 grams of barium are in combination with 35.5 grams
of chlorine, and 35.5 is known to be the equivalent of
chlorine; hence 63.5 is the equivalent of barium, and
63.5x2 = 137 is its atomic weight. Ordinary oxide of
barium corresponds with this, for it contains 137 grams of
barium in combination with 16 grams of oxygen ; hence we
accept barium as a dyad. But if barium oxide be heated to

dull redness in a current of oxygen, another atom of oxygen
combines with the oxide, and in the compound BaO.„ 137
grams of barium are combined with 32 grams of oxygen.
Is barium a tetrad ?

Among all the numerous compounds ot barium, no one is

known in which one atom of barium is combined with more
than two atoms of a monad ; when barium dioxide is

treated with hydrochloric acid, for example, two atoms of
oxygen are not replaced by four atoms of chlorine, but the

change is

—

BaO, + 4HCI = BaCl, -{ H,0,.

Hydrogen dioxide is produced. Now the formula of
hydrogen dioxide has been proved by the freezing-point

method to be H^O^, and not HO ; hence it may be sup-
posed that it consists of two hydroxyl groups in union with
each other, thus : H—O—O—H ; in this case, bariun.

dioxide would be Ba^ I , the two atoms of oxygen being

themselves united together ; and there are many instances

of similar union. But it may also be held that one of
the atoms of oxygen is a tetrad, the other remaining a
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dyad, thus: >0 = whence barium dioxide would be

Ba-O-O. Both of these views can be s-pported by
arguments, and it is an open question which has a claim to
preference. It is certain, however, that barium is not a
tetrad.

In other instances, it must be confessed that the evidence is
by no means so clear, and there is then considerable doubt as
regards the correct classification of the elements concerned.

It must not be forgotten that we have as yet no clear
conception as to the cause of valency ; at present we accept
the facts, and endeavour to use them as a guide to the
classification of compounds.
Were all the elements to be capable of combining with

each other, it is easily seen that the number of compounds
would be prodigious, and that no mind could possibly hope
to grapple with them ; but it happens that only a certain
number of elements forms well-defined compounds with the
rest, and the grouping of compounds is thus not so diffi-
cult a task as might be supposed. The classes are the
following :

—

Classification of Compounds :—
1. Hydrogen combines with a few elements, forming

hydrides. **

2. Fluorine, chlorine, bromine, and iodine combine with
most elements, forming >or/y«, chlorides, bromides, and
iodides V this group of elements is called the halogen group,
and their compounds are often termed halldes.

3. Oxygen and sulphur also combine with most elements,
and their compounds are named oxides and sulphides. The
comparatively rare elements selenium and tellurium form
similar compounds, named selenides and tellundes.A very numerous and important class of compounds con-
sists of those in which oxygen is combined partly with
hydrogen, partly with another element. These compounds
can be divided into two distinct classes, according to their
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behaviour in aqueous solution. Members of both classes
are lon.hecl, but tiny yield different ions according to the
class to which they belong. An example of the first class
IS the conT|K)und H-O-Cl, known only in solution in
water, tor it decomi)oses when an attempt is made to free it
from water. The aqueous solution is only slightly ionised,

but the ions present uc H and 0-Cl. The hydro-
gen rnay be displaced by metals, forming " salts," which
are also ionised, and indeed much more completely thanH—O—CI. Thus we have K—O—CI, Ca (O—Cl).„

and other similar salts, which are ionised in solution to K
and O-CI, and to Ca and (0--C1).. respectively. Such
hydroxides are named acids.

It appears, however, that elements which form this class
of hydroxide are, as a rule, incapable of retaining in com-
bination many hydroxy! groups at a time ; hence compounds
o\ this nature are generally mixed oxides and hydroxides.
It might, for example, be imagined that triad nitrogen
should be capable of retaining in combination three

hydroxy] groups, to form H-0—N^
; but the

\0-H
compound is unstable, and loses water, giving a mixed
hydroxide^ and oxide, H-0-x\ O. The ions in this

case are H and 0-N^O. Another similar instance is
that of sulphuric ac d ; as it contains hexad sulphur, it
might be supposed that the corresponding hydroxide of
sulphur would be S^OH),

; but by loss of two molecules

c 1 . .
H-0. ,0

ct water, sulphuric acid has rh? formula ^S

-

as already shown. Its ions are H, H, and SO^, or some-

times H and HSO^. The salts of these acids are respec-
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lively M-0-N=0 and (M-0),,=S04, where M
stands for any monad metal.

Nomenclature of Compounds.—The nomencla-
ture of this class of bodies is due to a committee of which
Lavoisier was a member. After his discovery of the true
nature of oxygen, he was led, not unnaturally, to ascribe to
it the chief function in the formation of compounds, and the
acids and salts were named without introducing any syllable
to signify that oxygen was one of the constituents. In
general, the best known or the first discovered acid was
given a name terminating in « ic," such as «« chloric," « sul-
phuric," "nitric." The salts of these acids were termed
" chlorates," " sulphates," and « nitrates." The acid con-
taining one atom of oxygen less was named with the final

syllable "ous," thus: "chlorous acid," " sulphurous acid,"
"nitrous acid;" and the salts were termed " chlorites,"
"sulphites," and "nitrites." Acids containir ,' still less

oxygen were named with the prefix "hypo," thus :

"hypochlorous acid " and « hypochlorites ;
" and acids and

salts containing more oxygen than those which had names
terminating in "ic " and «'ate" were distinguished by the
prefix "per," thus: "perchloric," " persulphuric " acids,
forming " perchlorates " and " persulphates." This no-
menclature is still retained. It is illustrated in the table
which follows :

—

Hypochlorous acid, .

Chlorous acid, .

Chloric acid.

Perchloric acid, .

Potassium hypochlorite,

-,, chlorite,

», chlorate,

perchlorate,n

HOCl.
HOCIO.
HOCIO.,.
HOCIO"
KOCl.
KOCIO.
KOCIO,.
KOCIO.,.

The second class of hydroxides is named " hydroxides."
Members of this class, however, yield ions, one of which is
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always hydroxy!, OH. As examples, we may select
sodmm hydroxide, Na-O-H, and calcium hydroxide,
La (O H)^. Here solutions of these compounds in

water contain the ions Na and OH, and Ca and (0~H),.
ijuch hydroxides are termed bases ; but the name is also
mdiscrimmately applied to oxides when they unite with
water to form bases. Thus CuO and Cu(OH), are each
termed bases.

-

The same elements may sometimes form bases and acids,
accordmg to the valency. The element chromium is an
mstance. Chromous oxide has the formula Cr-0, cor-
respondmg to the chloride Cr=Cl., ; the hydroxide is ana-
logous with the chloride, and has the formula Cr=(OH)
But there is also an oxide, CrOg, where chromium is a
hexad

;
the hydroxide is not known, but the acid is like

H-O. /O
sulphuric acid in formula, viz., ^Crf . This is an

H-0/ ^O
instance of the rule, of very wide application, that the
character of a compound is influenced both by the nature of
the elements contained in it, as well as by its structure and
the valency of these elements.

Sulphur, and in a less degree selenium and tellurium,
resemble oxygen m forming salts of nature similar to these
described, as well as acids and bodies analogous to hydrox-
ides. The nomenclature follows that of the oxides, except
that the syllables '«sulpho" or "thio" are interposed for
the sulphur compounds. Thus we have a carbonate,
A^jCOg, and a sulpho- or thiocarbonate, K CSj. In the
somewhat rare cases where selenium or tellurium play a
similar part, the words " selenio- " or « tellurio- '' are
interposed. Compounds analogous to the hydroxides are
termed « hydrosulphides,'* « hydroselenides," or "hvdro-
tellundes." ^

4. Compounds of nitrogen, phosphorus, arsenic, and
antimony, with other elements, are termed n/Vr;V/«, phos-
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phides, arsenides^ and ant'imonides. And just as double

oxides of hydrogen and other elements exist, so too nitrides

of hydrogen and other elements are known. The compound

of nitrogen and hydrogen, ammonia, which has the formula

NHg, unites with acids, forming salts. For example,

ammonium chloride, NH^Cl, is produced by the direct

union of ammonia, NHg, with hydrogen chloride, HCl,
if. a trace of moisture is present. In aqueous solution it

+
undergoes partial ionisation, and the ions are NH^ and CL
In tliis it resembles sodium chloride, NaCl, and the name

*' ammonium" has been devised to exhibit this similarity.

When ammonium chloride or similar compounds are formed

by the union of ammonia with acids, it is believed that the

nitrogen atom changes its valency from triad to pentad,

thus: H-N=K, andCl-Nf^ .

Even in " substituted ammonias," this property ot com-

bining with acids is distinctive. For example, copper

chloride, CuCl.,, unites directly with ammonia, giving

Cu=(NH2)^2HCl or Cu=(NH3)2Cl2. It will be seen

that the atom of dyad copper has replaced two atoms

of monad hydrogen in two molecules of ammonium
chloride.

It is possible, too, for a group of elements to replace the

hydrogen of ammonia, just as it is possible for a group to

.. ' o fhe place of the hydrogen of water. Referring back

to the formula of sulphuric acid, H^SO^, it is plain that it

may be written S02=(0H)._„ and regarded as two mole-

cules of water, in which two atoms of hydrogen have been

replaced by the dyad group, SOg. This is identical with

the structural formula already given on p. 54. So, too,

with nitrogen ; the compound S02=(NHo)2 is also known,

and it may be regarded as derived from two molecules oi

ammonia by the replacement of two atoms of hydrogen by

the dyad group, SO./'.
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Compounds of phosphorus, arsenic, and antimony after
this pattern are not known.

5. Compounds of carbon and silicon with other elements
are termed carbides and stltcUes. The carbides are extra-
ordinarily numerous owing to the power possessed by carbon
of forming compounds in which two or more atoms of car-
bon are in combination with each other. We have seen
that a molecule of hydrogen consists of two atoms ; a mole-
cule of oxygen also consists of two atoms ; but we know of
no compounds of oxygen in which more than three atoms
of oxygen are in combination with each other. With
carbon, however, the case is different. Considering
the combination with hydrogen alone, we have not

H H
only CH„ but H3C-CH3, H3C-C-C-CH3,

I .

H H
m all

of which the element carbon is a tetrad, being either in

combination with hydrogen or with another atom of carbon.
And these compounds may have their hydrogen replaced
by other elements ; for example, an atom of chlorine may
take the place of an atom of hydrogen in any one of these
compounds, or one or more atoms of hydrogen may be re-
placed by groups of hydroxyl, —OH, or two atoms of
monad hydrogen may be replaced by an atom of dyad
oxygen, or three atoms by one of triad nitrogen, and so on.
This makes the chemistry of the carbon compounds very
complicated, but at the same time it afl^ords the means
whereby the numerous constituent compounds of the tissue
of plants and anima s can be built up, for they consist, for
the most part, of car Don compounds, containing at the same
time other elements in combination with the carbon atoms.
This branch of chenistry is commonly termed " Organic
Chemistry," and trt ated separately.

6. Many elements of the metallic class, such as iron,
lead, copper, sodium, &c., form compounds with each
other. These compounds are usually named "alloys;""

»>



62 MODERN CHEMISTRY

but it must be mentioned that the name " alloy **
is often

applied to solid mixtures of the metals where no actual

compound exists.

Such are the classes into which chemical compounds may
be divided. In a short sketch like the present, it is, of
course, impossible to do more than consider a few of these

compounds, and those will be chosen which are best adapted
to illustrate the nature of the various groups. They will be

considered in the second volume.
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CHAPTER V

Methods of Determining t/ie Equivalents of tlie
Elements—Of Ascertaimng their Molecular
Weights—Allotropy.

The meaning of the word "equivalent" has aheady been
explained on p. 15, and we shall now consider how the
equivalent of an element may be determined. As already
stated, some compound of the element is analysed, prefer-
ably one with hydrogen, oxygen, or chlorine, and the
weight of the element which is in combination with, or
which rep aces 8 parts by weight of oxygen, is termed
the equivalent of the element. But it is seldom that a
direct method of estimating the equivalent can be practised,
tor It IS not always possible to obtain a compound of the
element with hydrogen, or to deprive its oxide of oxygen,
or Its ch or.de of chlorine. In fact, each element has to
le specially studied, and a mc .od devised which will lead
to the required information, ft is, above all, necessary
that the compounds dealt with shall be pure-that is, that
they shall not contain any other elements than those which
It is desired to estimate, and that their composition shall be
definite. For instance, if it were desired to find the equiva-
lent of barium by estimating the proportion of chlorine in
Its chloride It would be essential to obtain barium chloride
tree from the very similar dements calcium and strontium,
anc It would also be of the first importance to make sure
that in weighing the chloride, the specimen should be freetrom water adhering to the powdered substance.

63
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Methods of Determining tlie Equivalents of

Elements.—It is not always necessary to determine both

constituents of the compound ; for example, the ratio of

silver to chlorine can be found by dissolving a known

weight of pure silver in nitric acid, and then adding to the

solution some soluble chloride, such as hydrogen chloride ;

silver chloride is then precipiuted thus :

—

AgNOj.Aq. + NH^CLAq. = AgCl + NH^NOg.Aq.

The silver chloride is collected on a filter, thoroughly

washed, ^nd after being dried, weighed. The Belgian

chemist, Stas, working in this way, obtained froni 108.579

grams of silver 144.207 grams of silver chloride. The

relation between the atomic weight of oxygen, taken as

the standard and placed equal to 16, and the formula-

weight of silver chloride was ascertained by heating to

redness 138.789 grams of silver chlorate, 2AgCl03=

2AgCl + 3O0 ; the weight of the residual silver chloride

was 103.9795 grams, and that of the oxygen evolved

taken as ditFerence is 34.8095. The proportion

—

Oxygen
lost.

34.8095

Silver chloride

remaining.

103.9795

3x0.

48

Formula weight
of AgCl.

143.3817

gives the formula weight of silver chloride. The pro-

portion of silver it contains is found by the equation

—

144.207 : 108.579 :: HS-S^^? - ^<^l-9S^'i

Subtracting from 143.3817 the weight of the silver it

contains, 107.9583, the remainder is the atomic weight

of chlorine, which, for reasons already given, is identical

with its equivalent, namely, 35.4234; and 107.96 is the

equivalent of silver.

Knowing these facts, the atomic weight of, say, barium

may be determined by dissolving a known weight of its

chloride in water, and adding to the solution a solution
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of silver nitrate, so as to obtain a precipitate of silver
chloride, which can be weighed, and from it the weight
of the chlorine in the barium chloride deduced. Sub-
tracting this from the weight of the barium chloride taken,
the remainder is the equivalent of barium. To determine
whether or not this number is identical with its atomic
weight, a determination of its specific heat must be made,
as described on p. 14.

In some instances the process is a more direct one. To
determine the equivalent of nickel, a weighed quantity of
the metal has been heated in oxygen, and the gain in
weight noted. Then, as this weight is to the weight of
nicke taken, so 10 the equivalent of oxygen to that of
nickel.

^

These examples will suffice to give a general idea of the
processes used in determining atomic weights, though, as
before stated, each element requires special treatment, and
the selection of the best method is often a very difficult
task. It 18 usual, moreover, to make determinations by
several methods, if that be possible, so as to avoid any
permanent source of error. Many observers too, have
made such determinations, and it is not always easy to
eliminate a personal element from the results which they give.A committee of the German Chemical Society has recently
published a table of atomic weights, reproduced below f witha few alterations and additions), in which the last dioit of
each number may in all probability be accepted as correctA second column is added, containing the atomic volum >

of the elements, so far as they are known. They represent
the volumes in cubic centimeters occupied by the atomic
weight of the element taken in grams, xhns-igj.2 grams
of gold occupy 10.2 cubic cemimeters. As the elements
expand on nse of temperature, these results are not always
comparative, but at present they are the best that can be

VOL. I.
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Table of Atomic JVelghts and Atomic Volumes.

Atomic Atomic 1

Weight. Volumt.'. !

Aluminium . Al 27.1 10.

1

Antimony

.

. Sb 120 17.9

Argon . A 39-9 32-9 i

Arsenic . . As 75 13-3

Barium . Ba 137-1

Berylljum . . Be 9.1 4-3

Bismuth . . Bi 208.5 21.2

Boron . B I I.O 4.1

Bromine . . Br 79.96 25.1

Cadmium . . Cd 112 13.0

Cxsium . Cs 133

Calcium . . Ca 40 25-3

Carbon . c 12.00 3-4

Cerium . Ce 1 40 20.8

Chlorine . . CI 35-45

Chromium . Cr 52.1 7-7

Cobalt . Co 59.0 6.7

Copper . Cu 63.6 7-1

Erbium , Er 166?

Fluorine . . F 19

Gadoliniun » . . Gd 156

Gallium . . Ga 70 11.8

Germaniun1 . . Ge 72

Gold , Au 197.2 10.2

Helium . He 4

Hydrogen . H 1.007 *

Indium . In 114 25.7

Iridium . If 193.0 8.6

Iodine . I 126.85 25.7

Iron . Fc 56.0 6.6 H
Krypton • • * 81.5 37.8 1
Lanthanun1 . .La 138 22.9 n
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Lead
Lithium .

Magnesium
Manganese

Mercury .

Molybdenum
Neodymium
Neon
Nickel

Niobium
Nitrogen

Osmium
Oxygen
Palladium

Phosphorus

Platinum

Potassium

Praseodym

Rhodium
Rubidium

Ruthenium

Samarium
Scandium
Selenium

Silicon

Silver

Sodium
Strontium

Sulphur

Tantalum
Tellurium

Thallium

Thorium
Thulium
Tin .

luni

PI.

Li
Mg
Mn
Hg
Mo
Nd
Ne
Ni

Nb
N
Os
O
Pd
P
Pt

K
Pr

Rh
Rb
Ru
Sm
Sc

Se

Ag
Na
Sr

S
Ta
T;?

Tl
Th
Tu
Sn

Atomic
Weight.

206.9

7-03

24.36

55.0

200.3

96.0

H3-5
20

58.7

94
14.04

191

16.000

106

31.0

195.2

39-14
141

103.0

85.4
101.7

150

44
79.1

28.4

107.93

23.05
87.6

32.06

183

127.6

204.

1

232

170?
II 9.0

Atomic
Volume.

18.2

1 1.9

»3-3

7.7

14.8

6.7

14.5

8.9

(standard).

9-3

17.0

9.1

45-5

9-5

5^-3

9.2

18.5

II.4
10.3

23-7

34-5

15-7

17.0

20.3

17.2

29.8

16.2
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Atomic Atomic
VVei'^'ht. Volume

Ti 48.1

W 1S4 9.6

U 240 13.0

V 51.2 9-3

X 12S 35-V

Yb 173
Y 89
Zn 65.4 9-5

Zr 90.6 21.9

Titanium

Tungsten

Uranium
Vanadium
Xenon
Ytterbium

Yttrium

Zinc
Zirconium

Molecular Weights of the Elements.—The

molecular weights of some of the elements have been

successfully determined ; in certain cases by their density

in the gaseous state, in others by the lowering of the

vapour-pressure of mercury, caused by the presence of a

known weight of a dissolved metal, and agam m others by

the depression of the freezing-point of certain metals, caused

by the presence of others in known amount. These will

be considered in their order.
.

(a) Vapour-densities —For reasons already explained

on page 1 3, a molecule of oxygen is believed to contain two

atoms, and inasmuch as the equivalents of most elements

have been determined with reference to oxygen, by analysis

or by synthesis of their oxides or of their chlorides, and

as the ratio of the equivalent of chlorine to that of oxygen

has been very accurately determined, it has been agreed to

refer the atomic weights of the elements to the standard

of oxygen instead of to that of hydrogen. But the atomic

weight of oxygen is assumed as 16, and the same standard

is applied to the densities of gases; instead of referring them

to the standard of H = i , they are referred to O = 1 6. To

find the molecular weights, the number expressing the

density must be doubled in order to compare with the

molecular weight of oxygen, which is 32. ...
Hydrogen.—The density referred to this standard is
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I

1.006 or 1.007. There is not yet an absolute certainty,

but it is clear that the molecular weight of hydrogen must
be approximately 2, if. the molecule is di-atomic.

Nitrogen.— Lord Rayleigh found the density of nitrogen

to be 14.001 J its molecular weight is therefore 28, and its

formula N^.

Oxygen.—Taken as 16; formula O... As thepe gases

keep their relative densities up to a temperature of 1 700°,

it is to be presumed that they all remain diatomic, for it is

much more likely that no one of them dissociates than that

all dissociate to an equal extent on rise of temperature.

The case is different with fluorine, chlorine, bromine,
and iodine. The density of fluorine at atmospheric tem-
perature is 18.3; the theoretical density for Fg is 19. It|'

follows, therefore, that fluorine must consist of a mixture^
of monatomic and diatomic molecules. Now, 19 is the(

molecular weight of F^ for the atom and the molecule are?
identical, and 38 that of F^ ; and the gas must contain)

HenceX molecules of F^ + ( i - x) molecules of F.,.

I9x + 38(i -x) = 18.3 X 2 ; and x = 0.073, '•"'• '" every
1000 mulecules of the gas there are 73 molecules of F,
and 927 molecules of F^.

Chlorine at 200° was found to have the density 3 5- 45,
the same as its atomic weight, but at 1000" the density

was 27.06, and at 1560' 23.3. At low temperatures,
therefore, the formula of chlorine is Cl.„ but at 1560° the
gas consists of 61 per cent, of molecufes of Clj. Similar
results have been found for bron ne, and for iodine, which
also has the formula T., at low temperatures, the density
was found to be f 3.7, corresponding to the molecular
weight 127.4 *t 1500° under low pressure; for reducing
the pressure also increases dissociation. As the atomic
weight of iodine is 1 26.8 5, the gas at 1

500' consists almost
entirely of molecules of L.

Thallium has been weighed as gas at 1730°; the density
was 206.2, a sufficient approximation to 204. i to warrant
the conclusion that its molecule is diatomic.
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Bismuth at 1640* gave the denatty 146.5, showing, as

its atomic weight is 208.5, a partial dissociation from Bi^

to Bij.

Phosphorus and arsenic give densities which indicate

the presence in their gases of more complicated molecules.

At 313* the density of phosphorus gas is 64, and there

is a gradual decrease with rise of temperature, until at 1708°

the density is 45.6. As the atomic weight of phosphorus

is 31.0, the density 62 would correspond to the existence

of molecules of P^, while at 1
708° there must be a con-

siderable admixture of molecules of a smaller complexity,

probably P^. Arsenic gas had the density 154.2 at 644°,

and 79.5 at 1700* ; the atomic weight of arsenic being 75,
the density 1 50 would correspond to the formula As^, and

at 1700° the molecules are almost all As^, only a sm'all

admixture of molecules of As^ remaining undecomposed.

The density of antimony gas, 141.5 at 1640°, implies the

presence of some molecules of Sb^ among many molecules

of Sb^, for the atomic weight is 120.

The elements sulphur, selenium, and tellurium show
signs of even greater molecular complexity. Dumas found

the density ofsulphur gas at 500° to be 94.8; now, the atomic

weight of sulphur is 32.08, and 96 is 32 x 3 ; hence, it

was for long supposed that a molecule of gaseous sulphur

consisted of 6 atoms ; but it has been recently found that

at I93°» of course under a very small pressure, 2.1 mms.
(for the boiling-point of sulphur at normal pressure is 446°),
the density reached the high number 1 25.5 ; now, 32 x 4 is

128, and it must be concluded that the molecular weight

of sulphur in the gaseous state is 256, and its formula at

low temperatures Sg. At 800° its formula is Sg, and at

1719° the density 31.8 was found, showing no sign of

further molecular simplification. Selenium, of which the

atomic weight is 79.1, has the density iii at 860°, imply-

ing some molecular complexity, and at 1420° the density

is reduced to 82.2, corresponding to the formula Se.,

;

and tellurium, at about 1 400°, has the gaseous density 1 30

;



MOLECULAR WEIGHTS 7«

it appear!, therefore, to consist of molecules of Te.„ since

its atomic weight i^ . 7.6.

These examples artow that the molecules of many ele-

ments in the gaseous state are more or less complex. It is

probable that sulphur, selenium, and tellurium would exi^t

as octo-atomic molecules could the temperature be suffi-

aently reduced ; even with sulphur at its boiling-point under
normal pressure, the tem|)erature is so high that many of
these complex molecules are already decomposed. Proba-
bility is also in favour of the supposition that elements of
the phosphorus group, phosphorus, arsenic, antimony, and
possibly bismuth, have molecules consisting of 4 atoms

;

these too dissociating with rise of temperature into di-atomic

m»)ltcuies. Oxygen, nitrogen, and hydrogen consist of
di-aro! iic molecules, no sign of dissociation having been
lemarked ever, at the highest attainable temperatures; but

fluorine, though consisting mostly of di-atomic molecules,

contains some mono-atomic one; ; aoJ chlorine, bromine,
and iodine, though probably Ci - Br,, and Ig at low
temperatures, dissociate inti, .• itcif identical with their

atoms if the temperature i? ,ui .nr. • ,^ed. The fact of
reduction in the molecule. , jwi.i -i; , o ^he molecules of
elements prepares us for t'v; isx; r . i laments which in

the gaseous state are already 1 !on.;-au ;
> % . and many such

are known.

Mono-atomic
elements.

Gas-density
Temperature
Atomic weights
Density x 2

Sodium. Potassium.

12.7 18.8
Red heat Red heat

23.05 39.14
25-4 37-6

Zinc.

Cad-
mium.

34 IS 57-OI
1400'' 1040°

6>4 112.

o

68.3 114.02

Mercury.

100.94
446° and 1730*

200.3
201.88

The presumption from these numbers is that the
elements are all mono-atomic. It must be remembered
that their specific heats all point to the atomic weights
given.

There is, however, another argument for the mono-
atomicity of gaseous mercury. On the assumption of the
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" kinetic theory of gases," that the pressure of a gas on the

walls of the vessel containing it is due to the bombardment of

the sides by repeated and enormously numerous impacts of

the molecules, it can be calculated that the amount of heat

necessary to raise the temperature of the molecular weight

expressed in grams of an ideal gas the molecules of which

are supposed to be hard smooth elastic spheres, must be 3

calories, provided the gas be not allowed to expand. If,

however, it be allowed to expand, it will cool itself, and

more heat must be added to restore the temperature ; this

extra amount of heat is two additional calories. To heat

the moleciilar weight of the gas in grams through 1 ", allow-

ing it to expand at constant pressure, requires therefore 5

calories. The ** molecular heat at constant volume " is

thus 3 calories ; the «* molecular heat at constant pressure
"

is 5 calories. The ratio between the two is 3 : 5, or

1 : 1.66. This has been found to be the case for mercury

gas, the mono-atomicity of whose molecule is proved on

other grounds ; and the inactive gases of the atmosphere,

nelium, neon, argon, krypton, and xenon, exhibit the same

ratio between their atomic heats. It therefore follows that

the atoms of these gases are also identical with their mole-

cules ; and that their atomic weights are to be deduced from

their densities by doubling the numbers representing the

latter. Confirmatory of this view, the ratio between the

molecular heats of oxygen, hydrogen, nitrogen, and gases

which are known to be di-atomic, like NO, CO, Sec, is as

5 : 7 or 1 : 1.4. Such gases require more heat to raise

their temperature than an equal number of molecules of the

mono-atomic gases do ; the reason is, that the heat applied

todi- or poly-atomic gases is used, not merely in transport-

ing the atoms from place to place and raising pressure by

causing them to bombard the walls of the containing vessel,

but some heat is required to cause the atoms to move within

the molecule, in some rotatory or vibratory manner ; and

consistently with this it has been found that gases consisting

of a greater number of atoms in the molecule require still
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ij! more heat to raise the temperature of weights proportional to

^ their molecular weights ; in other words, their molecular

;tj heats at constant volume are higher the greater the number
of atoms in the molecule.

For these reasons the densities of the inactive gases must
be multiplied by 2 to obtain their atomic weights. The
data are :

—

Densities

Atomic and
molecular weights

Helium.
2

N'con. Argon. Kryptun. Xenon.
lo 2o 41 64

20 40 82 128

(t) Lowering of Freezing-Point, or Lowering of
Vapour-Pressure of Solvent.—The molecular weights

of some of the elements have been determined by Raoult's

method, either by the lowering of the vapour-pressure

of mercury, or by the depression in the freezing-point

of some other metal or solvent in which the element has

been dissolved. Lithium, sodium, potassium, calcium,

barium, magnesium, cadmium, gallium, thallium, manganese,
silver, and gold appear to be mono-atomic, while tin, lead,

aluminium, antimony, and bismuth show tendency in con-
centrated solution to associate to di-atomic molecules.

These results were obtained by measuring the lowering of
vapour-pressure of mercury produced by known weight of
the metals named. By measurement of the depression in

the fieezing-point of tin, in which metals were dissolved,

zinc, copper, silver, cadmium, lead, a.'-.d mercury aj)peared

to be mono-atomic, while aluminium was found to be di-

atomic. These result.<», however, are not to be regarded
with the same confidence as those obtained by means of
measurements of the vapour-density, for it is not certain

whether the molecular weight of the solvent should be taken
a.s identical with its atomic weight. All that can be certainly

affirmed is, that the molecular weights of the elements which
have been placed in the same class alxjve correspond to

formulae with the same number of atoms in the molecule.
Thus, if zinc is mono-atomic, so is cadmium ; if di-atomic,
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cadmium has also a di-atomic molecule ; and similarly with

the rest.

A method has also been devised, depending on the capil-

lary rise of liquids in narrow tubes, by means of which it is

possible to estimate the molecular complexity of liquids.

This method is applicable to only a few elements ; but by

its use it has been found that in the liquid state bromine

consists chiefly of di-atomic molecules mixed with a few

tetra-tomic molecules ; and that phosphorus in the liquid,

as in the gaseous condition, forms molecules corresponding

to the formula P_j.

Allotrppy.—Closely connected with this question is

the phenomenon of allotropy. This word, which signifies

'« other form," is applied to the existence of elements in

more than one condition. Thus phosphorus, which is

usually a yellow, waxy substance, with a low melting-

point, changes its appearance when heated, and becomes

converted into a red amorphous powder, insoluble in the

usual solvents for phosphorus, such as carbon disulphide,

and melting at a much higher temperature than the yellow

variety ; moreover, the red form is much less easily in-

flamed than the yellow form. These two forms are said

to be allotropic, and the element is said to display allo-

tropy.

The elements which display allotropy are :—carbon,

silicon, tin, phosphorus, arsenic, antimony, oxygen, sulphur,

selenium, iridium, ruthenium, rhodium, silver, gold, and

These will be considered in their order.iron.

Carbon.—Diamonds, as was discovered by Lavoisier,

yield on combustion nothing but carbon dioxide ; their

identity with carbon was thus proved. When pure, they

are colourless ; they are the hardest of all known sub-

stances, and possess a density of 3.514 at 18°. When
heated in absence of air in an electric arc, a diamond

changes to a coke-like black substance. Diamonds of

any appreciable size have not been formed artificially, but

minute diamonds have been made by Moissan by dissolving
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carbon in molten iron heated to its boiling-point in an
e ectric furnace, and then suddenly cooling the iron by
plunging It into molten lead ; the external surface of the
iron solidifies, and encloses a molten interior. As iron
possesses a greater volume in the solid than in the liquid
state, the molten iron, containing carbon in solution, wii^n
It solidifies is under great pressure, for it is confined and
hindered from expanding by the crust of solid iron ; undrr
this pressure the carbon separates out in the liquid form,
and in solidifying crysullises in octahedra with curved facets
characteristic of natural diamonds. If, on the other hand,
the iron is allowed to cool without any device to compress
the interior, the carbon crystallises out in the form of
graphite or plumbago, or, as it is sometimes termed, « black-
lead. This variety of carbon is also found nativ<* ; it
forms hexagonal plates, is soft, and is slippery to the touch.
Lastly, many compounds of carbon when heated to redness
decompose, and leave the carbon in an amorphous or non-
crystalline form. Varieties of these are gas- carbon, deposited
in the necks of gas-retorts ; oil-coke, left as a residue after
the distillation of certain oils ; sugar-charcoal, the residue
on heating sugar in absence of air ; and wood-charcoal, the
product of the distillation of wood. All of these are black
more or less hard substances. When heated to whiteness
in an electric arc, they are transformed into graphite. They
all contain a trace of hydrogen, from which they can be
freed by heating to redness in a current of chlorine. At
the temperature of the electric arc, carbon volatilises with-
out fusion and condenses as graphite; it is only when it
IS heated under pressure, as described, that it can be made
to melt.

Silicon.—This element exists in three forms, two of
them crystalline, the third amorphous. The amorphous
modification when dissolved in molten zinc or aluminium
crystallises out in either black lustrous tablets resembling
graphite or in iron-grey prisms. It is not known what
circumstances determine the formation of the one or the

(i'
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other form. Silicon melts at a bright red heat, and can

be cast into rods ; they have the graphite-like crystalline

form.

Tin.—This metal, when kept at a low temperature—

about -30°—changes to a grey powder. On heating the

powdery modification to above 20°, it is converted back

into ordinary metallic tin, the more quickly the higher the

temperature. If the powder be left in contact with ordmary

tin at atmospheric temperature, the metal is slowly changed

into its allotrcpic modification, and articles of tm fall to

pieces.
r l l

Phospljonis.—Three forms are known for phosphorus.

The first, or ordinary form, is a waxy solid, melting at

44.4°. It is soluble in carbon disulphide, and crystallises

from it in rhombic prisms. It is luminous in the dark

in presence of air, but if the pressure of the air be raised

it ceases to shine ; it is also non-luminous in oxygen. It

is very easily inflamed, and burns to its oxide, P.p^. It is

poisonous wh.-n swallowed. The liquid obtained by melting

it is nearly colourless. When this variety is heated to 240°

in a vessel from which oxygen is excluded, it changes to

a red substance, generally termed amorphous phosphorus.

This body is insoluble in carbon disulphide and the other

solvents which dissolve ordinary phosphorus. It is not lumi-

nous in the dark, and is not easily oxidisable. Wh, heated

to a temperature higher than 2+0', it \olatilists and condenses

to ordinary i)hosphorus, and if air be present it takes hre.

It is soluble in lead, and when the molten lead cools it

crysullises out in nearly black crystals. Indeed, its colour

depends on the temperature at which it is formed. It

produced at 260°, it is deep red, and has a glassy fracture ;

at 440° it has a granular fracture and is orange; at 550

it is grey, and it fuses at 580% and on solidifying it

forms red crystals. It is possible, though not probable,

that a mixture of several allotropic forms is the cause ot all

these changes. j- 1

Arseiuc.—When arsenic is distilled, it passes directly
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from the gaseous to the solid state on condensing. The por-

tion which cools most quickly is a black powder ; that

which condenses in the warm part of the tube has a grey

metallic lustre. The black variety can be converted into

the crystalline metallic variety on heating to 360°. When
arsenic is heated in an indifferent atmosphere under great

pressure, its boiling-point is raised above its melting-point,

audit melts; on solidification, it forms the metallic variety.

Antimony.—The usual form of antimony is a white

brittle metal with a faint bluish tinge. If depositee! from

a strong solution of its cMoriue by electrolysis, a grey

powdery deposit is formed, which has the curious property

of exploding when heated or struck ; it then changes into

the metallic variety. It has a lower density than the

ordinary antimony.

Oxygen.—The allotropic variety of oxygen is named

o%one ; it was discovered by Schoenbein, and is obtained by

causing a shower of minute electric sparks (the "silent

electric discharge") to pass through oxygen, preferably

cooled to a low temperature. One of the best forms of

"ozoniser" is a tube about i cm. in diameter, partially

evacuated, and traversed by a wire from end to end ; this

tube is contained in a wider one, and the space between the

two tubes contains a set of metallic annuli, connected

together by a wire. Oxygen is passed slowly through the

space between the two tubes, while the two wires are

connected with the secondary terminals of a coil ; sparks

pass through the inner glass and the space between the two

tubes. On first passing the current the oxygen expands, but

almost at once contraction ensues, and ozone issues at the

further end of the tube. It is not possible, in dealing with

ozone, to use indiarubber connections of any sort, for the

rubber is at once attacked. Ozone is also formed when

phosphorus slowly oxidises in moist air ; when the vapour of

ether or benzene is stirred with a hot glass rod in presence of

air ; when sulphuric acid acts on barium dioxide or potas-

sium permanganate, or when sulphuric acid is electrolysed.

"'^^
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It is also produced in large amount when fluorine comes into

contact with water.

Its name refers to its mos, striking property—its strong

disagreeable smell. It condenses when cooled by liquid air

to a dark blue liquid, which is very explosive ; and its gas,

when seen in a long tube, has also a blue colour ; it shows
characteristic spectral bands. The blue liquid boils at

— 1 06°, whereas the boiling-point ofoxygen is -1 82°. Liquid

oxygen is also blue, but has quite a pale tint. When heated

to 250*, ozone is re-converted into ordinary oxygen; but

oxygen cannot be transformed into ozone by heat alone.

Ozone is a* much more active body than oxygen ; it liber-

ates iodine from potassium iodide (2KI.Aq + 03 + H.,0 =
2K0H.Aq + 1., + 0.,) ; it oxidises metallic silver and

mercury ( Hg + O^ = HgO + O.,) ; and it changes lead sul-

phide into sulphate (PbS + 403'-= PbSO^ + 4O.,). When
passed through a solution of hydrogen dioxide, oxygen
is evolved ( H._,0._,.Aq + 0, = H.,0.Aq + 2O.,) ; and it

bleaches indigo and other colouring matters.

Its density is 24, that of oxygen being 16 ; whence its

formula is O3. Its rate of diffusion into air bears to that

of chlorine, of which the density is 35.47, the ratio of

/24 : ,'35.5—another proof of its density. When oxygen

is converted into ozone, the portion which is changed con-

tracts in the proportion 3:2; and conversely, when ozone

is heatedjind converted into^jszene, that portion of the gas

^-^vhich consists "of ozone increases in volume from 2 : 3.

All these proofs demonstrate that the formula of ozone

'* ^3-
.

. . .

Ozone is a poison ; it excites coughing, and in large

quantity asphyxiates, the blood becoming venous. It is

very doubtful whether ozone has been found in the atmos-

phere, except, perhaps, after a thunderstorm.

Sulphur.—The allotropy of gaseous sulphur has already

been alluded to ; that of liquid and of solid sulphur is no less

striking. When sulphur is melted, it forms a mobile, light

brown liquid. On raising the temperature, the liquid be-



ALLOTROPY OF SULPHUR 79

comes viscous, so much so, indeed, that the vessel contain-

ing it can be inverted without spilling the liquid ; and at a

still higher temperature it again becomes mobile, but has

a deep brown colour. On cooling, these changes are re-

versed. It' viscous sulphur be poured into water, it hardens

to a substance resembling indiarubber ; this form, it" kej)t tor

onie hours, falls into minute octahedral crystals. When
mohen sulphur is allowed to cool slowly, it solidifies at 120%
forming long monoclinic needles of a pale brown colour.

This variety is also deposited on evaporating a solution of

sulphur in ether or in benzene. These needles, on standing

for a few hours, become opaque and spontaneously fall into

minute rhombic octahedra. Octahedral crystals of a large

size may be produced by allowing a solution of sulphur in

carbon disulphide to evaporate spontaneously ; this variety

melts at 115"; its colour is bright yellow; it is in this

form that sulphur occurs native. Its density is 2.07,
whereas that of monoclinic sulphur is 1.97 at o". Two
other varieties of sulphur ar*? known. If sulphur vapour be

quickly cooled, it condenses in a dusty form, termed
*' flowers of sulphur ;

" this powder, if treated with carbon
disulphide, leaves an insoluble residue, distinct from all other

forms, which are all soluble in disulphide. And lastly, if

sulphur be produced in presence of water by the decompos-
ing action of water on sulphur chloride, or by the action of

hydrogen dioxide on hydrogen sulphide, the sulphur does
not separate, but remains in a state of " pseudo-solution " in

the water ; it can be p'ecipitated on addition of salts such

as calcium chloride. It is thus evident that the chemistry
of the element sulphur is very complicated.

Selenium.—This element has three allotropic forms

;

when precipitated from selenious acid by sulphurous acid

—

H2Se03.Aq + 2H2S03.Aq - Se + 2H,,SO,.Aq + H.O—
it torms a red powder, soluble in carbon disulphide^ and
crystallising therefrom in dark red crystals, a non-conductor
of electricity. Either the amorphous red variety or these

crystals, if kept at 210° for some time, change into a black
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crystalline rariety, insoluble in carbon disulphide, and con-

ducting electricity on exposure to light. These varieties

also differ in density and melting-point.

Ruthenium, Ehodium, and Iridium are grey-whiie

metals, hard and fusible only at a very high temperature.

They are insoluble in hydrochloric, nitric, or sulphuric

acid. On alloying them with zinc or lead, and then dis-

solving out the alloyed metal with acid, the ruthenium,

rhodium, or iridium is left as a black powder, exploding

when gently warmed, and going back into the ordinary

form of the metal.

Iron. It has been known for many centuries that the

properties of iron are profoundly modified when it contains

a small percenuge of carbon; it is then termed steel.

Steel has a fine granular fracture, and is not fibrous like

pure wrought iron, or coarsely crystalline like cast-iron,

which contains a greater proportion of carbon than steel,

the latter conuining from 0.8 to 1.9 per cent. When steel

is heated and then suddenly cooled,—an operation termed

" tempering,"—it becomes very hard; this is due to a change

which takes place in the molecular structure of iron at 850'.

At that temperature its specific heat suffers a considerable

change ; and if the iron contains a small percentage ot

carbon, the allotropic state persists after the cooling has

taken place, if produced sufficiently rapidly. The various

qualities of steel, elastic as in springs, hard as in razors,

brittle and extremely hard as in files, are due to admixture

of more or less of the allotropic modification with ordinary

iron, which is a comparatively soft metal.

Silver and Gold.—Several meuls, among them silver,

gold, and platinum, when precipitated from aqueous solutions

of their salts by some reducing agent, such as sodium

formate, form apparent solutions of the meul in water.

That of platinum is grey, of silver blue or red, and of gold

purple. The colour, however, depends on the state of

division of the metal, and it may vary greatly with the

same metal. If the «« pseudo-solution " of platinum is
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warmed, the metal i> precipitated as a black powder, known
at "platinum-black/' This substance readily absorbs
gaseous oxygen or hydrogen ; when heated, it is converted
into a grey powder, obviously finely divided ordinary plati-
num, termed "platinum sponge." On evaporating the
pseudo-solutions of silver or gold, the metil remains as a
coloured residue ; on warming or rubbing, it changes into
the ordinary metal.

These are the known cases of allotropy. ^n some cases,
as when the gases of ozone or sulphur are weighed, a direct
clue to the molecular weight, and therefore the cause of
isomerism, is revealed ; but in others, where the different
modifications are liquid or solid, there is no o jvious means
of tracing the cause of the allotropy. Yet in seme instances
a reasonable theory can be formed.

Phases.—We know that a liquid and its j;a8 can exist
together at different temperatures, and that at high tem-
peratures the gas exerts a greater pressure tlan at low.
To each temperature corresponds a definite pressure. If
the temperature be named, it is termed the " boiing-point

"
at that pressure ; if the pressure for any particular tem-
perature be alluded to, it is called the " vapour pressure."
According to the molecular theory, the vapour- pressure is

reached when as many molecules leave the liquid surface in
unit time as return to it by the condensation o^ the gas.
There is a state of equilibrium ; but on r.<i8.r;g t>^i tem-
perature the equilibrium is disturbed, .'o.J n ore v.iuour is

given off to restore it. The gaseous state and he* Hqul 1

state are termed two phases of the same kind J matt;.-,
and they can coexist at various temperatures.
When the pressure is reduced below a ciruin amcir;

—for water to 4.6 mms.—the boiling-point is ic wcred to
o'. At this temperature water usually freeze., ur.uet a
pressure of one atmosphere. As the pressure is .'.G m .n.,
the freezing-point of the water will be at o.co;" abc ."

zero; for it is found that the freezing-point of water is

lowered by that amount for each rise of one atmos
VOL. I.

sph«
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preMure j and if the atmosphere preuure be removed, the

freezing-point will be raised. At this temperature, there-

fore, ice, water, and water-vapour are all in equilibrium

with each other and can coexist. The point is called the

«« triple point." The statei of water, ice, and steam can

be represented by a diagram.

B

L V

PRESSURE

\

TEMPERATURE

Let pressures be measured up the vertical line AB,

and temperatures along the horizontal line AC. The point

O corresponds to the temperature 0.007° and to the pres-

sure 4.6 mms. Along the line OLV (LV standing for

liquid-vapour) the liquid and the vapour can coexist ;
it is

usually termed the «« vapour-pressure curve." The line O
SL (solid-liquid) shows the alteration in the melting-point

of ice as the pressure rises ; its slope is greatly exaggerated

in order to make it visible. It shows that as the pressure is

raised the melting-point of ice becomes lower and lower.

Lastly, the line OSV (solid-vapour) indicates the coexist-

ence of the solid and the vapour phases ; the pressure is
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below 4.6 mms., and the temperature below o* The
regions shown correspond to those conditions of temperature
and pressure where the substance can exist as solid, asliquid
or as gas. The dotted line WO represent, the condilro;
a super-cooled liquid. It is possible to cool water below o' •

for example, if it be pure and kept at rest, its vapour-
pressure is then greater than that of ice at the sametemiera-
ture. It has not been found possible to heat ice above its
melting-point without its melting, but it is possible to cool
steam somewhat below its condensing tempSature without
condensation occurring, as shown by the dotted line OP.
I hese state, of relative instability have been called " meta-
stable. Shaking the water or introducing particles of
dust into the steam at once induce freezing or condensation

;the water changes to ice or the steam condenses.
The condition of allotropy can be similarly represented.

15ut the problem IS more complicated; in the case of
sulphur, for example, there are two solid phases, the rhombicand the raonoclmic, besides more than one liquid phase. As
the two solid phases, the rhombic melting at 115% and the
monoclimc melting at 120% are well known, attention will
be confined to them.

»h/ll"'''^"'"'^r'"°'*'r?
'° ^^^y''^""^ from fusion, it assumes

the monoclimc form of long prisms. These crystals, however,
change spontaneously at the ordinary temperature, and in atew hours fall into minute rhombic octahedra. At the
temperature 95.6% however, this change no longer takes
place; the two crystalline forms can coexist in presence ofeach other without one form turning into the other. Therhombic variety gives off vapour which of course exerts

ZhiT.u' u' ^J!"I^^^^"'-e and at lower temperatures atwhich the rhombic variety is stable ; and the vapour-

L'nZT "''^l
" '"'^''"'"'^ ^y '^' ^'"^ I'^V (rhombic-

't^ri/: » r '^TP^f'"""* '' '^^'"^'^ ^he "transition
temperature" for rhombic and monoclinic sulphur and
suphur.vapour. It may be compared with the melting-
point of ice under 4.6 mms. pressure, which, it will be
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other. Now the melting-point of sulphur is raised by
pressure instead of being lowered, as in the case of water.
This is the more usual ; the lowering of melting-point of the
solid water depends on the fact that the density of ice is less

than that of water, but that of solid sulphur is greater than
that of molten sulphur. Hence the rise of the transition-

point along the line PQ. At O three curves meet : OP,
representing the vapour-pressure of monoclinic sulphur ; O
LV, the vapour-pressure of liquid sulphur ; and OQ, the
effect of pressure in raising the melting-point of rhombic
sulphur. The lines PQ and OQ happen to meet at Q,
which is also a transition-point ; it lies at 131* ; and here
rhombic, monoclinic, and liquid sulphur can all coexist,

though the pressure is too high for vapour to exist along
with them. At higher temperatures and pressures mono-
clinic sulphur is incapable of existence. As we have seen,

the metastable states of sulphur are capable of existence for
some time. Rhombic sulphur can be heated to its melt-
ing-point, 115°, which lies above its transition tempera-
ture. At this temperature it and the liquid resulting from
its fusion are both in a metastable condition. And the
effects of pressure in raising the melting-point of rhombic
sulphur is shown by the dotted line RVQ, which is

continued in QLR (liquid-rhombic) at temperatures at

which the monoclinic variety is no longer capable of exist-
ence.

Although the allotropy of other elements has not been
so minutely studied as that of sulphur, it is certain that the
various conditions can all be represented in a similar manner.
For example, the transition-point of the grey and metallic
modifications of tin is 20° ; below that temperature metallic
tin is in the metastable condition ; if cooled sufficiently, it

may change spontaneously into the grey powder, but the
change may not take place, just as water may be kept
•uper-cooled without freezing. But just as the addition
of a crystal of ice to super-cooled water causes it to
crystallise, so the contact of grey tin below 20" with
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metallic tin induces the change; the .urface of the tin

becomes covered with spots like punples, ^^^'^^'^^^^
oiyen, all the tin falls to powder. The change is the more

fapid, up to a certain point, the lower the temperature. If

the grey tin be raised in temperature above 20 ,
»t is recon-

verted into metallic tin, the more quickly the higher the

""The^vellow wax^, condition of ordbary phosphorus, too,

appears to be a metastable condition, for if its temperature

is raised under pressure, red phosphorus » P^-o^^^^*!' °"

the other hand/if red phosphorus be heated under ordinaiy

pressure, it volatilises and condenses as yellow phosphorus.

Nevertheless, at the very highest temP«"'^^"»
J***

^*P°7.

pressure curves would 'indicate that yellow phosphorus is

the stable form. ^> ^r „,*k
We are stUl in the dark as to the precise reason of such

allotropic changes. From cases which can be litigated,

owing to the liquid or gaseous sutes of the allotropic modi-

fications, the cause would appear to consist m a greater or

less molecuUr complexity, but this is not P^^^^^ •«]»^?-

It is possible that the cause of allotropy is to be found, m

some ceases at least, in a different arrangement «( the mole-

cules in the solid, and this suggestion falls in with the foct

that allotropy often consists in different "y»t^»|°«J>"J^
but it is aK) conceivable that a different crystallme form

may correspond with difference in molecular complexi y

as well as with different molecular arrangement. UnUl

some method is discovered whereby the molecular we^hu

of solids can be determined, it is not probable that cerumty

will be attained.



CHAPTER VI

Isomeiism—Polymerism—Optical and Crystal-
lographlc Isomerism—Stereo-Isomerism^
Tautomerism.

Closely connected with allotropy is what is termed
isomerism. Attention was first called to the existence of
compounds with identical composition, so far as it could
be arrertained by analysis, but possessj \ different physical
properties, such as melting-point, boi .nj-point, and crys-
talline form, and different chemical properties, by Wdhler
and by Liebig. Faraday, too, drew attention to a similar
phenomenon which h j received the name of polymerism.

All food contains the elements carbon, hydrogen,
oxygen, and nitrogen, besides sulphur, phosphorus, and
other elements. The main constituents of food are starch,
which is the chief c(ymponent of bread, and which is

devoid of nitrogen ; and albumen and allied bodies, of
which flesh mainly consists, which is rich in nitro-
gen; dried me indeed, contains from lo to 12
per cent, of that element. During the passage of food
through the system, the carbon and hydrogen are mainly
eliminated by the lungs as carbon dioxide, COg, and water,
HgO

; while the largest portion of the nitrogen passes
away through the kidneys, in the form of a compound
named nrea, of the formula CON^H^. Now Wohlcr
succeeded in 1827 in forming urea artificially by preparing
a compound of ammonia, NH„ with an acid termed cyanic
acid, HNCO, itself pixxiacibie from the elements which

«7
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it contains. On heating this compound, ammonium cyanate,

NH^NCO, to the temperature of boiling water, it under-

goes an " isomeric change." Before such heating, if the

ammonium cyanate be warmed with a solution of caustic

potash, the smell of ammonia is at once apparent ; this is

the usual test ff"* ammonium ions ; but after the change

into urea has taken place, ammonia is not revealed by this

test. Moreover, the compound formed, urea, forms salts

with acids ; it unites with hydrogen chloride, for example,

forming CON.,H^.HCl. The compound from which it

is derived, ammonium cyanate, on treatment with hydro-

chloric acid', is converted into ammonium chloride, NH^Cl,
and cyanic acid, which itself undergoes further change,

unnecessary to allude to here :

—

NH4NCO + HCl.Aq = NH^Cl.Aq + HNCO.

It is evident that here there are two compounds containing

the same elements in the same proportion by weight, and

yet having very different properties.

Faraday, in experimenting with oil-gas, produced by

heating the vapour evolved from oil at a high temperature,

attempted to condense it to a liquid by application of cold

and pressure. In this he was successful, and the compound

he obtained was identical in composition with the well-

known olefiant gas, now termed ethylene, CgH^, which is

the product on heating a mixture of alcohol with concen-

trated sulphuric a' id. But F .raday's product possessed a

density twice as great as that of ethylene. While ethylene

has a density approximately 1 4 times that ofhydrogen, imply-

ing the molecular weight 28 (and €2=24 + H^ = 4 are to-

gether equal to 28), Faraday's gas, which is now known
as butylene, was found to have the density 28, implying a

molecular weight of 56, and involving the formula C^Hg.

Hence it appeared that two compounds could exist, of

which one might possess a molecular weight twice as great

as the other, yet of the same percentage composition ; and

to this the name polymerism was applied ; the substance
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of higher molecular weight is termed the polymer of th.it

of the simpler molecule.

It is chiefly among compounds of carlwn that the ])heno-
mena of isomerism and polymerism have been observed

;

although there are some well-marked cases of the latter

among compounds of other elements ; the best known is

that of NO., and N^O^ ; the former, which exists only at

a high temperature, is a dark red gas ; the laUer is almost
colourless, and is produced by cooling the former. But in

this case the two compounds, to both of which the name
nitric peroxide is applied, are very easily transformed from
one state into the other, and do not differ in their chemical
reactions. Instances of isomerism among compounds of
elements other than carbon are rare, but are not unknown.
The explanation of this curious phenomenon was sought

for in the arrangement of the atoms in the molecule. The
cases given, although they were the first noticed, are not
the simplest; an instance will therefore be chosen from
compounds containing only the two elements carbon and
hydrogen.

One of the constituents of coal-gas is named methane,
or marsh-gas ; it escapes from the mud at the bottom of
stagnant pools when it is stirred with a stick ; its formula
is CH^. This gas, when mixed with its own volume of
chlorine, and exposed to diffuse light for some hours, ex-
changes one of the atoms of hydrogen which it contains for
an atom of chlorine ; at the same time the displaced hydro-
gen unites with another atom of chlorine, forming hydrogen
chloride, thus: CH^ + M, = CH3C1 + HC1. If it be
assumed that the hydrogen in marsh-gas is in union with
the carbon, and ihat that union can be pictured by a stroke
or « bond

'

between the atoms, the formula of methane can

rJ-be written H—C—H, and the above equation—
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H H
I CI

I
H

H—C—H+
I

- H—C—C1+
I

,

I
c!l

I

CI

H H
on the similar assumption that a molecule of chlorine

consists of two atoms, of which one replaces hydrogen in

methane, while the other unites with that displaced hydrogen

to form H—CI.

Now only one compound of the formula CH3CI is known ;

hence it may be argued that the hydrogen atoms and the

chlorine atoms are symmetrically grouped round the carbon

atom in chloromethane—for so the compound is term -d.

The element sodium readily reacts with chlorine ; ik. Jeed,

if hot sodium be plunged into a jar of chlorine gasj the

metal burns brightly, and a white compound of the two

is produced, which is none other than common salt, or

sodium chloride, NaCl. It is possible to withdraw the

chlorine from chloromethane by bringing the gas, dissolved

in ether (on which neither it nor sodium have any action)

in contact with chips of sodium. Another gas is produced,

of which the analysis and vapour-density show it to possess

the formula CgHg ; and it is reasonable to suppose that it

has been produced by the union of the two groups, CH3,

left after the renewal of the atom of chlorine from CH3CI

;

this change can be thus expressed

:

H
I .H—C—

;

IH

H

CI + Na + Na + CI ;—C—

H

H
H H

2Na—CI +H—C-J—H.
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The new gas is called ethane. It, too, exists in only
one modification, and it is legitimate to suppose that the
atoms of hydrogen arc symmetrically arranged with reference
to the two atoms of carbon.

Like methane, it can be attacked by chlorine with simi-
lar results

; the equation is : CgH^ + CI., = aH^Cl + HCl.
And here agam only one chlorethane, CgHjCl, is known

;

another argument in favour of symmetry.
If a mixture of chloromethane and chlorethane, dissolved

in ether, be treated with sodium, a third " hydrocarbon "
is formed, possessing the formula CgHg ; it is named
propane. Its formation may be expressed thus

;

H H
H

H

CI + Na; + Na + C1

H
_C—C—H =

2Na

H H H

i—ci + H—c—c—i—

:

H.

H H
Again, only one propane is known. But if it is exposed

to the action ofchlorine, two monochloropropanes are formed,
each of which has the empirical formula C^HyCl. The
chlorine atom in each isomer may be replaced by the
hydroxyl group, -OH ; the resulting products, C3H7OH,
are termed propyl and isopropyl alcohols. It is possible
to reconvert each of these compounds into its respective
chloropropane

; and it is also possible to obtain from them,
by oxidation, very different products. Propyl alcohol,
when oxidised by boiling with a solution of chromic acid,
a compound which easily loses oxygen, is converted first
into propionic aldehyde, CgHgO ; but on continued oxi-
dation the aldehyde is changed to propionic acid, CoH.Oo-
Un the other hand, isopropyl alcohol is oxidised l^ simili
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treatment to a compound called acetone, possessing the same

empirical formula as propionic aldehyde, viz., CgH^O, but

differing entirely from the latter in proi)ertie« ;
and if the

process of oxidation be continued, the acetone is broken up

into acr'": acid and carbon ioxide, both simpler com-

pounds, containing fewer at^ms of carbon than acetone.

These changes are easily represented by the followmg

formulce, which are termed graphic, or structural, or constt-

tutional, inasmuch as they represent to some extent the struc-

ture of each molecule.

H H H

H_C—C—C-H
J I I

H H H
Propane.

H CI H

H-C-C—C—

H

Isochloropropane.

H H H

H—C—C—C=0

H H
Propionic Aldehyde.

HOH H

H-C—C—C—

H

kkli
Isopropyl Alcohol.

H

H H H

H—C-C-C-Cl

UA
Chloropropaue.

H H H

_C—C—C—O—

H

Propyl Alcohol.

H H O—

H

H—C—C—C=0

Propionic Acid.

HOH
H-UJ-H

k k
Acetone.
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It is evident that while propane itselt is a symmetrical

substance, inasmuch as all the atoms of hydrogen arc

symi. etrically arranged as regards the three atoms of carbon,

as soon as an atom of hydrogen is replaced by an atom of

chlorine, two possibilities are o|)en ; thf atom of chlorine

may attach itself either to one of the end atoms of carlwn,

or to the middle one. In each case a different compound
is produced ; and this is shown not only by the different

boiling-points of the two chloro-compouiids, but also by

their behaviour with reagents.

The relation of propane to ethane may be conceived to

be due to the replacement of an atom of hyd'-ogen in the

latter by the group -CH3, which is termed the methyl

group. Ethane may be "iewed as methyl -methane,

H3C—CHg, and propane may also be regarded as di-

methyl-methane, H3C—CHo—CHy, the central group

—CH.,—being taken as the methane molecule, of which
two atoms of hydrogen have been replaced by two methyl

groups. If the structural formula of propane be again

inspected, it is evident that ^wo butanes must be possible

—

one, a methyl-propant , the other, a trimcthyl- methane,

thus :

—

H H H H
I'llH—C—C—C—C—

H

H I^I H H

H

H—C—

H

H H

11

H—C—C-C-H

Methyl- Propane.
H H H

^'imethyl- Methane.

These two butanes maj' yield similar de ivatives. It is

evident on inspection that the first will furnish two mono-
chlorobutanes, according as an atom of chlorine rv.places

one of hydrogen of either of the two end atoms of carbon ;
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the other, if the chlorine atom is attached to either of the

middle atoms of carbon. And the second butane can also

yield two chlorobutanes, according as a chlorine atom re-

places hydrogen of one of the three -CH, groups, or

hydrogen of the CH group.
.

iiuch forms of isomerism are very common, and instances

might be multiplied indefinitely.

Another form of isomerism arises when an element such

as nitrogen, which has more than one valency, is contained

in the molecule. The atom of nitrogen can be made to

occupy one of two -sitions as regards an atom ot carbon.

A common instance of this is the isomerism of x\xtmtrtUs

and the carbamlnes. A nitrile is a compound in which an

atom of nitrogen replaces three atoms of hydrogen, all ot

which were attached to the same atom of carbon. Ihus,

from ethane, CgHg, acetonitrile is derived thus :—

H H

H-C-t-H

H

H—C—C=N

H H
Ethane.

H
Acetonitrile.

H
I

H-C:-C
o

\o—

H

/"

H
Acetic Acid.

It is seen to be closely allied to acetic acid, in which

three of the atoms of hydrogen of ethane are also replaced

;

but this time two by an atom of oxygen, and the third by

the hydroxyl-group, -OH. This close connection is made

obvious by boiling the acetonitrile with dilute alkali
;

the

nitrogen is evolved as ammonia, while oxygen and hydroxyl

take the place of the atom of nitrogen :—
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H n
n\.

1I_0_H
H—c—c-N + n ' '^ =1 [—C—CC + N

H
I

If

11

(I

II

But an isomer of acetonitrile '.i also known, to which

the formula CHgN^C is ascrilied ; for, on causing it

to react with water, the products arc methylamr e»

CH„—NH„, and formic acid, HCf thus :—
' ' \OH,

\\

I

H-C-Na
I

I[

II II

'/
II

+ + II—O-II = II-C- \< +H-C/
\II

o

OH

From this it is inferred that in the latter case the atom

of nitrogen is in direct union with the atom of carbon of the

CHj group ; it remains united even after attack by water

in presence of acid, the latter accelerating the action.

From these instances it is evident that the position of the

elements or groups in a molecule, as well as the composition

of the mol .cule, determine its nature ; and this fact is even

more strikingly shown by isomerism in the group of com-

pounds related to benzene, a liquid hydrocarbon of the

formula C,.Hg.

It is found that when this compound is attacked by chlorine,

80 that an atom of hydrogen is replaced by an atom of chlorine,

the resulting oily liquid, named chlorobenzene, having the

formula C^H-Cl, exists in only one modification. But if two

atoms of hydrogen are replaced by two atoms of chlorine,

there are three compounds produced, to each of which the

empirical formula CgH^Clg may be ascribed. To what is

this isomerism due ?

The generally accepted graphic or structural formula for

benzene, first suggested by Kekul^, lately professor of

chemistry at Bonn, is

—
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H H
C=C

HC6 3CH,

C—

C

H H

in which the six atoms of carbon are arranged as a ring,

and each in combination with one atom of hydrogen. Bear-

ing in mind that a symmetrical replacement cannot produce

isomerism, it is obvious that it is a matter of indifference

whether an atom of chlorine replaces one of hydrogen at-

tached to apy of the six atcms of carbon, numbered i to 6.

But when two atoms of hydrogen are replaced by two atoms

of chlorine, the case is different. The substituting atoms of

chlorine may have three distinct positions relatively to each

other ; they may replace hydrogen atoms combined with the

carbon atoms i and 2, or with i and 3, or, lastly, with

I and 4. Obviously the numbering I and 2 expresses only

any two contiguous atoms ; it is identical with 2 and 3, 3

and 4, &c. So, too, i and 3 is identical with 2 and 4, 3

and 5, &c.; and i and 4 is the same as 2 and 5 or 3 and 6.

These chlorine derivatives may be converted into numerous

others by replacing the atoms of chlorine by other atoms

or groups of atoms ; and so three series of compounds are

obtainable, all of which belong to three separate groups.

It has been found possible to determine the positions relative

to each other of the entering atoms by the following ingenious

device. Expressing, for shortness' sake, the structural

formula above given by a simple hexagon, and assuming

that carbon atoms are situated at the angles of the hexagon,

and, where not otherv/ise indicated, in combination with

hydrogen ; but indicating by the symbol CI that an atom of

hyHrogen has been replaced by one of chlorine, we have the

following three formulae for the three dichlorobenzenes :
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Cl Cl Cl_ Cl
/

y O
Cl

Ortho; Meta; Para
;

Cl CI Cl Cl Cl Cl Cl Cl Cl Clo <:
\

\ :>'-' < >• \> o
"Cl Cl cr ~C1

Now, if each of these compounds be separately treated with
chlorine, trichlorobenzenes are formed ; these are shown in

the lower line ; and it will be noticed that while the first

dichlorobenzene (that designated by the prefix "ortho-")
can yield two, and only two, trichlorobenzenes, the " meta-"
dichlorobenzene may yield three trichlorobenzenes, but the
"para-" dichlorobenzene only one ; or in numbers, i 2 may
yield i 2 3 and i 2 4 trichlorobenzenes ; i 3 may yield

* -2 3, I 3 4, and 135 trichlorobenzenes ; while i 4 di-
chlorobenzenes can yield only i 2 4 trichlorobenzenes ; the
last is obviously identical with i 3 4, or with i 4 5, or
with I 4 6 trichlorobenzene. In this way the actual
position of the chlorine atoms, relatively to each other, in

the three dichlorobenzenes, was established.

All these formulae, it will be noticed, are written on the
assumption that the atoms of the elements lie in a plane.

Now this assumption is exceedingly improbable. It is true
that a map represents only the length and breadth of a
country ; not the heigiit of the mountains, unless contour
lines be made use of. And yet a map renders great service,

for we use it, allowing for this important omission. So
these structural formulae may be advantageously employed,
so long as we remember that they do not represent a// the
structure. This fact must have been in the minds of many
chemists for more than ten years before J. A. LeBel
and J. H. van't Hoff pointed out independently, in 1874,
the necessity of employing formulae of three dimensions in

VOL. I.
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order to explain certain cases of isomerism which were

inexplicable on the assumption that the elements were dis-

tributed on a plane surface, as in the instances already given.

This doctrine of the arrangement of the atoms of a

molecule in space of three dimensions has been termed

Stereo-chemistry.

StereO'Chemistry.—The deposit found in wine-casks,

named tartar or argo/, is the potassium salt of four acids, to

which the generic name tartaric has been given. But it

has long been known that although all these acids are re-

presentwl by the formula C .Hj.Og, they differed in physical

properties. In order to understand the natr-e of this differ-

ence, a short explanation must be given of the nature of

polarised light.

A mineral named tourmaline is known, which is some-

times used as a gem. Its colour is usually green, and it

occurs in fairly large transparent crystals. If a slice of

this mineral be cut, it is to all appearance quite transparent,

allowing light to pass with only a slight diminution in its

intensity, as would be the case if the light were to pass

through a plate of somewhat dull greenish glass. Through

two parallel plates of tourmaline, if held in a certain

position, light still passes with scarcely diminished intensity ;

but if the one plate be slid round on its neighbour, so that

it has performed a partial revolution of 90°, the two plates

in this position are no longer transparent, but cut off light

and become practically opaque. The light, after passing

through the first plate, is said to be polarised ; and it is

possible to extinguish this polarised light by interposing

a second plate placed in a certain position.

It is now certain that the phenomena of light are to be

attributed to the propagation of waves in a fluid which

penetrates all space, even the interior of solids ; a fluid

without weight, possibly composed of particles, which,

however, must not be confused with the atoms or mole-

cules of ponderable bodies. This fluid is termed ether.

Now waves may be caused in ether by other agencies than
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light. When an ordinary Leyden jar is discharged, the

process of discharging it is not instantaneous ; the spark

which passes between the knob of the electrical Hongs"
used to discharge it and the knob of the jar is merely one

of a number which pass to and fro between the knob

of the tongs and the kncb of the jar until electrical

equilibrium is established. The passage of such sparks

causes waves to be propagated through the ether, waves

which differ from those of light only in their much greater

length. Such waves, whether of light or of electric dis-

turbance, are propagated at right angles to the direction of

their oscillation ; they resemble waves en the sea in this

respect, but differ inasmuch as sea-waves oscillate merely

up and down, whereas these waves of light or electric

disturbance oscillate in all possible directions at right angles

to that in which they move forward. The name applied

to such electric waves is "Hertzian waves," after their

discoverer, the late Professor Hertz of Bonn.

It has been found that the leaves of a book held with

its edge towards the source of electric waves has the

effect of polarising these waves. They are not much
diminished in intensity by their passage through the book,

and if a second book be held edgewise, with its leaves

parallel to those of the first book, the waves can still pass

on. But if the one book be turned round so that its leaves

are at right angles to those of the other, the electric waves

are blocked, and are no longer able to pass. The Hertzian

waves are so long, and are made in such a manner, that

it is possible to ascertain in which plane they are oscillat-

ing ; indeed, the experiment with the book proves this.

For it is known that if the plane of the waves coincides with

that of the pages of the book, the waves are annihilated ; they

cause electrical currents in each leaf, and are thus absorbed.

But as each leaf is separated from its neighbour by a thin

layer of air, which is a practical insulator of electricity, if

the leaves of the book are turned at right angles to the

position in which they annihilate the electric waves, these
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waves cannot excite currents in the leaves, because each

leaf is insulated from its neighbour, and the currents have

no scope. After passage through the book, those waves

which were originally oscillating in the plane of these

leaves are annihilated, and used up in inciting feeble electric

currents in each leaf, while those waves originally at right

angles to the plane of the book's leaves pass through.

Waves oscillating in intermediate planes, e.g. at an angle

of 45° to the plane of the leaves, are partly annihilated, and

partly pass, in proportion to the angle which they make.

The coarsely foliated structure of a book, it cannot be

doubted, is analogous to the structure of a plate of tourma-

line. It is also almost certainly foliated, but the foliations

Fig. 4.

are extremely minute, so that the influence they have in

transmitting or obscuring light waves is commensurate with

the difference in the oscillation-length of light waves and

Hertzian waves. The light which passes through tourma-

line, like the electric waves which pass through the leaves

of a book held edgewise, have this peculiarity

—

they osnUuie

in oneplaney and resemble in that respect the waves of the

sea. They are said to be polarised.

Now it has been found that certain substances, such as

crystals of quartz or of chlorate of potassium, have the

curious property of rotating the plane of oscillation of

polarised light ; that is, light polarised by passage through

a plate of tourmaline (or by other means, for there are
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more convenient plans of jKjlarising light), and then trans-

mitted through a plate of crystallised potassium chlorate,

is not wholly obscured when it impinges on a second plate

of tourmaline held at right angles to the first; it is neces-

sary to turn the second tourmaline through more than a

right angle in order that total obscuration shall result. The

plane of polarisation is rotated by the chlorate crystiil. If,

however, the crystal is dissolved in water, its solution has

no such property ; and it is inferred that the rotation is due,

not to any arrangement of the atoms in the molecule of

chlorate, but to the arrangement of the molecules in the

crystal. For if the rotation were due to the former cause,

it would be produced by solution as well as by the solid.

It is believed, therefore, that the molecules in a crystal of

chlorate are arranged with regard to each other like the

stones in a spiral staircase.

The case is otherwise with crystals of tartaric acid.

While one variety of tartaric acid crystal rotates the plane

of polarisation to the right, in the direction of the hands

of a watch, another variety has the opposite effect, and a

third and a fourth variety, which can be distinguished by

means to be mentioned hereafte., are without action on

polarised light. Unlike potassium chlorate, however, solu-

tions of these crystals of tartaric acid have the same effect

as the crystals themselves ; those which have a right-

handed rotatory power retain that power even when dis-

solved ; the left-handed ones remain left-handed, and the

neutral ones neutral.

In 1861, Louis Pasteur, at that time assistint to

Professor Balard, of Paris, made a most importai.t dis-

covery. It was that crystals of dextro-rotatory or right-

handed tartaric acid, which had hitherto been believed to

be regular, were all characterised by small facets, developed

only on one corner. The neutral tartaric acid, known as

racemic acid, had no such facets ; but on crystallising a

certain double salt of racemic acid containing ammonium

and sodium, Pasteur discovered that two kinds of crystals
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were deposited ; some with facets on the right upjjer corner

(see (rt) Fig. 5), and some with facets on the loft corner.

The facets in question are shaded in the figure. And most

singularly, the crystals, after they had been piciced out and

separated from each other, when dissolved in water each

rotated the plane of polarised light, the crystals with right

facets to the right, those with left facets to the left. Up to

that time only the dextro-rotatory tartaric acid had been

known. From this Pasteur drew the inference that the

difference between the two varieties must l)e due to the dif-

ferent arrangement of the atoms in the molecules of the two

varieties of tartaric acid in space of three dimensions.

Fig. 5. -1- i

(a) "> _*.vo

Pasteur also devised two other methods of separating the

two varieties of tartaric acid contained in racemic a :id :

one was by preparing a salt of racemic acid with a base such

as quinicine, which itself possesses optical properties. The

salt of dextro-tartaric arid with this base is much more

soluble than that of the left-l.anded or kvo-rotatory t. taric

acid ; so that the crystals which separate out on evaporating

the solution are practically pure laevo-tartrate. His other

method of effecting the separation, or, in thib case, the de-

struction of the dextro-tartrate, was by allowing a solution o\

racemate of ammonium to mould. The organism consumes

the dextro-tartrate, and the kvo-tartrate remains after the

mould has been suffered to grow for a sufficient time. It
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is only the dextro-compound, in fact, which serves as food

for the mould. ,, ^ . , • 1

In 1874, LeBel and van't HofF independently pro-

pounded a theory to explain these and similar cases ot

isomerism ; it is based on the conception that all molecules

occupy space of three dimensions, and that the isomerism is

caused by the different arrangement ot the atoms m the

molecule. This arrangement also gives a clue to tne be-

haviour of such isomers in rotating the plane of polarised

light to the left or to the right, and also indicates why

crystals .omposed of such molecules should develop " henii-

hedral
" facets, as those represented on only one side ot a

crystal are termed.
. ,

It is not necessary to consider any particular compound

in giving a sketch of this theory ; it may be stated in general

'^^Marsh-gas, or methane, it has already been remarked, has

the formula CH,. We have already seen that one of the

four atoms of hydrogen which it contains may be replaced

by an atom of chlorine, and the chlorine by the group ^^3,

or methyl. It is possible to replace successively all tour

atoms of the hydrogen of methane by atoms or groups;

these may be all different. If we indicate such atoms

or groups by the letters P, Q, R» », we "lay have

the compounds CP3Q, CP^Q,, CP,QR, -"^ CPQRb

as well as CP,. The stereo-chemical hypothesis is based

on the conception that the carbon atom is situated at

the central point of a pyramid built on a triangular base

(which is named a tetrahedron), and that the elements

or groups in combination with the atom of carbon are

placed at the L .-. corners or solid angles of the figure.

The formula; of the compounds, constructed in this

manner, would present the appearance in perspective shown

in Fig. 6. ... .,

,

It is evident, on inspection, that no isomerism is possible

with the molecules numbered (i), (2), and (3), for m each

case a mere turning of the tetrahedron into the appropriate
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jiosition can place any group in any desired position relative

to the others. Thus to iake (3) ; if it Ik* supposed

that isomerism could result from the relative |x)8itions of

groups R and Q with regard to the two grouj)S P, it is only

necessary so to turn the crystal that he position of the two
P groups is reversed, when Q will lie at the remote corner,

and R at the near corner. The case is different with

the configuration in (4). If Q and R are transposed,

as in (5), it is impossible so to place (4) tli i' its

groups, P, Q, R, and S, corres|)ond in position with

those in (5). In fact, (5) may be termed the "mirror-

!!^

image" of (4), for a reflection of (4) in a mirror is

identical with (5). To choose a familiar illustration, it

is not possible to convert a right hand into a left hand
except by reflecting it in a mirror. In this sense, the right

hand is a stereoisomer of the left hand. Now it is precisely

such compounds, and only such compounds, which display

isomerism of the kind described ; one variety of which
causes the plane of polarised light to be rotated to the right,

the other to the left. One of the most familiar instances

of such isomerism has been observed with the acid of sour

milk, lactic acid ; in it, the carbon atom at the centre of
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the tetrahedron is coupled with four different atoms or

groups, an ' is termed the " asymmetric " carlwn atom. P

may stand for an atom of hydrogen ; S for the hydroxy 1

group, - OH ; Q represents the methyl grouj), - CHg ;

and S the carboxyl j^roup, - C/ a group common to

\OH,
all the acids of carbon, and already shown on p. 94 as part

of the formula of acetic acid. The ordinary lactic acid of

sour milk is optically inactive, but its isomer extracted

from llesh-juice is Ijevo-rotatory. 15y one of Pasteur's

Fig. 7.

methods, however, the acid from milk can be split into two

varieties, one Isvo-, the other dextro-rotatory. There are,

therefore, two forms of lactic acid, both optically active ; a

mixture of the two in equal proportions has no c'aim to be

termed a third body, but of course it is without action on

polarised light.

It is possible for a compound to contain two or more

asymmetric carbon atoms. Such is the case with the tar-

taric acids. The structure of these acids is shown in Fig. 7.

It is supposed to be represented by two tetrahcdra, placed

apex to apex, one of course being inverted. The carbon

atoms in the interior of each tetrahedron are united by one

" bond " or valency, ^'a^ other three valencies of each
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carbon atom arc employed in union with three separate

atoms or groups, P, Q, and R, and F, Q', and R'. In the

case of the tiirtaric acids, these are respectively an atom ot

hydrogen, the hydroxyl or - OH group, and the carboxyl

-Q'f group. It v.'ill be noticed that in (i) of
or '\

OH
Fig. 7, if we look down on the surface P Q R, these

letters follow each other in the opposite direction to the

hands of a watch. Let us suppose that polarised light,

entering the tetrahedron from above, would cxperitnce rota-

tion in that direction ; it passes from the base of the inverted

tetrahedron to the summit. Similarly, light entering the

lower tetrahedron from below will be rotated in the same

sense, ue. in the direction P' Q' R' ; but if it fall on the

lower tetrahedron from above, it will receive a right-handed

screw, the same in direction as the motion of the hands of a

watch. Hence the laevo-rotation which the light acquires

by its passage from above downwards through the upper

tetrahedron is reversed and changed to a dextro-rotation

by its passage through the lower tetrahedron, seeing that it

traverses the lower one from apex to base. The one com-

pensates the other, and the molecule is inactive, or " inter-

nally compensated." But if the positions of Q' and R'

in the lower tetrahedron be interchanged, as in fa), then

polarised light, entering the tetrahedron from below, will

have a right-handed screw imparted to it ; and consequently,

if from above, a left-handed rotation, opposite to that of the

hands of a watch. It follows, then, that the left-handed

rotation which the polarised light acquires by its passage

downwards through the upper tetrahedron will be doubled

by its passage downwards through the lower one, and

the crystal will be laevo-rotatory. Similarly, (3) shows a

dextro-rotatory arrangement. It is evident, by inverting

the figures, that the direction of rotation is not changed.

Hence we have the inactive molecules of racemic acid

(for so this variety of tartaric acid is termed) in (i),
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Ixvo-rotatory tartaric acid in (2), and dextro-rotatory in

(1). It is, of course, not known in which order the groups

are placed to produce dcxtro- or Ixvo-rotation, but the

idea IS easily understood. A fourth variety ot tartaric acid

may, of course, b,.- prepared by mixing equal weights ot

t'le dcxtro- and hrvo- varieties ; it is mactr but it is a

mixture, and not a definite compound, and it must not

be confused with the racemic acid ot (i). Ihis tourth

variety can be separated into its constituents by Pasteur s

device of crystallising the sodium ammonium salt, and sepa-

ratirP by hand those crystals which have a right-handed facet

from'ihose with a left-handed facet ; but the true racemic

acid cannot be thus resolved at ordinary temperatures;

it must be converted into a salt of some optically isomeric

base, and heated ; on solution in water, it is now found

to consist of a mixture of dextro- and Icrvo-tartaric acids,

and it may be separated by crystallisation ot their sodium-

ammonium salts, as before described.

The tetrahedral form appears to be characteristic ot the

compounds of all tetrad elements ; for W.J. Pope has recently

obtained compounds in which the clement tin is combined

with four ditFerent groups, each containing carbon and

hydrogen ; and these display optical isomerism when re-

solved by appropriate means into their stereo-chemicd

isomers. The same has been shown by S. Smiles to be

true for compounds of a similar nature containing tetrad

sulphur, and this observation has been confirmed by Pope.

It will probably be found true for similar compounds ot all

tetrad elements where they hold in union four different

elements or groups.
, , u 1

The stereo-isomerism of compounds ot nitrogen has also

been proved to hold by .1. A. LeBel. As nitrogen is

either a triad or a pentad, however, the tetrahedron cannot

be the fundamental figure. It is probably a pyramid erected

on a square base. LeBel made a curious discovery in this

connection : it is that the groups in combination with the

nitrogen must have at least a certain degree ot com"i-xity,
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and a corrcsjK»iulin}i hij»li niuleculur weight, otherwise such

isomers arc not capable of existence. It is conjectured that

the groups combined with the nitrogen, f they are not

surticiently large, change places, so as to form the most

stable configuration ; it is only where they are large that

such molecular rearrangement does not occur. LcBers
work has been confirmed by Pope.

Stereo-isomerism due to double linkage. - There
ib another variety of stereo-isomerisi.i which cannot be

detecte(' by the rotation of polarised light. It is assumed
that in a compound as tartaric acid (see Fig. 7), the

two tetrahe(^"a, shown connected by their apices, are fn •

to revolve rouhd a vertical axis joining the two asynmietric

carbon atoms, and passing through the point of junction

of the two tetrahedra. Taking (
i
) of Fig. 7, if, for

example, R and R' happen to lie on a line parallel to that

a.is, we may have a compound different from one in which
R and Q' should lie on *hat line, as in the figure. If,

however, such a configuration were to exist, it would not

be permanent, for owing to the revolution of the tetrahedra

round the vertical axis passing through their apices, the

original confiyi ration would be produced, and R and R'

would again lii on the same vertical line. Of course this

is on the assuni])tion that the relative positions of P', Q',

and R' are not changed, otherwise an isomeride is produced

capable of acting on po'arised light.

Now, i." the atoms of carbon, be connected, not singly,

as in the instances in Fig. 7, but doubly, such a power of

rotation is hindered. Such a configuration is shown in

Fig. 8. The figure may be derived from one of those in

Fig. 7 by supposing R and R' to be removed by some
appropriate reagent ; the tetrahedra will then be joined

along one of the edges 'n^tead of only at the apices, ;'.nd

the carbon atoms will be "doubly linked." In (i) of

Fig. o a double tetrahedron, like that shown a Fig. 7,

is reproduced ; ( 2 ) shows the aj)proach of the two solid

angles; in (3), R and R' are removed, giving the new
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configuration. Such a compound is termed "unficturated."

By addition of such an clement as bromine, the com-

|)ound again Ixrcomes saturated, and (
1
) i» reproduced with

bromine atoms in place of R and R'.

Fig. 8.

('^ (2) (;\>

No. (3) of Fig. 8 is reproduced in Fig. 9(1), but the

letters have Ix'cn changed, so as to represent actual groups

present in two acids, named respectively fumaric and maleic

COJti

COjII

(1)

cO,H

acids. The formula given in (
i
) is that of ma'eic acid.

This acid, when exposed to hydrogen bromide, HBr, com-

bines with it ; but the double linkage between the central

carbon atoms is thereby broken, and (2) is produced. The
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upper tetrahedron is now free to rotate round the axis

joining the two central carbon atoms ; and it is supposed

that rotation takes place until the position of greatest

stability is reached. In (2) we may observe that two

hydrogen atoms occupy the left corners ; a hydrogen atom

and a bromine atom occupy the solid angles projecting

towards the spectator, and two carboxyl groups are situated

on the right. By rotation of the upper tetrahedron through

an angle of 1
20° in the inverse direction of the hands of

a watch, H' will be vertically above the lower carboxyl

group, H" will be above the bromine atom, and the upper

carboxyl grottp will be above the lower atom of hydrogen,

as shown in (3). If, now, hydrogen bromide be removed

(and this is possible by treatment with caustic potash),

the configuration will be that represented in (4) ; and this,

it is believed, is the formula of fumaric acid, the other

isomer. Fumaric acid, like maleic acid, can also combine

with hydrogen bromide, but on its removal fumaric acid is

reproduced.

An acid containing two carboxyl groups often has the

pro|)erty of losing the elements of water when heated, and

yielding an anhydride; in the case before us,C2H„(COOH)2
= C.,H.,(C0)20 + H.,0. Now maleic acid alone has this

property ; and "it is inferred that maleic acid must there-

fore possess the structure (i), seeing that the carboxyl

groups are conveniently situated for losing the elements of

water, and their carbon atoms for being linked together by

an atom of oxygen. To imagine a configuration which

would pertain to an anhydride derived from (4) would be

difficult.

This kind of isomerism is also met with among the com-

pounds of nitrogen, which, it will be remembered, acts often

as a triad. For example, substances named aldoximes are

known in which nitrogen is doubly linked to carbon ;
and

it is also united to a hydroxyl group. Such substances are

known in two modifications; and it appears probable that

the two varieties jjossess some such configurations as

:
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H—C—CH3
N—OH

and

H—C—CH.
IIHO—

N

which resemble those of fumaric and maleic acids.

Tautomerism.—One more kind of isomerism remains

to be mentioned ; a body which is said to be tautomeric

appears to show a different constitution, according to the

reagent with which it is treated. One of the earliest

instances observed of a tautomeric compound is aceto-acetate

of ethyl. Its formula is :

CH3—C—H,C—C—O—CH.-CHg,

h -h
as shown by its reaction with caustic potash, when acetone,

CH3—CO—CH3, is formed, the scission occurring at the

dotted line ; but the tautomeric formula

CH,—

C

O—

H

CH—C—CH.—CHg
II

O
may also be ascribed to it, for it can be shown to contain

a hydroxyl group by the action of diethylamine, giving

CH3-C CH- .C—O—CH.—CH3*

C.H.-N-C,H,
Other reactions point to the same possibility of rear-

rangement. Examples of tautomerism are not unknown

among compounds of elements other than carbon ; it is

probable that two sulphurous acids are capable of existence,

O. .H
%<,/

one possessing the formula ^^\ and the other

,H
= S<; . Silver sulphite appears to be a derivative

^0H
of the first, and sodium sulphite of the second of these
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forms; and it is probable that the particular form taken
depends on the reagent which is presented to the acid.

Although the application of geometrical formulae has
proved useful in exhibiting certain cases of isomerism such
as have been considered, it is not to be supposed that

formulae to which grouping in space of three dimensions
is not usually applied do not also require three-dimensional
space. Their use is not common, merely because the
spatial relations are sufficiently evident without involving

this conception. Most of us are content with a picture

as a sufficient memento of our friends , but if we wish a
fuller presentn^ent, a bust or a statue will give it.



CHAPTER VII

Energy

We have seen in the last chapter that some conception can
be mad'- regarding the form of molecules, supposing them to

occupy -ace of three dimensions. It is further imagined
that the atoms in the molecule, unlike those in the diagrams
given, are not quiescent, but are in motion relatively to each
other, and that the molecules themselves also change their

relative places ; both atoms and molecules contain what
is termed "energy," in virtue of this motion. When a
chemical reaction takes place, energy may be lost or gained—lost, when atoms or molecules assume a more stable con-
dition

;
gained, when the state of a resulting compound is a

less stable one than that of the substances from which it is

formed.

We must now consider what is meant by this term
"energy." Energy can exist under various forms; for

example, when a stone falls to the ground under the influ-

ence of the earth's attraction, it loses energy after its fall

;

when a billiard-ball is set in motion, for instance, by the
tension of a spring, the spring loses and the billiard-ball

gains energy. Energy can also be communicated to sub-
stances in the form of heat when their temperature is raised ;

it may be imparted to a body in the form of an electrical

charge, and in various other ways.

We have already seen (p. 6) that Lavoisier laid down
as a maxim that matter can neither be created nor destroyed.
This same doctrine holds as regards energy ; but there is a

VOL. I. "3 H
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difference in kind between matter and energy, for while one

form of matter, e.g. iron, cannot be changed mto another

kind of matter, su'ch as lead, one kind ot energy is con-

vertible into all other kinds of energy quantitatively, so that

no loss of energy occurs during the conversion.

An example will suffice to make this clear :
In a coal-

mint :he steam-engine serves to raise the coals from the pit

to the surface. The engine expends energy in overcoming

the attraction of the earth for the weight. Whence does

the engine obtain its energy ? Obviously from the expan-

sion of the steam in the cylinder, for steam (or any other

gas) loses eAergy in expanding. The steam is produced

by boiling water in the boiler ; water absorbs energy in

changing into steam. And this energy reaches the water

in the form of heat from the boiler fire ; the heat is pro-

duced by the combustion of coal ; and the coal, which is

the product of the decay of wood buried under the surface

of the earth, must originally have derived its energy from

the sun, the rays of which are essential to the growth ot

plants.
.

We have here a long chain of transformations ot energy

;

the chemical energy of the coal is transformed into heat,

the heat causes the expansion of the water into steanri, the

steam overcomes the resistance of the piston in the cylinder,

the motion of the engine raises the weight. In all this

chain there is no losi of energy ; it is only transformed from

one kind to another. But it must not be imagined that

each kind of energy is quantitatively transformed into the

other ; for example, when the steam urges the piston forward

in the cylinder, some of the energy is lost by the friction of

the piston against the walls of the cylinder, and is converted

into heat ; and, indeed, energy tends to be degraded, that is,

to be transformed into heat-energy.

In almost all chemical reactions which take place, either

of their own accord or on rise of temperature, heat is spon-

taneously evolved. When that is the case the reaction is

term.H "exothermic;" but « endothermic " reactions are
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also known, in which heat is absorbed. Such reactions,

however, do not take place spontaneously at ordinary tem-

peratures. All the phenomena of combustion are exothermic

reactions. We are familiar with many examples of this, as

when coal burns, when hydrogen and oxygen explode, when

gunpowder is fired—all these are examples of exothermic

reactions. The interaction of any two or more elements

which spontaneously unite to form a compound is of the

same nature as combustion.

Endothermic reactions—those in which heat is absorbed

—are usually only possible at ordinary temperatures when

an exothermic reaction proceeds at the same time. But one

point lust be noticed here ; it is necessary that both the

exothermic and the endothermic reaction should be part of

the same chemical process. For example, the formation ot

chloride of nitrogen by the action of chlorine upon a con-

centrated solution of ammonia is an exothermic reaction.

Chloride of nitrogen is a fearfully explosive body, detonating

with the least shock into its elements, chlorine and nitrogen ;

but while it is being formed there is formed at the same

time ammonium chloride, a substance which is produced

with great evolution of heat. These two reactions are part

of the same chemical process, and they are expressed

by the equation 4NH3 + 3Cl2 = NCI3+ sNH^Cl. It is

essential that both ammonium chloride and the chloride oi

nitrogen should be produced by the same chemical reaction.

The combination of nitrogen and chlorine would not take

place were any other exothermic reaction uncoiir.ected with

the formation of nitrogen chloride to be going on in the

same vessel. The elements nitrogen and chlorine do not

form nitrogen-chloride when mixed, even under the influ-

ence of a high temperature, nor would they if another exo-

thermic reaction were proceeding simult.- aeously in contact

with the nitrogen and the chlorine. Moreover, in order

that an endothermic compound may be formed, it is not suf-

ficient that an exotherm''- reaction take place simulta-^eously

;

the heat evolved liurin exothermic -xtion must usually
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exceed that absorbed by the formation of the endothermic

compound. .

Endothermic compounds readily decompose, often with

explosion ; when they do so heat is evolved ; the compound

loses energy. This implies that the elements in the free state

or any other products of the decomposition of the endother-

mic compound contain less energy than the compound before

decomposition. On the other hand, in order to decompose

exothermic compounds, heat must be imparted to them.

The example given on p. 3 1 of ammonium chloride is a

case in point.. It will be remembered that in order to de-

compose ammonium chloride into ammonia and hydrogen

chloride the temperature must be raised, and heat is absorbed

by the chloride ; hence its products ammonia and hydrogen

chloride in the uncombined state contain more energy than

their compound, ammonium chloride. Other substances

similar to ammonium chloride are known which dissociate

more gradually thai, that compound, and the characteristic

of all such dissociating bodies is this—that the higher the

temperature the less stable they are. Even water when

raised to a temperature approaching 2000° C. dissociates

partially into hydrogen and oxygen. Indeed, the rule for

all exothermic compounds is that they become less and less

stable the higher the temperature.

The opposite is the case with endothermic compounds

;

the amount of heat absorbed by the union of their con-

stituents is less the higher the temperature ;
and when the

temperature surpasses a certain point peculiar to each sub-

stance the endothermic compound changes its character and

becomes exothermic. But it is not often possible to product

endothermic compounds by bringing the elements together

at a high temperature, because in cooling down they separate

again into their consutuents. It appears necessary to com-

municate energy to them in some form other than heat.

The formation of ozone, O3, is accomplished by passing

the silent electrical discharge through oxygen. It is pro-

bable that the disruption of the oxygen molecule O^ into
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atoms is producrd by the rise of temperature due to the

electric sparks, but the combination of some of these atoms

into groups of three (as well as for the most part into

groups of two) is ])robably to be ascribed to the energy

which they receive in the shape of electric charges. An-
other instance is that of the burning of the nitrogen of the

air when a high tension current is passed through it. Nitro-

gen and oxygen do not unite even at the highest temperature

which can be produced by the combustion of carbon, but

when a high tension current is passed through a mixture of

the wo gases a true flame is produced, and combination to

nitric peroxide, NO^, takes place. This flame can be

blown out, and it can"be rekindled by the help of a lighted

match. It would thus appear that endothermic compounds

can be directly formed when energy is communicated to

them electrically.

When a chemical reaction between elements, resulting in

the formation of a compound, takes place, it is not always

that compound which is formed involving the greatest ex-

penditure of energy, or in other words, the greatest evolu-

tion of heat. It is quite possible for a compound to be

produced which, when appropriately treated, will change

into a still more stable configuration. Let us take an

example : When chlorine is passed through a solution of

caustic soda, the most stable configuration of the elements is

the production of sodium chloride, water, and oxygen.

But the reaction proceeds by no means so far ; it ceases

when the products are sodium chloride, sodium hypochlorite,

and water :

2NaOH.Aq + CI, = NaCl.Aq + NaOCl.Aq + H,0.

This solution, when warmed, undergoes a further change,

and again loses energy, yielding sodium chlorate and chlo-

ride : sNaOCl.Aq - NaClOg.Aq + 2NaCl.Aq. But the

change does not cease here. For on evaporating to dry-

ness, and heating it still further, the chloride is again decom-

posed into oxygen and chloride : zNaClOg = zNaCl + $0^.
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This final change u also exothermic. A mechanical analogy

for such a series of transformations may be found.

Imagine a switchback railway on an incline, those

portions of the rail which usually slope upwards being

nearly level. Further imagine a carriage started over the

first incline so as to roll on to the nearly level rail ;
it will

stop here ; and it will require a further push to send it over

the second incline, when it will rest on the second level

platform and require another push to cause it to roll over

the third incline on to the third level platform. These level

platforms may be taken as analogous to the intermediate

compounds before chloride of potassium is formed. As the

carriage loses energy during each fall but stops several times

before all energy is lost, so it is possible to have a number

of stages in loss of energy before the final stable stage is

reached. Such cases are by no means unfrequent ; it is not

always possible to trace their sequence as readily as in tl e

case given, for it is not always possible to stop at the inter-

mediate stage ; but intermediate compounds may be made

otherwise, and they obviously belong to a series similar to

that given.
.

It has been frequently mentioned that application ot heat

is necessary in order to start a reaction ; this is analogous

to the push which must be given to the carriage in order

that it roll over the incline ; if left alone, the compound is

stable, but the imparting to it of an exceedingly small

amount of energy suffices to cause it to lose a considerable

amount of energy in passing to the next stage. From the

molecular point of view it may be imagined that the applica-

tion of heat causes a motion o( the atoms within some of

the molecules of the compound ; these begin to adjust

themselves in some new form of combination, and the heat

evolved during this readjustment is imparted to those mole-

cules which have not already suffered change, and causes

them also to assume a new form of combination attended

with loss of energy.

Besides losing energy by loss of heat durmg the formation
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of a compouud, energy may l)e evolved tn other Jorms. It

is well known that in order to change a liquid into gas, heat

must be imparted to it, or, it* the change take place by evapo-

rating the liquid in a partial vacuum, the liquid itselt will

grow cold.
I- -J •»

Conversely, when a gas is condensed into a liquid it

parts with the energy which it previously comained. When

a solid is changed into a liquid it absorbs energy ;
when a

liquid is frozen into a solid it loses energy. Now, m

many chemical reactions the products have not the sariie

physical state as the substances from which they are formed ;

and in this case energy is lost or gained according to cir-

cumstances. For example, when carbon dioxide is set

free by the action of an acid upon marble, a gas is pro-

duced, and the production of this gas is attended with

absorption of energy; in order to measure the amoum ot

this energy it would suffice to condense that gas to liquid

and to freeze the liquid to solid and to measure the amount

of energy evolvea during these transtormations. It would

then be possible to ascertain the total quantity of energy

lost during the chemical change, indei)endently ot the

change of state which the products undergo on being formed.

But this is not all ; for when a gas is produced it occupies

space and displaces a certain amount ot air. Imagine the

gas to be evolved at the bottom of a vertical tube, which,

of course, was originally in communication with the atmos-

phere and full of air ; the gas would expel this air from the

tube, or, in other words, raise it. Now air possesses weight

and presses on the surface of the earth with a weight of

i.o^^ kilograms on each square centimeter, and the work

done by the gas in issuing into the atmosphere would

depend, in the instance given, on the sectional area ot the

tube, and the height up the tube to which the carbonic

acid reached. Here energy is cxi>ended, or as is usually

said, work is done, in raising the weight ;
and m est.matmg

the total energy of the reaction mentioned, this work, accom-

plished against gravity, must be subtr.icted from the total.
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Many measurements of the heat evolved or absorbed during

chemical reactions have been made, chiefly by M. Berthelot

and by Professors Julius Thomsen and Stohmaiin. The

reaction under investigation is caused to take place in a

calorimeter, and the heat evolved or absorlxd is measured

by the rise or fall of temperature of the water wb-ch it

contains. In order to measure heat evolved by combustion,

the combustion is caused to take ])lace in a vessel enclosed

in a calorimeter ; and M. Berthelot has introduced a very

co'^venient piece of apparatus in which combustible sub-

stances are caujcd to burn in a steel bomb charged with

oxygen at a high pressure, the bomb being itself immersed

in a calorimeter.

Inasmuch as li. heat evolved during chemical decom-

position of a compound must be precisely equal to that

absorbed during its formation, it is possible indirectly to

arrive at the heat of formation of many compounds of

which the comjxjnent elements will not combine directly.

Let us take, for example, the case of mar8h-j;as or methane

;

this compound, which has the formula CH^, is made

to burn in a vessel enclosed in a calorimeter. The heat

evolved on burning 16 grams of methane with 64 grams of

oxygen is 21 1,900 calories; that evolved on burning 12

grams of carbon in 32 grams of oxygen to carbon dioxide

is 94,300 calories
; 4 grams of hydrogen when burned in

oxygen yield 1 36,800 calories. These results are generally

expressed by the following equations:

—

CH^ + 40 = CO2 + 2H2O + 2
1
3,800 c.

C + 20 = CO., + 94,300 c.

4H + 20 = 2^2^ + 1 36,800 c.

Now methane is an exothermic body ; if it were possible

to form it from its elements, carbon and hydrogen, heat

would be evolved. It is possible to imagine it decomposed

into carbon and hydrogen, when heat would be absorbed.

The heat of formation of methane, >'fore, is obviously



ENERGY t2t

the difference between that which is evolved when methane

is burned in oxygen, and that which is evolved when its

constituent elements, carlx)n and hydrogen, are burned. In

this case it is the difference Iwtween
( 94,300+ 136,800)

- 213,800 -- 17,300. In this case the carlwn is imagined

to be solid and in the form of graphite, and the hydrogen

and oxygen to Iw gaseous ; if the carbon were a gas, to begin

with, it would naturally give out less heat on its combustion,

because heat is necessarily absorbed in the conversion of

solid into gaseous carbon.

It miwht be thought, without due consideration, that a

measurement of" the heat of formation of a compound in-

volves a measuremen.. of the energy which it contains ; but

this is not so, for it is obvious that what is measured is only

the difference of the energy contained in the elements from

which it is formed and in the compound which they pro-

duce. We are as yet ignorant of the total amount of

energy contained in any element or compound.

It is })ossible by suitable appliances to obtain the energy

evolved during chemical combination, not as heat, but in

the form of an electric current. When two metals are

immersed in a conducting liquid or electrolyte, they at

once exhibit a difference of electric potential ; or connect-

ing by a wire the two portions of the metal which do not

dip into the liquid, that metal which has the highest electric

potential combines with one of the ions, and the electrolyte

which has thereby discharged the other ion, as already

explained on p. 36, travels through the electrolyte until it

touches the metallic plate, when it, too, is discharged and

escapes in the free state ; its charge enters the metallic

plate. The result of this action is that the chemical com-

bination of one of the metals with one of the ions of the

liquid is attended by the formation of an electric current,

and not necessarily by an evolution or absorption of heat.

Now it is possible to measure the difference of potential

between the two nctals and the amount of electricity which

passes through the wire, .id thus to determine the amount
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by th
ot energy in a lorm ouicr man ..^ai -, ^j -.-

"{^^"'*^J
I0H8 ot energy which accompanies combination has been

frequently measured. ^ . . 11

the process, however, leads us further, for it ,s possible

to arrive b- its help at an estimation of what has Ix-en

termed "chemical affinity," it is of the same nature as

electric potential. The reason for this statement is as

follows :

—

.11^
It has been mentioned that energy is stored up; when

a gas is compressed the amount of energy stored will

obviously depend on the mass of the gas and on the rise

of pressure. Energy can also be stored by the ra.smg of

a weight above the surface of the earth; here agam the

amount of energy depends on the mass or the weigh

of the body raised and the distance through which it is

raised. In the case of heat, the two components of that

form of energy arc temperature and a quantity analogous

to specific heat. This case requires a little further con-

sidemion. The amount of heat absorbed by a piece ot

any particular metal, say copper, for heat, obviously de-

pends on the mass of the copper, on the specific heat

o( the copper, and on the temperature through which

it is raised ; if the mass be doubled, the amount of heat

which that copper will absorb on being raised through

the same interval of temperature will be twice the ongma

amount ; if the mass remain the same and the interval

of temperature be doubled, the amount o heat w'll ^ga«n

be doubled. By choosing another metal ot which the

specific heat is twice that of copper, the heat absorbed

by a weight equal to that of the yxtcc of copper, it the

second metal is heated through the same interval of tem-

perature, will be doubled. We see, therefore, that hea

energy may also be regarded a. compounded of two factors

for unit mass :

—

( 1 ) The specific heat of the substance.
, . , • •

(2) The interval of temperature through which it is

raised.
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Electric energy nuy aUo be regarded as Ci.niiK,undt^ of

two factors

—

(
I
) Electric quantity or charj;e.

(2) Electric l)otential.
.

.

Now, when a current passes through a w.re the quan .t^

of electricity passing depnds on the l^^"^'^^ ;
"^'

^^
'

^.

^

Bometimes called, electric pressure, and on the diamcttr.

enTtrand material of the wire. The total energy com-

municated in the form of an electric current has, as

Tactors, the quantity of electricity passmg, and the potent.al

with which the electricity is urged along its course.

It I probable that chemical energy may also be concaved

to consist of two factors ; the one is generally called atomic

or formula weight, for chemical elements and groups enter

into and seS^ of combinations in quantities pro-

portional to\hese numbers. At the same time it is pro-

bable that when two elements unite together they attract

c ch ler,!nd that this attraction depends tor its amount

on the n tire of the elements which ..e presente^to one

another; the chemical attraction has been
t--J^^ ^^^^'^^

Now it has already been explained on p. 37
'^Jlll'^.^

current is passed through a solution
f/" ^'f^^^^^^^^^^^

it is conveyed by the ions present in solution
;
and these

Ls are compose'd of elements, or g-ups of elements each

of which carries one, two, or more electrons. It is here

eviint that the quantity of an element or group which

conveys electricity is identical with ^l^^.^^uanmy
^^^^^^^^^^^

enters into combination ; it may be termed ^^e equivalent

and while the equivalent is that quantity which conveys a

71 quantity of 'electricity, it is also that which serves as

the unit of quantity in chemical compounds. I would

.Lar therefore, that one of the factors ot chemica energy

SericaUv identical with one of the factors o e ectnca

energy, and 'it follows from this that the other ^.tu. mu t

also be proportional; that is, a measurement ot electric

potential is equivalent to a measurement of chemical potential
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or affinity. Up till now, very few experiments have been

made with the object of measuring the electric potential

of systems of chemical elements ; such measurements are

much required, for it would then be possible to arrive at

an estimate of the force with which chemical elements and
groups of elements are retained in combination.
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