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PREFACE TO VOL. 1I

(FIRST EDITION)

THE aim which the Authors have set before them-
selves in treating of the Metals and their Compounds
is the same as that which they proposed in the dis-
cussion of the Non-Metallic Elements. Owing, how-
ever, to the large number of the Metals and their
Salts, the description of these latter could not, within
practicable limits, be made so complete as is possible
in the case of the Non-Metallic Compounds. IHence
the Authors, whilst giving the characteristic properties
of cach metal, have been obliged to restrict their notice
to those compounds which possess the greatest interest
either of a theoretical or practical kind.

Due attention has bheen paid to the more important
technical processes connected with Metallurgy, and no
pains have been spared to assist the description of such
processes by Drawings of the most modern forms of
apparatus and plant.

As an illustration of this the Authors would refer
to the Chapter on the Soda and Glass Manufactures in
Part 1., and to the Metallurgy of Iron in Part II
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At the end of the volume will be found short
Chapters on the Classification of the Elements; on
Spectrum Analysis, so far as the detection of terrestrial
matter is concerned.

January, 1878.

PREFACE TO THE THIRD EDITION

DurinG the nineteen years which have elapsed since
the publication of the first Edition of this volume of
the Treatise, much important work on the chemistry
of the Metals and their Compounds has been done.
So much indeed that a completely New Edition has
been prepared, in which the Metallic Elements and their
Compounds have been rearranged and all new matter of
importance added. T again have to thank my friends
Drs. Colman and Harden for the valuable help which

they have given me in this as in the last volume.

H. E. ROSCOE.

September, 1897.



PREFACE TO THE FOURTH EDITION

MucH new and important matter with regard to the
Metals and their Compounds has come to light in the
ten years since the last edition of this work appeared,
and in the present volume care has been taken to
include all the more important points connected with
the recent discoveries. The subject of crystallography,
which formerly appeared in the first volume, has now
been included in the second, and here 1 must express
my thanks to Professor Miers for permitting the use
of the illustrations from his own work and for reading
the proof of this chapter. Several contributors have
assisted in the work of revision ; amongst them I must
mention Mr. C. O. Bannister, who has written upon
Metallurgy and Alloys, Mr. Harry Baker, Dr. Colman,
Dr. Marshall Watts, and Mr. Young, who have all
assisted in various departments.

H. E. ROSCOE.
September, 1907,
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CHEMISTRY

THE METALS

1 THE metals gold, silver, copper, iron, tin, and lead were
known to the ancients. We find them mentioned in the writings
of the Old Testament, as well as in those of the early Greek
authors. The name of mercury is first found in the writings of
Theophrastus, but the existence of most of the remaining metals
only became known in comparatively recent times. Antimony
appears to have been obtained in very early times, although the
reputed Basil Valentine describes its preparation as a novelty,
whilst both zinc and bismuth did not become generally known
until the sixteenth century.

An historical notice concerning each metal will be found
under its own heading. We have here simply to consider the
progress of our knowledge concerning the properties of the
metals as a class,

2 The Latin writer who adopted the name of Geber (Vol. I,
p- 7) is the first author in whose writings we find a distinct
definition of the word metal: “ Metallum est corpus miscibile,
fusibile, et sub malleo ex omni dimensione extendibile.”
According to this definition, mercury, which had been looked
upon as metallic by the Greeck alchemists, is not included
amongst the metals. Geber likewise distinguished gold and
silver as the noble metals, because they did not undergo any
change in the furnace, whereas the others were termed base
metals. This definition was accepted throughout the whole of
the middle ages, so that when the brittle metals antimony,
bismuth, and zinc came to be well known, they were classed as
bastard or semi-metals. Thus, for instance, Paracclsus says:
« Zinc, which is a metal and yet no metal, and bismuth and the

B 2



4 THE METALS

like being partly malleable . . . . are bastards of the metals”;
Opinion was divided respecting the position of mercury, unti|
its solidification by extreme cold and its malleability in this
condition had been observed in 1759.  From this time forward
it was universally admitted to be a metal.

The brilliant experiments and reasoning of Lavoisier towards
the close of the eightecenth century finally established the
elementary nature of the metals, which hitherto had been
looked upon by the followers of Stahl as compounded of a calx
united with phlogiston (Vol. I, p. 14). In Lavoisier’s classifi-
cation of substances, drawn up in 1787, the mctals are grouped
together as one of the five classes into which he divided the
elements, the distinction between metals and semi-metals being
abandoned.

The decomposition of the alkalis by Davy in 1807 made
chemists acquainted with substances of an entirely new cha-
racter. Although the bases of soda and potash agreed “with
metals in opacity, lustre, malleability, conductive powers as to
heat and electricity, and in their qualities of chemical com-
bination,” and were classed by Davy himself with the metals,
yet, inasmuch as they were lighter than water, they were not
considered by many chemists to be metals proper. In 1808
Erman and Simon attempted? to revive the old distinction
between true metals and substances resembling metals by pro-
posing for the new substances the name of metalloids (uérarrov
a metal, eldos similar). This proposal was, however, not gene-
rally accepted, and the elements were from this period classed in
two groups, the non-metals and the metals, the newly coined
term, metalloid, being applied, or rather perhaps misapplied, by
Berzelius in 1811 to designate the former of the two classes, in
which sense it is still sometimes employed. It soon became
evident that the separation of the elements into these two
groups was not a logical one, since no satisfactory basis of clas-
sification could be obtained. With the discovery of the alkali
metals a high specific gravity had ceased to be characteristic,
and the property of metallic lustre soon shared its fate. Thus
tellurium, discovered in 1782, was grouped with the metals
because of its lustre and specific gravity. Its close chemical
analogy with sulphur, however, which was pointed out by
Berzelius in 1832, clearly indicated that these two elements
belonged to the same class.

! Davy, Phil. Trans. 1808, p. 31. 2 Gilbert’s Annalen, 1808, 28, 347.
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In the same way, every property supposed to be character-
istic of a metal has been found to be shared by some one or
other non-metallic substance, or to be absent from some other-
wise well characterised metal. Thus opacity, and the power of
conducting electricity well, were long deemed essential proper-
ties of a metal ; but we now know that in very thin layers metals
such as gold and silver are transparent, whilst several non-
metals, such as graphite and selenium, in one of its modifications,
conduct electricity like metals.

3 The relations of the so-called non-metals to the metals are
well seen when the elements are arranged according to the
periodic system (p. 50), which has now superseded the old
classification. Thus the elements of the nitrogen group exhibit
in a striking manner the gradual transition from a distinctly
non-metallic to a distinctly metallic clement. Nitrogen itself is
undoubtedly a non-metallic body, whilst phosphorus in certain of
its allotropic modifications approaches the metals, one of these
modifications being, indeed, termed metallic phosphorus. Arsenic,
the third memberof the nitrogen family of elements, was formerly
classed as a semi-metal. At a later period it was considered to
be a metal proper, and even now some chemists rank it amongst
the metals, whilst others, looking to its striking similarity with
phosphorus, place it amongst the non-metals. Antimony and
bismuth are elements which belong to this same group, and
these substances are always considered to be metals from their
close analogy to other distinctly metallic substances. In this
case it will be noticed that the members of this group of elements
approach more and more closely to a truc metal as their atomic
weights increase. The same peculiarity is observed in other
groups. The clements titanium and zirconium are, on the one
hand, closely connected with the non-metal silicon, whilst, on
the other, they exhibit the most marked analogies with tin, and
are classed accordingly amongst the metals.  We must, however,
be careful not to draw the conclusion that the clements which
possess the highest atomic weights are necessarily metals,
and those which possess the lowest are non-metals. Lithium,
which after hydrogen and helium possesses the smallest atomic
weight, is a well characterised metal, and hydrogen itself exhibits
in its chemical relations far more analogy with the metals than
with the non-metals ; whilst, on the other hand, xenon, with the
atomic weight 127, shows none of the characteristics of a
metal.
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Although the division into metals and non-metals is thus
seen to be one which does not admit of exact definition, it is
none the less true that the metals as a class do possess certain
generic properties which most of the non-metals either do not
possess at all or exhibit only in a very slight degree. Amongst
these properties that of metallic lustre may especially be men-
tioned. This property is characteristic of all metals, and if it is
not noticeable when the metals are in the state of fine division,
in which case they frequently appear in the form of black
powders, it can readily be observed when the powder is rubbed
with a hard body.

Another generic difference which may be noticed is that
whilst the characteristic oxides of the non-metals belong as a
rule to the class of acid-forming oxides, those of the metals are
basic oxides, only the higher oxides of certain of the metals
being usually capable of forming acids.

DETERMINATION OF THE ATOMIC WEIGHTS
OF THE METALS.

4 Although by the yecar 1819 chemists were in possession of
the three principles laid down respectively by Avogadro,
Dulong and Petit, and Mitscherlich, by which they arc now
guided in the selection of the atomic weights of the elements,
yet nearly half a century was to clapse before the establish-
ment of a consistent and generally received method of applying
these principles.

Avogadro’s theory (Vol. I., p. 74), proposed in 1811, a few ycars
only after the introduction of the idea of combination between
atoms of characteristic weights, rendered necessary a division of
the particles even of elementary substances. The chemists of
the period were not, however, prepared to admit the validity of
these views, and hence they endeavoured to obtain some other
foundation upon which to erect a system of atomic weights.
Berzelius (1818) found this in the assumption of the identity
of volume and atom in the-case of the elementary gases, ascrib-
ing to water the formula H,0, and to oxygen the relative
atomic weight 16. In deciding upon the atomic weights of the
other clements, and especially the metals, Berzelius ! was forced,
like Dalton, to have recourse to purely arbitrary assumptions.

! Essai sur la théorie des proportions chimiques, etc., Paris, 1819.
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When the important discoveries of Dulong and Petit, and
Mitscherlich (Vol. I, p. 42) were made, Berzelius at once saw
the simplification which would be effected by the adoption of
the theories of these chemists, and in his next table of atomic
weights introduced them consistently, thus arriving at atomic
numbers which, with a few exceptions, differ from the modern
ones only by small amounts due to the errors of the analytical
processes then employed. The chief of thesc exceptions,
potassium, sodium, and silver, were due to the great chemical
analogy between the strongly basic oxides of these metals and
those of calcium, zinc, etc., which led Berzelius, in spite of the
known specific heat of silver, to formulate them all on the same
type RO, the atomic weights of the three metals mentioned,
being therefore twice as great as those now employed.

Dumas, on the other hand, at first based his system of atomic
weights on Avogadro’s theory, but was seduced from his
allegiance to this by a false application of it, which had,
however, received the countenance of Avogadro himsclf.
Because the molecules of hydrogen, nitrogen, oxygen, and
chlorine were each supposed according to this theory to be
made up of two atoms, Dumas concluded that the same should
be true of the molecules of the vapour of any elementary
substance whatever. Hence he calculated, on this supposition,
the vapour density of sulphur, but found that the experimental
density was three times as great as the theoretical. A some-
what similar inconsistency was observed in the case of phos-
phorus, and Dumas was thus led to abandon Avogadro’s theory,
whilst Berzelius was induced by the same experiments to
modify his theory of the identity of volume and atom in the
case of simple substances and to confine it to the simple per-
manent gases.

The discovery of dimorphism in 1823 had rendered the
application of Mitscherlich’s theory of isomorphism to the
sclection of atomic weights somewhat uncertain, so that at
this time, about 1830, doubts were cast on the possibility of
obtaining any satisfactory method of ascertaining the relative
weights of the atoms, and it was proposed that chemists should
content themselves with employing the equivalent weights
directly determined by analysis.

The cquivalent system had been proposed in England by
Wollaston ! at a very early date (1814), and had found very

1 A Syuoptic Scale of Chemical Equivalents, Ihil. Trans. 1814, p. 1.
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general acceptance amongst his countrymen ; it had, moreover,
been adopted by Gmelin in his great Handbook of Chemistry
(1817), and had thus come very generally into use. The
tendency to abandon the idea of the chemical atom, as distinct
from the equivalent, was moreover strengthened by the fact
that Faraday in 1834 found that the electrolytic equivalents of
the metals, that is the relative amounts deposited during a
given time by a given current of electricity, are identical
with their chemical equivalents.

The rapid development of organic chemistry which occurred
between the years 1830-1855 made chemists acquainted with
many reactions, such as the formation of mixed ethers (William-
son), the acid anhydrides (Gerhardt), the acid ethers, the pro-
duction of mixed salts of polybasic acids, ete., which could not
easily and consistently be formulated on the basis of the
equivalent system. Numerous modifications of the system were
therefore introduced by individual investigators, until it became
quite impossible to interpret a chemical formula without
special information as to the sense in which the symbols were
cemployed by the particular author in question.

A most important proposal was put forward by Gerhardt, who,
along with Laurent, had resuscitated Avogadro’s theory and
appliced 1t consistently to all volatile compounds. He regarded
all the basic oxides of the metals as derived from water by the
replaccment of the hydrogen by two atoms of the metal, the
general formula of the oxides being R,0. Silver, potassium, and
sodium thus received the atomic weights which are now recog-
nised, whilst the atomic weights of metals such as lead, zinc,
calcium, cte., had only one-half of the modern values. It will
be noticed that in the systems of Berzelius and of Gerhardt, as
well as in the equivalent system, the metals silver, potassium,
and sodium have twice as great an atomic heat as the rest of
the metals, and thercfore form exceptions to the theory of
Dulong and Petit.

In 1858, the various conflicting systems were finally co-
ordinated by Cannizzaro ! in his Sketch of a Coursc of Theoretical
Chemistry. In this admirable paper, which is one of the classics
of chemical literature, he pointed out in detail how a complete

! Sunto di un corso di filosofia chimica fatto nella Reale Universita di
Gienova del Professore N. Cannizzaro. Nuovo Cimento (1838), VII. A
German translation has been published as No. 30 of Ostwald’s Klassiker der
exakten Wissenschaften (Engelmann, Loipzig, 1891).
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and consistent system of formula could be obtained by the recog-
nition both of Avogadro’s theory and the theory of atomic and
molecular heats as founded by Dulong and Petit, Neumann, and
Joule. The atomic weights suggested by Cannizzaro are the
ones we still employ, and they were graduallyadopted bychemists
as soon as they realised the simplicity and consistency of the
system. One of the immediate results flowing from the adop-
tion of Cannizzaro’s numbers was the periodic system of classi-
fication of the elements introduced by De Chancourtois,
Newlands, Mendeléeff, and Lothar Meyer.

5 The determination of the atomic weight of an element in-
volves, as has already been pointed out (Vol. I, p. 74), two
processes. (1) The determination of the proportion by weight
in which the element combines with other elements, or, as it is
called, the chemical equivalent of the eclement. (2) The selec-
tion of that multiple of the equivalent which represents the
smallest amount of the element found in a molecule and is
known as its atomic weight.

I. DETERMINATION OF THE EQUIVALENT.

6 The cquivalent of any two clements is expressed simply by
the ratio of the weights of the two which unite to form a com-
pound, or which can replace each other in a compound, but it is
usual for the sake of convenience to expressall equivalents with
respect to some one clement, which is chosen as the standard
of comparison. In this work, as has already becn explained
(Vol. I, p. 77), hydrogen is taken as the standard clement.
Since only comparatively few of the elements, and especially of
the metals, form well-defined compounds with hydrogen, the
equivalents to hydrogen have in nearly all cases to be calculated
from the numbers experimentally obtained from the compounds
of the metal with some other clement. The compounds of
hydrogen of which the composition has been determined with
the greatest accuracy are water and hydrogen chloride, and
hence, when hydrogen is taken as the standard, nearly all the
equivalents involve a knowledge of the equivalent of oxygen or
chlorine to hydrogen. The most accurate determinations of the
composition of water show that in it one part of hydrogen is
combined with 794 parts of oxygen, and hence the latter
number represents the equivalent of oxygen. The amount of
any other element which combines with or replaces 7-94 parts of
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oxygen is therefore taken as the equivalent of that element in
the compound in question. The equivalent of chlorine to
hydrogen, determined by the direct synthesis of hydrogen
chloride from weighed amounts of chlorine and hydrogen,! is
35195, and this number can be employed for ascertaining the
equivalents of the metals from the analysis of their chlorides.? If
oxygen =8 be taken as the standard of equivalents (Vol. I,p. 77),
the equivalent of hydrogen becomes 1-008 and that of chlorine
35463. Elements which combine in several different propor-
tions have, of course, a corresponding number of different
cquivalents.

The equivalent weight of an element to oxygen can be most
directly determined by the analysis or synthesis of an oxide of
the element in question, a process which gives immediately the
proportion by weight in which the element combines with oxygen.
Thus the equivalents of nickel and iron to oxygen have been
determined by reducing a weighed amount of the oxide to the
corresponding metal, whilst the inverse process of converting
the metal into an oxide has been employed in determining
the cquivalents of antimony and of bismuth. In most cases,
however, this direct process cannot be applied, and recourse is
then had to indirect methods of analysis or synthesis. Thus the
chlorides of the metals cannot as a rule be directly analysed or
synthesised with great quantitative accuracy ; it is therefore
usually more convenient and accurate to bring a weighed amount
of the chloride into reaction with a salt of silver and ascertain
either the amount of silver required to combine with the whole
of the chlorine present, or the weight of silver chloride pro-
duced, or both of these quantities. When this is known, the
amount of chlorine present, and therefore the composition of the
chloride, can be calculated, provided that the ratio in which
silver unites with chlorine, 7.c., the composition of silver chloride,
be known.

Stas found, for example, that 85:031 parts of sodium chloride
required 156862 parts of silver for the complete precipitation of
its chlorine in the form of silver chloride. Since 107-12 parts of
silver were found by him to be equivalent to 1 of hydrogen and to
combine with 3518 of chlorine to form silver chloride, it follows

! Dixon and Edgar, Phil. Trans. 1903, A, 205, 169.

? This value for chlorine is somewhat higher than that calculated from
the results of Stas (35°18), which is provisionally retained as the equivalent of
chlorine until further experiments shall have more definitely decided the
question (seep. 13).
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that the amount of sodium chloride which is required to react with
107-12 parts of silver, and therefore contains 3518 parts of
chlorine, is 85 Oﬁ 51(:(8(1)(2)?_1_2 = 5806. Hence 5806—3518=
22:88 parts of sodium are equivalent to 10712 parts of silver
or 1 part of hydrogen.

In a similar way, the equivalent of an element may be in-
directly ascertained by estimating the amount of any substance
required for, or produced in, a reaction in which a weighed
amount of thc element or one of its compounds takes part. The
cquivalents of a very large number of the metals have accord-
ingly been ascertained by the conversion of an oxide into a salt,
or inversely of a salt into an oxide, or of one salt into another.
Thus, for example, Erdmann and Marchand found that 100 parts of
calcium carbonate yield 13605 parts of calcium sulphate. From
the known composition and properties of carbonic acid gas and
sulphur trioxide, it follows that an increasc of weight of 35:80 in
this reaction corresponds with 43'67 parts of carbonic acid gas
in the original carbonate, and, further, that this is combined with
such a quantity of an oxide as contains 1588 parts of oxygen.
Hence 100 parts of calcium carbonate, which gain 36:05 in the
4367 x 3605

3580
gns, combined with 5601 parts of calcium oxide, and this con-
tains 15 8?;;5)6 05 _ 16 parts of oxygen and 4001 of calcium.

Hence, according to this particular experiment, the equivalent

reaction, contain = 4399 parts of carbonic acid

of calcium to oxygen is L 25, whilst the equivalent to

0
16
hydrogen is 2:5 x 794 = 19'85. The equivalent of calcium
can also be arrived at by means of a similar calculation from
the results obtained by the same chemists from the cal-
cination of calc-spar, 13:60381 grams of which were found to
vield 76175 grams of quicklime on ignition. In other cases
the amount of hydrogen which is evolved when a weighed
amount of a mectal is dissolved in an acid or alkali (alum-
inium, zinc), the amount of a metal precipitated by a weighed
amount of another metal from a solution of one of its salts, the
amount of metal deposited by the electrolysis of a weighed
amount of a salt (copper), the amount of an acid required to
neutralise a weighed amount of a given base, cte., etc., may all
be used for the determination of the cquivalent, provided that
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the necessary knowledge of the equivalents of the various other
substances involved is available. _

In all these indirect processes, in addition to the unavoidable
experimental error of the actual estimation, there is also the
experimental error involved in each of the equivalents employed
in the calculation. The investigator, therefore, in selecting
methods for the determination of the equivalent of an element,
will, if possible, choose such as involve substances of which the
cquivalents are known with the greatest accuracy. The experi-
mental error of the actual estimation cannot be entirely removed,
but its effect is diminished by taking the average result of
a large number of experiments, and by carefully arranging that
the amount of material employed shall be sufficiently large to
make this inevitable error bear as small a ratio as possible to
the number which is to be determined. A further precaution,
which should always be taken when it is practicable, is to
determine the equivalent by as many distinct processes as
possible, since in this way the special experimental error which
is peculiar to each process is to some extent eliminated.

The experimental foundation which is thus seen to be
necessary for the construction of a system of equivalents is due
in great part to the classical labours of Stas! who carried the
processes of analytical chemistry to a degrec of accuracy quite
unknown to his predecessors, Dalton, Berzelius, and Dumas.
Stas chose silver as the substance which was most convenient
for experimental purposes, and determined its equivalent on the
one hand to oxygen, and on another to the elements chlorine,
bromine, iodine, sulphur, and potassium, very great precautions
being taken to avoid error. The equivalent of silver to chlorine,
bromine, and iodine was determined by the direct synthesis of
the corresponding compound. In the case of silver chloride,
the silver and the silver chloride obtained from it were weighed ;
on the other hand the composition of the bromide and iodide
was determined by a series of complete syntheses, the metallic
silver, the bromine or iodine, and the silver bromide or iodide
being all weighed. The equivalent of silver to oxygen was as-
certained by the reduction of silver chlorate, bromate, and iodate
to the chloride, bromide, and iodide. The difference in weight
between the oxygenated salt which was taken and the halogen
compound which was obtained gives the ratio of oxygen to silver

! Nouvelles recherches sur les lois des proportions chimiques; sur les poids
atomiques et leur rapports mnutuels. Bruxelles, 1865. 4to.
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chloride, etc., and the composition of the latter having been
ascertained as just described, the ratio of silver to oxygen can
be calculated. In another series of experiments designed for
the same purpose potassium chlorate was converted into
potassium chloride by heat, and the ratio of potassium chloride
to oxygen thus obtained. The amount of silver necessary to
combine with the chlorine of a weighed amount of potassium
chloride was then determined, and the ratio of silver : potassium
chloride : oxygen thus ascertained. A similar series of ex-
periments was also carried out with the sulphide and sulphate
of silver.

In this way, then, the equivalents of silver, chlorine, bromine,
iodine, sulphur, and potassium to oxygen were all obtained, and
these were used by Stas for the determination of the equi-
valents of sodium, lithium, lead, and nitrogen. The probable
error in the mean equivalent of silver to oxygen deduced from all
these five sets of experiments only amounts to 0:0034 per cent.

More recent investigations tend to show that, in spite of the
great care exercised by Stas, certain errors were not avoided,
and that the numbers obtained by him require correction. It
has been shown, for example! that the ratio by weight of
silver to silver chloride is probably 100:132:867, instead of
100:132:848, as found by Stas, and differences of a similar
order of magnitude have also been found in the ratios Ag: Agl,
and AgCl:NaCl, etc. In several cases, moreover, such as
those of chlorine and nitrogen, the equivalents determined by
independent methods have been found to differ from those
deduced from the work of Stas (Vol. I, p. 492, this Vol, p. 10).

The effect of these corrections will be to produce a corre-
sponding alteration in the large number of atomic weights of
the elements which have been calculated by the aid of these
ratios, so that the atomic weights at present in use cannot be
regarded, in many instances, as of the highest degree of accuracy,
The whole subject is at present (1906) undergoing investigation
and it is probable that a complete recalculation of the whole
table of atomic weights will shortly become necessary.?

The special methods adopted for the determination of the
equivalents of the various metals will be found under their
several headings.

! Richards and Wells, J. Amer. Chem. Soc., 1905, 27, 459.
? See Report of the International Committee on Atomic Weights for 1906,
Journ. Chem. Soc., 1905, Abstracts, pp. i-vi.
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II. SELECTION OF THE ATOMIC WEIGHT.

7 The methods already described (Vol. I, p. 76) for the
determination of the atomic weight of an element by ascer-
taining the molecular weights of a number of its compounds
by the vapour density method, and then finding out by
comparison the smallest amount of the element which is ever
present in a molecule, may be applied without alteration to such
of the metals as form volatile compounds. Many of these, how-
ever, form such a small number of volatile compounds that the
determination of the atomic weight by this method becomes
unsatisfactory, and it cannot of course be applied at all to such
of the metals as do not form volatile compounds. The mole-
cular weights both of the metals themselves and of their com-
pounds in solution in various solvents may in certain cases be
ascertained either by the cryoscopic method of Raoult or by the
boiling point method (Vol. 1., p. 127).

In cases to which none of these methods can he applied
chemists are guided by the specific heat of the metal and its
compounds, its gencral relations with the other elements, and
the isomorphism of its compounds.

MoLECULAR WEIGHTS OF THE COMPOUNDS OF THE METALS.

8 The most readily volatile among the compounds of the
metals are the organo-metallic derivatives, which may be looked
upon as compounds of the metals with the alcohol radicals.
They are usually obtained by the action of a metal on an
organic iodide, zinc-methyl being, for example, prepared by the
action of zinc on methyl iodide.

2Zn + 2CH,I = ZnI, + Zn(CH,),

They are usually liquids which boil at comparatively low
temperatures, and their vapour densities can therefore be deter-
mined by the ordinary methods, except that, as they are very
readily oxidised in the air and are usually spontaneously in-
flammable, the determinations must be carried out in an
atmosphere of an indifferent gas, such as nitrogen. In addition
to these compounds of the metals with the alcohol radicals, the
remarkable compounds of nickel and iron with carbonic oxide
and the metallic derivatives of acetylacetone serve for the same
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purpose.  Volatile organic compounds of which the vapour
density has been determined are formed by the following metals :
Zn, Hg, Al, Sn, Pb, Sb, Bi, Ge, Mn, Cr, Co, Mo, Fe, and Ni.

In addition to the organo-metullic derivatives, many metals
form compounds with the halogen elements volatilising at
moderatc temperatures, of which the vapour density can there-
fore be detcrmined. In a few cases the vapour density of the
metal itself has been found to be of value in deciding upon the
atomic weight.

The experimental methods of ascertaining the vapour density
of substances which are only volatile at high temperatures
differ somewhat from those ordinarily employed. The older
determinations of Deville and Troost, Roscoe and others were
carried out by Dumas’ method, a bulb of porcelain, which can
be sealed by means of the oxy-hydrogen jet, being used for
temperatures above that at which glass softens. The great
difficulty inherent in this process is the determination of the
temperature, which must be known with considerable accuracy.
This was either determined calorimetrically, by the aid of a
weighed mass of platinum, or by the use of a second similar
bulb containing iodine or mercury, the temperature being cal-
culated from the amount of vapour left in this second bulb
under the conditions of the experiment. This process has now
been superseded by that of Victor Meyer, which was originally
introduced for this purpose, and presents the great advantage
that a knowledge of the temperature of the experiment is not
involved in the calculation of the results. An apparatus con-
structed of, or lined with, porcelain, platinum, or iridium is
employed, and is heated to the requisite temperature either by
the vapour of some substance of high boiling poiat or by a
gas- or electric-furnace. It is of course essential that the
temperature of the apparatus be maintained constant through-
out the duration of the experiment. The air in the apparatus
i3 usually displaced by nitrogen, to prevent the oxidation which
would otherwise occur in many cases at the high temperature
employed. The interpretation of the experimental results is
often rendered difficult by the complete or partial dissociation of
the compound, either into two similar or two dissimilar mole-
cules, which is rendered evident by the fact that the relative
vapour density varies with the temperature at which it is
determined. Several cases of this kind are discussed under the
heading of valency.
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Artomic HEAT.

9 The specific heat of a body is the ratio of the quantity
of heat required to raise the temperature of that body 17 to the
quantity required to raise that of an cqual weight of water 1°
(Maxwell). The amount of heat needed to raise a kilogram of
water through 100° is thirty-one times as large as that required
to raise the same weight of platinum through the same interval
of temperature, or, in other words, the same amount of heat which
raises one kilogram of water through 100° will raise thirty-one
kilograms of platinum through the same temperature ; hence
the specific heat of platinum is said to be 3y =0032. The
specific heat of the same substance varies considerably under
different physical conditions and according as the substance is
solid, liquid, or gaseous.

A carcful determination of the specific heat of thirteen of
the solid elements by Dulong and Petit in the year 18191
showed that a simple relation existed between the chemical
equivalent and the specific heat of these substances.  When the
numbers representing these two quantities were multiplied
together in the case of each of the elements in question, the
products were found either to be equal or to stand in a very
simple ratio. By a supposition analogous to that made by
Avogadro with respect to the combination of gases by volume,
Dulong and Petit concluded that the specific heat of the metals
varied inversely as the atomic weight, and proposed to adopt as
the relative atomic weights of the metals those numbers
which, multiplied by the specific heat, gave a constant product.
Having thus modified the atomic weights which were at that
time received, the French experimentalists proposed the theory
that the atoms of different elements possess the same capacity for
heat, or all the elements have the samc atomic heat. Although
chemists at the time acknowledged the importance of this
theory, they did not consider that the conclusions arrived at
were established beyond doubt, inasmuch as the alterations in
the atomic weights introduced by Dulong and Petit, although
admissible in some cases, led in other respects to very improb-
able conclusions. Moreover, a few of the elements investigated
by the French chemists were very impure, so that the specific
heats which they obtained were inexact. Berzelius very properly

v Ann. Chim. Phys. 1819, 10, 395.
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insisted that further investigation was necessary, and added,! «If
we attempt to apply this idea to compound bodies, and if the
result of such an examination confirms the views of Dulong and
Petit, this discovery will rank as one of the most important
parts of theoretical chemistry.”

The next step in the direction thus indicated by Berzelius
was made by F. Neumann,? who showed in the year 1831 that
equivalent quantities of similarly constituted compounds require
equal quantities of heat to raise their temperature by the same
amount, and that this equality is independent of difference in crys-
talline form; thus calc-spar and aragonite both possess the same
specific heat. Necumann, however, did not connect this discovery
of the relation between the specific heats of the compounds
with that of Dulongand Petit respecting the specific heats of the
clements. Only by degrees, and in the hands of numerous
observers, was this connection brought about, and even at the
present day it cannot be said that the subject is fully investi-
gated. The researches which have mainly contributed to the
development of the subject are those of Hermann, 1834, Reg-
nault, 1840, De la Rive and Marcet, 1840, Joule, 1844,
Woestyn, 1845, Garnier, 1852, Cannizzaro, 1858, H. Kopp,
1864 3 (whose memoir contains an historical introduction to the
whole subject).

It is especially to the researches of Regnault and Kopp that
we are indebted for the corroboration of the results of the earlier
experiments proving that the theory of Dulong and Petit is
applicable with a very considerable degree of accuracy to about
forty of the elementary bodies, when the mean specific heats of
the solid elements between 0° and 100° are employed, so that we
may regard those weights of the elements to be their atomic '
weights which, when multiplied into the specific heats of the
elements, give a constant number. This is termed the capacity
of the atom for heat, or the atomic heat of the element. If the
atomic weight of hydrogenbe taken as the unit,and if the capacity
of water for heat be taken as one, then the numbers representing
the atomic heats of most of the elements are found to lie near
63, or these elements possess the same atomic heat. This is
clearly seen if we multiply the specific heats of the metals by
their corresponding atomic weights, for example :—

! Berzelius's Jahresd., 1822, 1, 19.
2 Pogg. Ann., 1831, 23, 1.
3 Annalen, 1864, Suppl. 8, 1.

VOL. IL C
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Specific Atomic Atomic
E::t. weight. heat.
Lead . . . 00310 x 2053 = 64
Platinum. . 00323 x 1933 = 62
Silver. . . 00562 x 10712 = 60
Tin. . . . 00551 x 1181 = 65
Zinc . . . 00935 x 649 = 61

This property may therefore be employed for the purpose of
controlling the determinations of atomic weight in doubtful
cases. Amongst those elements which conform to the theory
are in the first place the metals, and then certain non-metals
such as bromine, iodine, selenium, tellurium, and arsenic.

The following table shows within what limits the atomic heat
of the different elements varies. The first column contains the
names of the elements, the second their mean specific heat for
the range of temperature given in the third, the fourth the
atomic weight, the fifth the product of the atomic weight into
the specific heat, and the sixth the name of the observer:—
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1 Il 1IL v Vv V1.
Lithium 0-9408 27° to 99°| 698 | 66 | Regnault.
Sodium 02934 |28 ,, 6| 228867 "
Magnesium 0-2460 18 ,, 99| 2418 | 59 | Voigt.
Aluminium 0-2189 15 ,, 185 | 269 | 59 | Tilden.
Phosphorus 0-202 13 ,, 36| 3077 | 62 | Kopp.
Sulphur . .| 01844 15 ,, 97| 3182 | 59 | Regnault.
Potassiom. . .| 0-1662 |-78-5,, 23| 3886 | 65 Schiiz.
Calcium . . 0-1700 0 ,, 100| 397 |67 |Bunsen
Titanium . . 0-1125 0 ,, 100 | 477 | 5'4 | Nilsonand Pettersson.
Vanadium . 0-1153 0 ,, 100| 508 |59 |Mache.
Chromiam 01208 0o ,, 100| 51'7 |63 ”
Manganese 01217 | 14 ,, 97| 546 |67 | Regnault.
01162 | 23 ,, 100| 555 |64 Trowbridge.
Cobalt 0-1030 15 ,, 100 | 5855 | 60 Tilden.
Nickel 01084 15 ,, 100| 583 |63 .
Copper 00936 | 20 ,, 100 | 631 59 | Schmitz.
Zine . . . . . 0-0935 0 ,, 100| 649 | 61 | Bunsen.
tallium 0079 12 ,, 23| 695 |59 Berthelot.
Germanium 00737 0 , 100| 719 |53 [Nilson and Pettersson.
Arsenic 0083 | 21 ,, 68| 744 (62 Bettendorf & Wiillner.
Seleniumn . . 00840 | 22 ,, 62| 786 |66 ' -
Bromine 00843 |-78 ,, -20 | 7936 | 67 Regnault.
Zirconium . 0-0660 0 ,, 100| 899 |59 | Mixter and Dana.
Molybdenum 00723 | 15 ,, 91| 953 | 69 | Defacqz and Guichard.
Ruthenium . .| 00611 0 ,, 1001009 |62 |Bunsen.
Rhodium 00580 | 10 ,, 97 (1022 |59 | Regnault.
Palladium 00593 | 10 ,, 100 | 1057 | 63 s
Silver . . . 00562 | 15 ,, 100 | 107:12 | 6:0 | Bartoli and Stracciati.
Cadmium . . 00548 0 , 100/ 1116 | 6°1 | Bunsen.
Indium . . . 00569 0 ,, 100 1131 64 ’
Tin. . . . . 00551 | 20 ,, 109 | 1181 | 65 | Spring.
Antimony . . 0-0495 0 ,, 1001193 | 59 | Bunsen.
Tellarium . . 00483 | 15 ,, 100 | 1266 | 61 | Fabre.
Iodie . . . 0-0541 9 , 9812590 |68 Regnault.
Cesium. . . 0-048 0, 2613190 |64 |Erkardt and Gruefe,
Lantbanum . 00448 0 ,, 1001379 | 62 | Hillebrand.
Cerium . . . 0-0448 0 ,, 1100|1392 |62 v
Tantalum . 00363 | 16 ,, 100 | 1816 | 6:6 | von Bolton.
Tangsten . 00338 0 , 100 | 1826 |61 [ Mache.
um . 00311 | 19 ,, 98| 1896 |59 Regnault.
Iridinm 0-0323 18 ,, 100 | 1915 | 62 Behn.
Platinum 00323 0 , 1001933 |62 | Bunsen.
Gold . . . . . 00316 0 ,, 1001957 |62 | Violle.
Mercury 00319 |-78 ,, —40 [ 1985 | 63 Regnault.
Thallium 00326 | 20 ,, 100 | 2026 | 66 | Schmitz.
00310 | 18 ,, 100 | 2053 | 64 | Behn.
Bismuth 100304 | 17 ,, 99| 2069 | 63| Voigt.
um . | 00276 0 ,, 100 | 2308 |64 Nilson.
Uranium . | 00280 0, 98|2367 |66 Blimcke.

10 From the foregoing table the following elements, which
hase been found to possess atomic heats below 5, have been
omitted :—

' c 2
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L I 1L Iv. V.| VL
Glucinum . . . 04246 | 0" to 100° 9:03 42 Nilsonand Pettersson.
Boron . . . 03066 | 0 ,, 100 1009 33 Moissan and Gautier.
Diamond . . .| 0:1461 | 0 ,, 998 | 1191 i 17 Weber.

Graphite . . . [0-1904 | 0 . 99 | 1181 23
Wood charcoal | 001935 | 0 ,, 99 1191 + 23 »
(Gas carbon . .| 02040 | 24 ,, 68 1191 24 Bettendorf & Wiillner.
Silicon . . . . 01730 | 14 ,, 97 282 49 Regnault.
‘ |

These elements accordingly possess at temperatures between
0” and 100° smaller atomic heats than correspond to Dulong and
Pctit’s theory. Weber's ! investigations have shown that the
specific heat of carbon varies very considerably with the tem-
perature, and that above a certain limit of temperature it
remains constant and then agrees with Dulong and Petit’s
theory, as isscen in the following table, in which the true specific
heats at the temperatures quoted are given :—

Specific heat. Atomic heat.
Diamond . . . 00635 —  50'5° 076
. . . . 01128 + 107 134
" . . . 01532 583 1-83
" . . . 02218 1400 2:64
» . . . 02733 2061 326
” .. . 04408 6067 525
” .. . 04489 806°5 535
” . . . 04589 9850 547
Graphite . . . 01138 — 503 1:36
” .. . 01990 + 613 2-37
» ... 04454 6419 531
» .. . 04670 9779 556

Similar results have been obtained in the case of silicon.
The specific heat of this eclement increases from 01360 at
—398° to 02029 at 232°, above which it appears to remain
constant, the atomic heat then being 57. Boron also cxhibits
the same phenomenon, the specific heat increasing from 01965
al—396" to 0:3663 at 233" and probably becoming constant at
about 500-600°.

The same investigator has also shown that the allotropic

! On the Specific Heat of the Elements Cuarbon, Boron, and Silicon. Stuttgart,
1874,
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modifications of a substance at low temperatures possess different
specific heats, but that this difference diminishes as the tem-
perature increases, and at last altogether disappears. For
example, Regnault concluded from his experiments that the
specific heat of amorphous carbon was different from that of
the two other modifications. Weber has, however, distinctly
shown that this is not the case, but that carbon exists in only
two thermal modifications, (1) opaque, (2) transparent. These
thermal differences only occur at low temperatures, and when
a high temperature is reached no variation is observed.

11 From the table (p. 19) we see that the atomic heats of the
elements differ from one another considerably, even within
the limits of temperature at which these values have been
obtained, Thus, for instance, whilst the value for the majority
lies between 6°1 and 66, in others the number sinks so low as
53, and in the case of iodine and molybdenum exceeds 67.
These differences may perhaps in some instances be explained
by the fact that the substances under investigation were impure.
It must also be remembered that the specific heat of most
substances varies with the temperature, and the rescarches of
Pionchon,! Behn,? Tilden® and others have shown that this
variation, even for the metals, is often very considerable. This is
well seen in the following table, in which the true specific and
atomic heats of a number of metals are given for a series of
temperatures :— 4

. Absolute S ’ !

pemture. Nickel. Silver. Tollurium,

R
|
|
Atomic  Specific Atomic| Spocific Atomic
cat cat. heat. | eat. 1 hceat.
|
i
|
i
|
[
|

'
i

Specific Atomic  Specific
eat. | heat. cat.

100° 0°1228 | 330 00575 335 00467 5°00 | 00462 58>
200 01731 | 466 00878 512 00528 - 565 | 00471 596
300 02053 552 01054  6°14 + 00558 3598 , 00480 6°08
400 02254 | 606 01168 6 8l 00572 6°13 | 00489 6°19
200 02384 | 6:41 01233 7:19 ' 00381 622, 00498 6°30
600 02471 | 665 01275 743 ' 00387 629 00507 642
0w 0-2531 | 6-81 0°1301 758 00390 632 0056 653
800 — — o132 7700 — = — =
900 — I

— 01338 780 ' — — — -

|

It appears from this that no better agreement is obtained
by determining the specific heat at a temperature at which the

! Compt. Rend. 1886, 102, 1122,

2 Aun. Physik, 1901, [4), 1, 257.

3 Phil. Trans. 1900, 184, 23; 1903, 201, 38 ; 1904, 208, 143.
4 Tilden, Journ, Chem. Soc. 19035, 5585,
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variation with temperature is small than by adopting the usual
method of taking the mean specific heat for a range of tempera-
ture from 0° to 100°.

The original statement of Dulong and Petit as to the identity
of the atomic heats of the elements can therefore only be
regarded as a rough approximation, applicable mainly to the
metals between 0° and 100°.

We must bear in mind that when we speak of specific heat,
we really refer to a complex quantity, which comprises not only
the heat which actually goes to raise the temperature of
the heated body, but also that which is expended in performing
external or internal work, such as expansion, or diminution of
the cohesion of the particular body. This last amount of heat
is different for different substances, whilst the first amount is
theoretically the same for a molecule of any substance.

The above theory does not apply to liquid or gaseous bodies
with the single exception of mercury, which possesses almost
the same atomic heat in the liquid and in the solid state.

The most important evidence in favour of the validity of the
hypothesis of Dulong and Petit is the fact that the results
deduced from it agree with those deduced from Avogadro’s
theory for those metals which form volatile compounds, and
with which, therefore, such a comparison can be instituted.

MoLeEcuLAr HEAT oF COMPOUNDS.

12 The law that the molecular heat of a compound is equal
to the sum of the atomic heats of its elements, or that the
atomic heat of an element does not undergo change when that
element enters into combination, was first laid down by Joule,!
but its experimental verification is chiefly due to Kopp. The

following examples will illustrate this :—

Molecular heat.
Specific P (i —
Leat. Found. Calculated.

Potassium bromide KBr  0:1070 127 13-2
Mercuric iodide . Hgl, 00423 191 199
Lead iodide . . . PbI, 00427 195 200
Lead bromide . . PbBr, 00533 194 198

This agreement, morcover, is maintained at varying tem-
peratures, so that the specific heat of ecach of the elements in a

Y Phil. Mag. 1834, (3], 25, 334.
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compound varies with the temperature in the same way as it
does when the element itself is heated. This is shown in the
following table for nickel telluride, NiTe, the calculated figures
being obtained by adding together the atomic heats of nickel
and tellurium given on p. 21.!

Molecular heat.

Absolute temperature. Observed. Calculated,
100°0. . . . . .. 838 920
200 . . . . . . . 1135 11-08
300 . . . . . . . 1241 1222
400 . . . . . . . 1292 1300
500 . . . . . . . 13-15 13:49
600 . . . . . . . 1328 13-85
700 . . . . . . . 1335 1411

Hence if the atomic heat of a solid element has not been
determined: it may be calculated from the molecular heat of its
compounds with other elements whose atomic heats are known.
In this way the atomic heats of rubidium, strontium, barium,
and titanium have at various times been determined, and they
have been found to agree with the theory which comprises all
the other metals.

Kopp has also shown that the elements which are gases at the
ordinary temperature possess a constant atomic heat in their
various solid compounds. It thus becomes possible to determine
the amount of their atomic heat. In this way the atomic heat of
chlorine has been found to be equal to 59, that of nitrogen 53, of
fluorine 50, of oxygen 40, and of hydrogen 2:3. The following
cxamples illustrate this point :—

Molecular heat.
Specific

eat. Found. Calculated.
Silver chloride . . AgCl 0089 127 119
Zinc chloride . . . ZnCl, 0136 185 17-9
Potassium  platini-
chloride. . . . K,PtCl, 0118 569 546
Ice . . . . . .HO 0478 85 86
Mercuric oxide . . HgO 0048 103 103

Calcium carbonate . CaCO; 0206 204 206
Potassium sulphate. K, SO, 0196 339 349
Hexachlorethane . C,Cl, 0177 416 392

V Tilden, Journ. Chem. Soc. 1903, 337.
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Kopp has moreover proved that the elements boron, silicon,
and carbon possess,in combination, the same atomic heat as in
the free state at temperatures below 100°. This renders it
probable that, if we could obtain the specific heat of oxygen
and hydrogen compounds at a high temperature, the atomic heats
of these elements would exhibit the same sort of alteration
which has been proved to occur in the case of carbon, silicon,
and boron.

In the case of oxygen such a change has actually been
deduced from experiments on the specific heats of the metallic
oxides by Tilden, who has calculated from the variation of the
specific heat of alumina, AL,Oq, with the temperature that the
atomic heat of combined oxygen is 1'9 at 100° Abs,, 33 at 200°,
3-8 at 500°, and 40 at 700°. These results lead to the value 3
for the atomic heat of combined oxygen at about 0° C., and
hence it follows, from the specific heat of ice between —78" and
0°, which is 047, that the atomic heat of combined hydrogen
is 2:7. These numbers, therefore, differ somewhat from those
of Kopp given above.

13 Taking into consideration the results thus deduced from
the molecular heats of compounds it appears that the clements
which possess a markedly smaller atomic heat than the majority
at temperatures below 100° have low atomic weights and with
the exception of glucinum are non-metals (p. 20). All the
non-metals whose atomic weights are high and the remaining
metals agrec approximately with Dulong and Petit’s theory
below 100 .

14 As instances of the employment of the atomic heat for
determining the atomic weight the following may be quoted.

Thallium shows many analogies on the one hand with the
alkali metals and on the other with lead, and it was for some time
a matter of doubt whether the lower chloride should be formu-
lated as TICI,, in which case the atomic weight would be 405-2,
or as TICl, the atomic weight being then 202:6. Regnault
determined the specitic heat of thallium to be 00335 and
thus decided the question in favour of the latter view, since
00335 x 2026 =6'8.

A similar instance occurs in the casc of indium, the chloride
of which contains 37'7 parts by weight of metal to 3518 parts by
weight of chlorine. Indium, however, exhibits a very consider-
able resemblance to zinc and cadmium, and for this reason the
chloride was supposed to have the formula InCl, giving an
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atomic weight of 754 to the metal. In 1870 Bunsen ! ascer-
tained by means of his ice calorimeter that the specific heat of
indium is 0°057. Now 0057 x 754=4"3, or only two-thirds of
the atomic heat of the other metals. Hence we must assume
that the true atomic weight of the metal is 754 x 3=1131.
This gives the formula for the chloride, InClg, which has been
confirmed by the vapour density.

The example of uranium may also be quoted. At one time
this metal was supposed to have an atomic weight of about
119 and to resemble iron in its chemical characteristics, its
oxides being assigned the formule UO and U,0,. At a later
period, however, it was found that the chemical relations of the
metal agreed better with the atomic weight 2367, according to
which its oxides would be UO, and UQO,. This conclusion was
confirmed by Zimmermann, who found its specific heat to be
00276, its atomic weight therefore being about 238.2

ISOMORPHISM.

15 An account of the general phenomena of isomorphism
will be found under “ Crystallography.” As briefly mentioned
in the historical introduction (Vol. L, p. 42), Mitscherlich was
the first to perceive that substances which are similar in crystal-
line form are also similar in chemical composition ; he concluded
from his observations that the same number of atoms combined
in the same way produces the same crystalline form, this latter
being independent of the chemical nature of the atoms and
depending only on their number and relative position. He
soon afterwards pointed out that this relation might be employed
for the determination of the relative combining weights of two
elements or compounds. Thus, having found that potassium
sulphate and potassium selenate, which crystallise in the
rhombic system, are isomorphous, he concluded that selenic
acid (the anhydride) would, like sulphuric acid, contain threc
times as much oxygen as the base with which it was combined
in the salt in question, this conclusion being afterwards con-
firmed by analysis.

At the time when Mitscherlich first stated his theory of the
relation between atomic composition and crystalline form, the
only available means of ascertaining the atomic weights of
the metals was that provided by Dulong and Petit’s theory of

b Phil. May, 1871, (4], 41, 161, 392, 2 Annaden, 1885, 282, 299.
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atomic heat, which had only been applied to some thirteen
elements. The theory, moreover, had not at that time been
extended to the molecular heat of compounds, and hence the
atomic weights of a large number of metals could only be
determined by analogy or by arbitrary assumptions. Under
these circumstances, Mitscherlich’s theory of isomorphism proved
of great importance and was at once applied by Berzelius to
the determination of the atomic ratios of such elements as
chromium, titanium, etc. Thus the ratio of the amounts of
oxygen in chromium sesquioxide and chromic anhydride per
unit of chromium was known to be 1: 2, the simplest expression
of which, according to the Daltonian system, would be by the
formule CrO and CrO,, although Berzelius formulated them for
other reasons as CrO; and CrO,. Chromium sesquioxide, however,
is isomorphous with ferric oxide, iron being an element of which
the atomic weight had been determined by the specific heat
method, and hence the formula Cr,0, was given to it. Chromic
anhydride thus became CrO,, which is in full agreement with
the fact that the chromates are isomorphous with the sulphates,
sulphuric anhydride having been formulated by Berzelius on
independent grounds as SO,.

At present the isomorphous relations of the compounds of an .
element only supply additional confirmation of the atomic
weight, which has now been determined for every element
cither from the molecular weight of its compounds, from the
atomic heat of the element itself, from the molecular heat of its
compounds, or from the ratio of the specific heat of the element
at constant volume to that at constant pressure (Vol. I, p. 129).

The clements may be grouped into the following series,! the
members of which form isomorphous compounds. Elements
which form several series of compounds are often found in a
corresponding number of isomorphous series, the isomorphous
relations of one type of compound being different from those of
another.

(1) («) K, Rb, Cs, T1, (NH,).
(b) Li, Na, Ag.
(2) (@) Gl, Mg, Zn, Cd, Mn, Fe, Co, Ni, Os, Ru, Pd, Pt, Cu.
(») Ca, Sr, Ba, Pb, Ra.
' Arzruni, Physikalische Chemie der Krystalle. Vieweg, 1895. Sonder-
Abdruck aus Graham-Otto’s Auwsfiihriiches Lehrbuch der Chemie, 1 Band.

3 Abtheilung. See also Groth, Einleituny in dic chemische Krystallographie,
pp. 48-53 (Fngelmann, Leipzig, 1904).
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(3) La, D1, Y, Ce, Er.

(4) Al, Fe, Cr, Co, Mn, Ir, Rh, Ga, In, (Ti).

(5) Cu, Hg, Pb, Ag, Au.

(6) Si, Ti, Ge, Zr, Sn, Pb, Th, Mo, Mn, U, Ru, Rh, Ir, Os, Pd,

Pt, Fe.

(7) N, P, As, V, Sbh, Bi.

(8) Cb, Ta

(9) S, Se, Cr, Mn, Mo, W, As, Sb, Fe, Te (?).
(10) F, Cl, Br, I, Mn, (CN).

No cases of isomorphism have as yet been observed among
the compounds of the following elements.

H, B, S¢, Yt, C, and O.

The details of the isomorphous compc.mnds of the metals in-
cluded in the above series will be found under the several
metals,

THE MOLECULAR WEIGHTS OF THE METALS.

16 The metals as a rule boil at exceedingly high tempera-
tures, and up to the present it has for this reason only been found
possible to obtain definite results with the vapour densities of
zine, cadmium, mercury, and silver, all of which form monatomic
molecules.! On the other hand, the densities of antimony and
bismuth, at temperatures of 1,600-1,700°, are greater than
those required for a monatomic molecule, but less than the
numbers corresponding with a diatomic molecule, and a
similar uncertainty exists with regard to thallium. The
vapour densities of potassium and sodium have only been
approximately determined, since the vapours of thesc metals
attack the material of which the apparatus is constructed.
The results, however, pqint to the conclusion that these two
metals form monatomic molecules.

The molecular weights of many of the metals have also been
determined by the cryoscopic and vapour-pressure methods of
Raoult (Vol. I, pp. 127-9). The general result of these ex-
periments is to render it probable that in nearly all cases the
molecules of the metals are identical with their atoms. When
tin is used as a solvent for the metals Ni, Ag, Au, Cun, T, Na,

' Biltz and Meyer, Zett. physikal. Chem. 1889, 4, 264 ; Bilte, Zeit. phy<ikal,
Chem. 1896, 19 385 ; Wartenberg, Ber. 1906, 39, 38].
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Pd, Mg, Pb, Zn, Cd, Hg, Bi, and Ca, the solutions which are
formed are found to behave on cooling in the same manner as
dilute solutions of non-electrolytes in water (loc. cit.). Atomic pro-
portions of these metals when added to a fixed amount of tin, so
as to produce a dilute solution of the metal, all produce the same
depression of its freezing point, and the amount of this depres-
sion agrees with that calculated from theoretical considerations
on the assumption that the molecular weights of these metals
are identical with their atomic weights. The numbers obtained
for indium and aluminium seem, however, to indicate that the
molecules of these metals contain two atoms! The freezing-
points and vapour-pressures of solutions of the metals in
mercury have also been examined and lead to similar conclu-
sions, although the results obtained are not so regular as when
tin is used as the solvent.?

17 The identity of atom and molecule has been confirmed
in the case of mercury by the determination of the ratio of the
specific heat at constant volume to that at constant temperature,
by the method which has been already described (Vol. I,
p- 129).

VALENCY OF THE ELEMENTS.

18 In connection with the non-metallic elements it has
alrcady been pointed out (Vol. I, p. 139) that the atoms of these
clements differ in the number of hydrogen atoms with which
they can combine. This varying combining power of the ele-
ments is known as valency or quantivalence, and the elements
are described as monovalent, divalent, trivalent, or tetravalent
(univalent, bivalent, tervalent, or quadrivalent), or as monads,
dyads, triads, or tetrads, according as they combine with one,
two, three, or four atoms of hydrogen. This is also expressed
by saying that each of these elements has one, two, three, or
four units of affinity or bonds, and in combination with hydrogen
cach of these is satisfied by combining with the single unit of
affinity of the latter. This is graphically expressed in the
following formula, the mutual bond of affinity being represented
by the straight line connecting the two atoms :

! Heycock and Neville, Journ. Chem. Soc. 1890, 376.

* Tammann, Zeit. physikal. Chem. 1889, 8, 441 ; Ramsay, Jowrn, Chem, Soc.
1889, 521.
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H
H H /|
H—F ol NH c<
\H \H \g
H H
H_c s P/ H
\H \H /h
H H SliH
n / / H
H—Br Se\H As\g
H H
_ % 2
H—I Te\H S

The further investigation of the non-metallic clements has
shown that similar relationships are to be found in their com-
pounds with elements other than hydrogen. Thus, in the
compounds mentioned above, the hydrogen may be replaced
by other elements, and it has been found that those elements
which combine with only one atom of hydrogen are only
able to replace one atom of that element, whilst the divalent
elements are able to replace two atoms, the trivalent three, and
so forth. Thus, if we take the compound of carbon and hydrogen,
CH,, we can replace one or more atoms of hydrogen by an equal
number of chlorine atoms, two or four atoms by one or two
atoms of oxygen, and three atoms by an atom of nitrogen, the
graphic formulz of the compounds obtained being given below:—

/Cl Cl

/ 0 0) N
¢y o<y cfn ol o
\H \H \H 0 H
Methyl Methylene Formalde- Carbon Hydrocyanic
chloride. chloride. hyde. dioxide. acid.

From these and many other similar facts, the conclusion was
at first drawn by some chemists that the valency of an element is
a constant property, and remains the same in all compounds which
it forms. As the number of the compounds whose true molecular
weights were ascertained became larger, it was found, however,
that this view could not be maintained without modification.
Thus phosphorus, which forms the hydride PHj,, yields two
chlorides, PCly and PCl,, and as, in the latter, it is combined
with five monovalent atoms, it must in this case be pentavalent,
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whilst in PCl, and PHy it is trivalent. Upholders of the theory
of constant valency denied that phosphorus pentachloride was
a true compound, and regarded it as a molecular compound of PCl,
and Cl,, analogous to a salt containing water of crystallisation,
basing this supposition on the fact that when phosphorus
pentachloride is volatilised it decomposes into these two por-
tions. It was then shown that by suitable means the penta-
chloride may be volatilised without decomposition, and that
its vapour density then corresponds with the formula PCl;, and
further, a phosphorus pentafluoride has been since discovered
which is gaseous at the ordinary temperature, and has the
molecular formula PF, The valency of phosphorus towards
the halogens cannot therefore be regarded as constant.

Again, the two chief oxides of sulphur have the formule SO,
and SOy, and on the assumption that sulphur and oxygen are
both divalent the constitutional formule were written :—

o 0)
s | s¢ Mo,
and among the oxygen compounds of chlorine we are acquainted
with four oxy-acids having the formule HCIO, HCIO,, HCIO,,

and HCIO,, the constitution of which was represented as
follows :—- :

H—O0—-Cl.
H—0—0—-Cl
H—0—0—0—Cl

H—0—0—0—0—ClL

In all these cases, however, another interpretation is possible,
namely, that the divalent oxygen is connected directly with
the sulphur or chlorine atom, the valency of the latter varying
in the different cases, as shown in the following formulme :—

(
s? © 0=587 ?
No. No.
Cl—O—H
0 Cl—O0—H
O\
Cl—O—H
o”
g, o
—C—O0—H.

0)
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In such cases, it must be remembered, as already pointed
out (Vol. I, p. 141), that it is only after the constitution of a
compound has been ascertained that it is possible to determine
the valency of the atoms of which it is composed.

No definite proof has hitherto been obtained of the correct-
ness of either view, but the balance of evidence is strongly in
favour of the latter, as it is found that those compounds which
can be proved to contain oxygen atoms directly combined to-
gether in the manner shown in the first series of formule, such
as hydrogen peroxide, are extremely unstable compounds. It
is, moreover, probable that the longer the chain of oxygen
atoms, the less would be the stability of the compound, whereas
in reality, the stability of the oxy-acids of chlorine increases
with the number of oxygen atoms in the molecule. Sulphur,
again, is undoubtedly a hexad in the hexafluoride, SF;, which
is a very stable gas, whilst in the highest compound which has
been obtained with chlorine, SCl,, it is a tetrad. Oxygen,
moreover, which is usually a dyad, is probably a tetrad in the
salts which many organic oxygen compounds form with acids,
and which are termed oxonium salts. It is now, therefore,
generally supposed that the valency of an element is not a
constant, but a variable property.

It will, however, be noticed that in the above cases there
is a certain regularity in the variation, the valency of an
element being always represented by either an odd or even
number, and in the great majority of the compounds of the
non-metallic clements the same rule is found to hold. Even
to this, however, there are a few notable exceptions, such as
nitric oxide, NO, in which nitrogen behaves as a dyad instead
of as a triad or a pentad, whilst in chlorine peroxide,
whose formula has been proved! to be ClO,, chlorine is a
tetrad.

19 When we consider the compounds of the metals, it is found
that the relations become still more complex than is the case with
the non-metals. It is only in recent years that any very definite
conclusions could be drawn on this point, as until then the true
molecular weight of very few metallic derivatives was known,
these having for the most part such high boiling points that the
vapour density of very few of them had been determined.
The improved methods of determining vapour densities at
high temperatures, duc chiefly to Victor Meyer and his

! Pebal and Schacherl, Annalen, 1882, 218, 113.
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pupils,! have however, considerably enlarged the material at our
disposal, and the results have necessitated some modification
of the older views.

None of the metals combines with hydrogen to form a
volatile compound, and their valency towards this element can-
not, therefore, be determined. Many metals, however, form
volatile compounds with the monovalent alcohol radicals (p. 14),
which may be regarded as metallic hydrides in which the
hydrogen atoms have been replaced by alcohol radicals, and
these also serve for the determination of the valency of such
metals as form them. The table below gives the constitutional
formulee of some of the compounds of non-metals with hydrogen
and alcohol radicals, and of a number of the metallo-organic
compounds of which the vapour density has been ascertained : —

Hydrochloric
acid. Water. Ammonia.  Silicon hydride.
H
H H H v
| ol NCH si<H
Cl \H \H \H
Methyl Methy! Silicon
chloride. oxide. Trimethylamine. tetramethyl.
CH
CH CH CH 3
L ol *  ~Eom o si<Hp
Cl CH, \CH, NCH
3
Antimony Tin
Zinc methyl. methyl. tetramethyl.
CH
/CHs /CH3 / CHs
Zn\ Sb—CH, Sn<CH3
CH, \CH, NeH
. 3
Mercury Aluminium Lead
methyl. methyl. tetramethyl.
_CH, _CH, i
Hgd ACCHy  Ph!
CH, \CH, \CH"
3

Almost all the metals combine with chlorine, forming
chlorides, and the vapour density of a number of these,

v Pyrochemische Untersuchungen, 1884 (Vieweg): and numerous papers,
Ber. 1880-1890.
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together with that of a few iodides, has now been determined,
the molecular formula of which are given below :

L 1I. III. IvV. V. VI
NaCl A1Cl, AICl, TiCl, CbCl,  WCl
KCl CrCl, CrCl, VCI, TaCl;

KI FeCl, FeCl, GeCl, MoCl;

RbCl  Cu,Cl, GaCl, SnCl, WCl,
0l ZnCl, InCl, ZoCl,
Csl GaCl, SbCl,  UCI,
AgCl  SnCl,  BiCl,
InCl InCl,
TICI HgCl,
PbCl,

20 A definite conclusion as regards the molecular formula
of a compound can only be drawn from its vapour density
when the latter remains constant through a considerable range
of temperature, as it is found in many instances that the
vapour density of the compound diminishes gradually with
increase of temperature, and only attains a constant value at
temperatures considerably above the boiling point. The same
fact has been observed with substances boiling at comparatively
low temperatures, as, for example, acetic acid. This appears to
indicate the presence in the vapour of a certain proportion of
heavier molecules which gradually decompose as the temperature
riss. Thus the first determination of the vapour density of
ferric chloride, made by V. and C. Meyer,! agreed approximately
with the formula Fe,Cl; Subsequently V. Meyer and Griine-
wald * showed that the vapour density of ferric chloride is, even
at 448°, rather less than corresponds to the formula Fe,Cl;, and
that as the temperature rises the density gradually becomes less,
until at 750° the value closely agrees with the formula FeCl,,
and remains constant at that value up to 1,077°.

At temperatures above 448° a certain amount of the ferric
chloride is dissociated into ferrous chloride and chlorine, but
at 448" no decomposition of this character takes place, and cven
here the vapour density is smaller than that required by the
formula Fe,Clg ; hence, at temperatures not far above the boiling
point, a number of the molecules must have a smaller molecular
weight than the above, .e., they must have the formula FeCl,.

Another instance of a similar kind has been observed in the
case of aluminium chloride ; the older experiments of Deville

' Ber. 1879, 12, 1, 195. 2 Ber. 1888, 21, 687.
‘ VOL. 1L D
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and Troost in 1857 gave the vapour density at 9'3, corresponding
to the formula ALCl. Nilson and Pettersson! in repeating
this determination in 1887 at higher temperatures, obtained
the following numbers :—

Temperature. Vapour density.
440° 7-789
758 4-802
835 4542
943 4-557
1,177 4269
1,244 4:247
1,260 4277

The calculated value for the formula ALCl; is 9-2, and for
AICl,, 46.

Further examples of this change of density are afforded by
stannous chloride and ferrous chloride; in both of these cases
the density at low temperatures is lower than that required
by the doubled formule Sn,Cl,, Fe,Cl, although higher
than that needed by the simpler formule SnCl, FeCl,; at
higher temperatures, however, a constant value corresponding
to the simpler formula is obtained. Chromic chloride has been
likewise proved to have the formula CrCl;, and glucinum
chloride to be GICl,.

An instance of an opposite character occurs in the case of
cuprous chloride. The vapour density of this compound was
found by V. and C. Meyer* to correspond to the formula Cu,Cl,
at a bright red heat, and a later determination made at a white
heat led to the same formula.

The vapour density of silver chloride has also been deter-
mined by Biltz and V. Meyer? and though, as might be ex-
pected, the numbers obtained at the high temperature necessary
for the determination (1,735°) are not very exact, they are
sufficient to indicate that the molecular formula is AgCl, and
not Ag,ClL, :

The conclusion to be drawn from these results is that the
chlorides of variable vapour density have the simpler formula at
high temperatures, but that as the temperature falls combina-
tion or association occurs between the molecules. It is not

1 Zeit. physikal. Chem. 1887, 1, 463.

2 Ber. 1879, 12, 1283 ; Biltz and Meyer, Zeit. anory. Chem., 1897, 15, 40.
3 Zeit. phyxikal. Chem. 1889, 4, 249,




VALENCY OF THE METALS 35

improbable that in many cases the molecules of the fused or
solid substance are more complex than those of the gas. This
has already been shown experimentally for some liquids (Vol. I,
p- 113), and the extension of the same method to fused salts
has led to analogous results.!

21 The application to aqueous salt solutions of the methods
for ascertaining the molecular weight of substances in solution by
the depression of the freezing point and elevation of the boiling
point (Vol. I, p. 127) is complicated by the fact that most salts
undergo electrolytic dissociation in aqueous solution. The
general result obtained, when allowance is made for this, by the
determination of the electrical conductivity (Vol. I, p. 120), is
that in most cases salts have a molecular formula identical with
the empirical formula, and break up in dilute solution into the
corresponding ions. Potassium chloride, for example, in dilute
solution, appears to be broken up almost completely into the
simple ions K and CI, corresponding with the molecular
formula KCl. When salts are dissolved in liquids in which
ionisation does not occur, or only occurs to a very small extent,
the results obtained also point, as a rule, to the simple formulwe,
but in many cases evidence is obtained of molecular association,
or combination between two or more molecules, and the results
are found to vary with the solvents employed.? The identity
of the molecular and empirical formule of many chlorides has
also been confirmed by the determination, by the vapour pres-
sure method, of their molecular weights when dissolved in
boiling bismuth chloride, in which very little electrolytic disso-
ciation occurs, owing to the fact that the chlorine atom is
common to both the solvent and the dissolved substance.
All the chlorides examined had under these circumstances at
447° the simple formula containing only one atom of metal in
the molecule. This holds for the chlorides of Li, Na, K, Rb,
Cs, Ca, Ba, Sr, Zn, Cd, Ag, Pb, Mn, and Co, together with
ferrous, palladious, and platinous chlorides and the two chlorides
of copper® In all cases where a comparison is possible, these
results agree with those deduced from the vapour density at high
temperatures, except in the single instance of cuprous chloride.

It appears from the foregoing that in the compounds formed

1 Bottomley, Journ. Chem. Soc. 1903, 1241.

2 Bee on this point Werner, Zeit. anorg. Chem. 1897, 16, 1; Beckmann,
Zeit. physibal. Chem. 1903, 48, 857.

3 Riigheimer and Rudolfi, Annalen, 1905, 389, 311.
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by the metals, the linking together of two atoms of a metal to
form a molecule which is stable at a high temperature does
not often occur. In certain cases, however, it must be assumed
that this form of combination exists. Tin, for example, forms
a volatile compound Sn,(C,H;),, and Ogg! has proved that the
mercurous salts in solution in water yield the divalent ion Hg,,
and not the simple ion Hg', and that they therefore have most
probably the double formula Hg,X’,. 1In the case of cuprous
chloride the molecule Cu,Cl, certainly exists at 1700°, although
in solution in bismuth chloride at 447° only the simple mole-
cules CuCl are present. Moreover, as already stated, many of
the simple molecules capable of existing in the state of gas at
high temperatures may readily form more complex molecules
as the temperature of the gas falls.

-These facts render it difficult to draw definite conclusions as
to the valency of the metals in these compounds. Copper in
cuprous chloride, for example, must be regarded as monovalent if
the formula be CuCl, whilst if the formula be Cu,Cl,, it may be
looked upon as divalent, the constitution of the chloride being
then written Cl.Cu.Cu.Cl. Similarly, aluminium must be
regarded as trivalent in its chloride if the molecular formula be
AICl,, whereas it becomes tetravalent if the molecular formula
be AlCl,

Cl cl Cl
AIZCl CINA— ALl
\Cl c \Cl

In the present condition of knowledge it is best only to
consider the valency of the metals in the simplest form of each
molecule which has been proved to be capable of existence.

The examination of the list of chlorides (p. 33) shows then
not only that the valency of the same metal does vary in
different compounds, but that it does not even vary in a regular
manner, such as remaining either odd or even. Thus in the
case of indium, three volatile chlorides are known, having the
formule InCl, InCl, InCl;, in which the metal is a monad,
dyad, and triad respectively. Iron is a dyad in ferrous chloride,
and a triad in ferric chloride, whilst tungsten acts both as a
tetrad, a pentad, and a hexad.

In considering the compounds of the metals with oxygen, the
available material is not so copious, inasmuch as the actual

1 Ogg, Zeit. physikal. Chem., 1898, 27, 285.
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molecular weights have been determined in but few cases, and
in most instances the formul® of the oxides (and of the salts
they form with either acid or basic oxides) are taken as the
simplest possible, or in some cases as analogous to those of the
oxides of elements of the same group whose vapour density has
been determined. The valency deduced from these formula
frequently differs from that obtained from the vapour density
of the chloride of the metal ; thus the only volatile chloride of
vanadium has the formula VCI,, whilst in its general deport-
ment this element is analogous to nitrogen and phosphorus,
behaving as a triad and pentad. Again, the only volatile
chloride of molybdenum has the formula MoCl;, but in many
other compounds, such as molybdic acid and the molybdates,
the metal acts as a hexad.

22 The valency of an element can no longer, therefore, be
regarded as always varying in a regular manner, but appears
to vary irregularly according to the nature of the other
elements with which it combines. At the same time an ele-
ment almost always shows what may be termed a characteristic
valency, 7., a valency which remains constant throughout a
large and important series of compounds. Thus, for example,
the alkali metals arc monovalent in the great majority of their
compounds, although a few halogen derivatives have recently
been prepared in which they behave as triads and pentads; the
metals of the alkaline earths almost always behave as dyads,
and nitrogen, phosphorus, and arsenic either as triads or pen-
tads. Carbon in particular shows a very constant tetrad
valency, almost the whole of its immense number of compounds
containing the element in the tetravalent state. These general
regularities find their best expression in the periodic classifica-
tion of the elements, and will be further considered in discussing
the latter.

23 Werner's Theory of Principal and Supplementary Valencies.
—The molecules formed by the combination of two or more cle-
ments are usually not devoid of the power of combining with
further atoms or molecules. Thus, for example, sulphur dioxide,
S0, readily combines with oxygen to form sulphur trioxide,
SO, ; this unites with a molecule of water to form sulphuric
acid, H,S0,, and this again with a further quantity of water to
form the crystalline hydrate H,SO,+4H,0. According to the
ordinary theory of valency sulphur dioxide is an unsaturated
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compound in which sulphur acts as a tetrad ; in sulphur tri-
oxide the sulphur is a hexad and the oxygen a dyad.

40 0
Y o--s7 \ /Ot
No No \OH

The introduction of water into this molecule can be explained
by a rearrangement of the valencies of the elements of the two
compounds, which leads to a constitutional formula for sulphuric
acid which is in accordance with its chemical behaviour. The
further introduction of four molecules of water into this mole-
cule cannot be simply represented on the lines of the ordinary
theory. It is apparent that some power of combination is still
left in such molecules, and this is usually’ ascribed to the
restdual affinity either of the molecules as a whole or of certain
of the atoms contained in them.

Very little is known about the mode of combination in such
cases, but many theories have been proposed in order to include
compounds of this character, among which are to be numbered
almost all the double and complex salts of the metals, the
ammoniacal metallic compounds, the hydrates, and similar
substances.

The most successful attempt in this direction has been made
by Werner,! whose views are based more especially upon the
composition and properties of the ammoniacal metallic deriv-
atives and the complex salts of the metals. According to this
thcory the atom possesses two kinds of valency—principal
valency, which is concerned in the combination of atoms or
radicals which can exist as ions, or are equivalent to ions; and
supplementary valency, which is concerned with the combination
of radicals which cannot exist as ions. Thus the groups —Cl,
—Na, —NO,, —CH,, &c., combine by virtue of their principal
valencies; groups such as —OH,, —NH,, —CIK, —CrCl,, &c.,
by means of their supplementary valencies. Platinum, for
example, combines with four atoms of chlorine by principal
valency forming the molecule PtCl,, the highest chloride of
platinum which can be obtained. This molecule readily com-
bines, however, with two molecules of hydrogen chloride by the

Annalen, 1902, 322, 261. See also Neuere Anschanungen auf dem Gebicte
der anorganischen Chemie, p. 58, where a detailed account of this theory is
given (Vieweg und Sohn, Braunschweig, 1905).



WERNER’S THEORY OF VALENCY 39

supplementary valencies of the platinum and chlorine atoms
forming chloroplatinic acid, H,PtCl,

e G p, 01
a’ s C-H

The constitution of these molecules is represented above
according to Werner’s theory, principal valencies being repre-
sented by unbroken lines and supplementary valencies by
dotted lines.

The number of atoms which can combine directly with a
single atom appears to be to some extent independent of the
nature of the particular atoms concerned. The atoms of most
elements can unite in this way with six other atoms, which may
be regarded as being situated in the primary sphere of action
of the central atom, and are said to be co-ordinated with it.
These six may be united to the central atom either by principal
or by supplementary valency, and if any of the principal
valencies of this atom remain unsaturated, the radical thus
formed has a corresponding power of combining with further
atoms, which, however, must remain in the secondary sphere of
action of the central atom.

The trivalent atom of cobalt, Co, can, for example, co-ordinate
six molecules’of ammonia by supplementary valencies, forming a
radical Co(NHy),, in which the trivalent cobalt atom is still
capable of combining with three monovalent atoms of chlorine
by principal valency, forming the well-known compound,
[Co(NH,)]Cl;, hexammine-cobaltic chloride (luteo-cobalt
chloride). In this substance the six molecules of ammonia are
regarded as being situated in the primary sphere and united
with the cobalt atom by supplementary valencies, whilst the
threc chlorine atoms are situated in the secondary sphere of
action and united with the cobalt by principal valencies.

On the other hand in the co-ordination radical [CoCl,(NH,),],
both the chlorine atoms and the molecules of ammonia are
situated in the primary sphere, the chlorine atoms being united
with the cobalt by principal, and the ammonia molecules by
supplementary valency. The trivalent cobalt atom is therefore
saturated and incapable of further combination. This substance
is known as triammine-cobaltic chloride, and when dissolved in
water does not undergo electrolytic dissociation, because the
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chlorine atoms form part of the complex radical. The solution,
therefore, does not yield a precipitate of silver chloride when
silver nitrate is added. On the other hand, the hexammine-
cobaltic chloride, in which the chlorine is not part of the com-
plex radical, dissociates in aqueous solution into the ions
[Co(NH,),]* and CI, and the whole of the chlorine is pre-
cipitable by silver nitrate.

The maximum number of atoms or groups which can unite
directly with a central atom is therefore six plus the valency
of the contral atom. In some cases the co-ordination number
is four (carbon, boron, and nitrogen). and it is possibly as high
as eight in some instances, but for the great majority of
clements it is six.

This somewhat complex theory has proved of great value for
the classification of the complex derivatives of the metals, and
numerous applications of it will be found under the separatc
metals.

24 Electrochemical Theory of Valency. Corpuscular Theory of
the Constitution of the Atom.—Concerning the nature of valency
very little is at present known. Onc important relation has,
however, been established by the classical researches of Faraday.
When a salt of a metal is dissolved in water and the solution
electrolysed, the amount of the metal which is deposited in a
given time depends on the valency which the metal possesses
in that salt. Thus when solutions of salts of a univalent and
bivalent metal, such as the sulphates of silver and zinc, are
electrolysed by the same current, two atomic proportions of silver
are deposited for each atomic proportion of zinc, the same
amount of oxygen being liberated in both cases. Since the
same amount of electricity has been conveyed by the ions of
the metal in the two cases, it follows that the electrical charge
conveyed by each silver ion is only half as great as that con-
veyed by each ion of zinc. The same relation is found to be
true in other cases, and it may be stated as a general law that
the electrical charge which is conveyed by an ion of a metal in
the electrolysis of a solution of a salt is directly proportional to
the valency of the ion.

These facts have led many chemists to the conclusion that
chemical combination is essentially an electrical phenomenon
and occurs always between a positive and a negative radical.
This was, indeed, the fundamental principle of the dualistic
system of Berzelius, but was only rendered truly applicable
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to the facts of chemical combination by Faraday’s discovery
of the quantitative laws of electrolysis! This idea is in
barmony with the modern view of the structure of the atom,
which has been largely derived from the study of the pheno-
mena of the conduction of electricity through gases and
solutions, and of radioactivity.

According to this view an atom of any substance is composed
of a large number of corpuscles or electrons, which have a mass
of about 1/1000 of that of a hydrogen atom and carry a nega-
tive charge equal to that of a monovalent ion in a solution of a
salt. These corpuscles are in rapid motion and are held
together by the attraction of an equal positive charge, which
may be supposed to be distributed uniformly over the sphere
about the centre of which the corpuscles are moving.

The properties of an atom having this structure are well
described in the following passage quoted from J. J. Thomson,?
upon whose researches the corpuscular theory is largely based.

Let us now turn to the properties of the model atom. It contains a
very large number of corpuscles in rapid motion. We have evidence
from the phenomena of the conduction of electricity through gases that
one or more of these corpuscles can be detached from the atom. These
may escape owing to their high velocity enabling them to travel beyond
the attraction of the atom. Thoy may be detached also by collision of
the atom with other rapidly moving atoms or free corpuscles. When
once a corpuscle has escaped from an atom the latter will have a positive
charge. This will make it more difticult for a second negatively
electrified corpuscle to escape, for in consequence of the positive charge
on the atom the latter will attract the second corpuscle more strongly
than it did the first. Now we can readily conceive that the ease with
which a particle will escape from, or be knocked out of, an atom may
vary very much in the atoms of the different elements. In some atoms
the velocity of the corpuscle may be so great that a corpuscle escapes at
once from the atom. It may even be that after one has escaped, the
attraction of the positive electrification thus left on the atom is not
sufticient to restrain a second, or even a third, corpuscle from escaping.
Such atoms would acquire positive charges of one, two, or three
units according as they lost one, two, or three corpuscles. On the
other hand there may be atoms in which the velocities of the
corpuscles are so small that few if any of the corpuscles escape of
their own accord, nay, they may even be able to receive one or even
more than one corpuscle before the repulsion exerted by the negative

' See on this point Helmholtz, The Faraday Lecture, Journ. Chem. Soe.
1881, 277.

? Electricity and Matter, pp. 128-132 (A. Constable and Co., Westminster,
1904).
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electrification on these foreign corpuscles forces any of the original
corpuscles out. Atoms of this kind, if placed in a region where
corpuscles were present, would, by aggregation with these corpuscles,
receive a negative charge. The magnitude of the negative charge would
depend upon the firmness with which the atom held its corpuscles. If a
negative charge of one corpuscle were not suflicient to expel a corpuscle,
while the negative charge of two corpuscles could do so, the maximum
negative charge on the atom would be one unit. If two corpuscles were
not sufficient to expel a corpuscle, but three were, the maximum negative
charge would be two units and so on. Thus, the atoms of this class tend
to get charged with negative electricity and correspond to the electro-
negative chemical elements, while the atoms of the class we first
considered, which readily lose corpuscles, acquire a positive charge and
correspond to the atoms of electro-positive elements. We might conceive
atoms in which the equilibrium of the corpuscles was so nicely balanced
that though they do not of themselves lose a corpuscle, and so do not
acquire a positive charge, the repulsion exerted by a foreign corpuscle
coming on to the atom would be sufficient to drive out a corpuscle. Such
an atom would be incapable of receiving a charge either of positive or
negative electricity.

Suppose we have a number of the atoms that readlly lose their
corpuscles mixed with a number of those that can retain a foreign
corpuscle. Let us call an atom of the first class, A, one of the second, B,
and suppose that the A atoms are of the kind that lose one corpuscle,
while the B atoms are of the kind that can retain one, but not more than
one ; then the corpuscles which escape from the A atoms will ultimately
find & home on the B atoms, and if there are an equal number of the two
kinds of atoms present we shall get ultimately all the A atoms with the
unit positive charge, all the B atoms with the unit negative charge.
These oppositely electrified atoms will attract each other and we shall get
the compound AB formed. If the A atoms had been of the kind that
lost two corpuscles, and the B atoms the same as before, then the A
atoms would get the charge of two positive units, the B atoms a charge
of one unit of negative electricity. Thus, to form a neutral system, two
of the B atoms must combine with one of the A’s and thus the compound
AB; would be formed.

Thus from this point of view a univalent electro-positive atom is one
which, under the circumstances prevailing when combination is taking
place, has to lose one and only one corpuscle before stability is attained ;
a univalent electro-negative atom is one which can receive one but not
more than one corpuscle without driving off other corpuscles from the
atom ; a divalent clectro-positive atom is one that loses two corpuscles
and no more and so on. The valency of the atom thus depends upon the
ease with which corpuscles can escape from or be received by the atom ;
this may be influenced by the circumstances existing when combination
is taking place. Thus it would be easier for a corpuscle, when once it
had got outside the atom, to escape being pulled back again into it by
the attraction of its positive electrification, if the atom were surrounded
by good conductors than if it were isolated in space. We can under-
stand then why the valency of an atom may in some degree be in-
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fluenced by the physical conditions under which combination is taking
place.

On the view that the attraction between the atoms in a chemical com-
pound is electrical in its origin, the ability of an element to enter into
chemical combination depends upon its atoms having the power of acquiring
electricity. This on the preceding view implies either that the uncharged
atom is unstable and has to lose one or more corpuscles before it can
get into a steady state, or else that it is so stable that it can retain
one or more additional corpuscles without any of the original corpuscles
being driven out. If the range of stability is such that the atom,
though stable when uncharged, becomes unstable when it receives an
additional corpuscle, the atom will not be able to reccive a charge
either of positive or negative electricity, and will therefore not be able
to enter into chemical combination. Such an atom would have the
properties of the atoms of such elements as helium and argon.

This theory is admirably adapted to explain the phenomena
of electrolysis and all reactions which occur between ions, as
well as all cases of combination between electro-positive and
electro-negative elements. Considerable difficulties, however,
arise when it is applied to elements which are not markedly
electro-positive or electro-negative, and especially to those com-
pounds in which a number of the atoms of the same element
are combined together. In such a simple compound as ethane,
CH, - CH,, for instance, it is necessary to suppose that one of the
carbon atoms acts as the positive and the other as the negative
element, although no difference between the two has been
recognised chemically. Similar considerations hold with regard
to the molecules of the elements themselves, many of which
are composed of two atoms of the element united together.

These difficulties have not yet been entirely surmounted,
although attempts have been made to devise a consistent
empirical system which will be in accordance with these electro-
chemical requirements, by supposing that each element possesses
a definite and limited power of combining both with relatively
poeitive and negative elements.!

CLASSIFICATION OF THE ELEMENTS.

2§ The number of substances at i)resent. described as elemen-
tary is about 80 (see list, Vol. I, p. 56), and of these about 70
have been subjected to close investigation and their propertics

! Abegg, Zeit. anory. Chem. 1904, 39, 330; Abegg and Bodliinder, Ze:t,
arory. Chem. 1899, 20, 496.
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and those of their compounds definitely ascertained. Their
atomic weights have also been determined with a moderate
degree of accuracy, and it has been shown that these numbers
really represent atomic weights and not simply the equivalents
of the elements (see pp. 14-27).

The question naturally arises whether these substances are
in reality incapable of further decomposition or whether by
suitable means they might not in turn be resolved into still
simpler substances; and very soon after the enunciation of
Dalton’s atomic theory, speculations as to the compound nature
of the so-called elements were published. Thus in the ycar
1815 Prout! suggested that the elements were in reality all
composed of hydrogen, basing his supposition on the numbers
at that time adopted for the atomic weights compared with
hydrogen, which were in most cases whole numbers. The
extreme simplicity of the hypothesis attracted many adherents,
but the later careful determination of the atomic weights
by Berzelius did not confirm it. It was somewhat modified by
Dumas? inasmuch as he assumed that the unit weight of
hydrogen was itself composed of two or even four atoms, in
which case the atomic weights would all be multiples of cither
0'5 or 025, The very careful experiments of Marignac and
especially of Stas (p. 12), which were carried out with extra-
ordinary care for the purpose of ascertaining the truth of
Dumas’s hypothesis, showed that the atomic weights of many
elements are multiples neither of 1, nor of 05, nor of 0-25, and
this conclusion has been confirmed by more recent investiga-
tions.

Although Prout’s hypothesis has not been confirmed, the
inquiries made to investigate its validity brought to light a
number of relationships which exist betwecn the atomic
weights of analogous elements. Even before the enunciation
of the atomic theory and before the true nature of the alkalis
and alkalinc earths was known, Richter * had pointed out that
the quantities of the alkaline earths, which all neutralised the
same weight of an acid, could be arranged as members of the
arithmetical progression a + nb, in which the value of n was 0
for alumina, 1 for magnesia, 3 for lime, 9 for strontia, and 19 for

! Anonymously published in Thomson’s .4 nnals of Philosophy, 1815, vol. vi.,
*“On the Relations between the Specitic Gravities of Bodies in their Gaseous
State and the Weight of their Atoms.”

2 Ann. Chim. Phys. 1859, [3), 65, 129.
3 Ueher die nenern Gegenstinde der Chymie, 1797, 8, 21.
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barvta. In 1817 Dibereiner called attention to the fact that
the atomic weight of strontium is the mean of those of the two
closely allied clements calcium and barium, and later on the
same was found to be approximately true in the case of other
groups of three elements, or ¢riadsas they were called. In 1850
Pettenkofer ! brought forward the view that the atomic weights
of analogous elements form members of an arithmetic series:
thus, using the whole number nearest to the atomic weight, the
following series were given:

Difference. Difference.

Li = 7 O = 16
16 16

Na = 23 S = 32
16 3 x 16

K =39 Se = 80
3 x 16

Te = 128

and it was supposed that in the case of analogous elements
the difference in the atomic weights is either a constant or a
simple multiple of that constant. This idea was further
developed by Kremers, Gladstone, and especially by Dumas, and
attention was drawn to the analogy existing between such a
group of elements and the homologous hydrocarbon radicals.
Thus if we take the radicals of the C,H,, 4, and C,H,, series
we have :

Difference. Difference.
CH, = 15 C,H, = 28
14 14
CH, = 29 CH, = 42
14 14
CH, = 43 CH, = 56

When the more exact modern numbers are employed, it is
found that the differences between the atomic weights of the cle-
ments are not quite so regular as when the above approximate
numbers are taken, but even then the approximation to Petten-
kofer's rule seems far too close to be due to chance. Further
investigation showed that a very large number of the elements
could be divided into groups showing similar relationships, and in
1864, Lothar Meyer 2 tabulated a large number of such groups
and arranged a certain number of the elements in the order

Y Miinchene Qelehrten Anzeigen, 1850, 80, 261 ; quoted in Annalen, 1838,

106, 187.
2 Die modernen Theorien der Chemie, 1864, 1st edition, p. 137.



46 THE METALS

given in the table on p. 47, according in the first place to the
magnitude of their atomic weights, and in the sccond place to
their valency.

NATURAL ARRANGEMENT OF THE ELEMENTS.

26 The discovery of any system which should embrace the
whole of the elements was only rendered possible by the adoption
of the consistent atomic weights proposed by Cannizzaro in 1858,
and previous to this date all the attempts at classification con-
sisted in their division into groups, but did not bring out the
relations which exist between them as a whole. This was first
achieved in what is usually known as the natural arrangement
of the elements.

The first attempt at such an arrangement was made by de
Chancourtois! in 1862, in whose system the elements were
arranged in order of their atomic weights along a spiral line
drawn round a vertical cylinder, the surface of which was
divided into sixteen vertical strips by straight lines. The points
occupied by the various elements on this surface were termed
“ characteristic points,” or “ geometrical characters.” De Chan-
courtois enunciated the fundamental theorem of his system as
follows :—“ The relations between the properties of different
bodies are manifested by simple geometrical relations between
the positions of their characteristic points. For instance,
oxygen, sulphur, selenium, tellurium, and bismuth,? fall approxi-
mately on the same vertical generating line, while magnesium,
calcium, iron, strontium, uranium and barium, fall on the opposite
generating line. On ecither side of the first of these lines we
find hydrogen and zinc on the one hand, bromine, iodine, copper,
and lead on the other; parallel to the second line we find
lithium, sodiumn, potassium, manganese, &c.”

On p. 48, Fig. 1, will be found the representation of the first
two turns of de Chancourtois’ helix, the surface of the cylinder
being developed on the plane surface of the paper,and it will be
scen that the elements which lic on the same generating line
do belong to the same family.

! Compt. Rend. 1862, 54, 757, 840, 967 ; 1862, 55, 600; 1863, 56, 263,
479 ; 1866, 63, 24 ; see also Hartog, ‘“ A First Foreshadowing of the Periodic
Law,” Nature, 1892, 41, 186.

2 Probably a mieprint, as bismuth does not fall on the same line in the
table.
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Fig. 1.

27 Very shortly afterwards (1864) several similar attempts at
a classification of the elements as a whole were made inde-
pendently by Newlands,! who arranged the elements in order

1 Chem. News, 1864, 10, 59, 94 ; 1865, 12, 83, 94 ; 1866, 13, 113, 130. See also
Newlands Ou the Discovery of the Periodic Lau, 1884, (E. and F. N. Spon.)
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of their atomic weights, and finally placed them in seven hori-
zontal series, each consisting of elght members, as shown in the
following table:

I

H F <l ‘coN Br Pd I Pt

Li Na K Cu "Rb Ag (s  Os
Gl Mg "Ca Zn ~ Sr Cd Ba  Hg
B Al Cr . Y Ce U:r Ta T
C Si T Inc Zr .. Sn: W- Pb
N P Mn -As Di Sb  Cb Bi
O S Fe Se Rh, Ru Te Au Th

According to Newlands, the propertles of an element in any
vertical group are analogous to those of the elements in the
corresponding position in the other groups. From analogy with
the musical notes he gave to the' "hypothems the name of the
“ Law of Octaves.”

Both of these proposals, however, received very little attention
on the part of chemists; indeed they seem to have been almost
entirely forgotten. In' fact, a systematic arrangement of the
elements according to their atomic weights appeared to some
chemists almost as absurd as the proposal of an alphabetical
arrangement of the elements as a natural one¢ would be. In
the year 1869, however, the same system of classification, but
on a wider basis, was proposed ‘by the Russian chemist Men-
deléeff,! without any prévious knowledge of the work of the
above-named chemists. His classification 1ot only included the
clements then known but also left room for many elements at
that time undiscovered. He showed that when the elements are
arranged in order of their atomic weights, they may be divided
into groups, in each of which a similar- gradation of propertics
from element to element occurs, the properties of the elements
thus appearing as periodic functions of the atomic weights.

At a slightly later date Lothar Meyer,? continuing his in-
vestigation of the relations between the elements, which had
already led to the publlcatlon of the table given on p. 47, inde-
pendently put forward views which were almost - identical with
those of the Russian chemist,and it is to these two investigators
that the chief developments of the natural classification of the
elements are due.

V! Zeitschr. Chem. 1869, 405 ; Annalen Suppl. 1872, 8, 133.
3 Annalen, Suppl. 1870, 7, 354.
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THE PERIODIC SYSTEM.

28 In his original paper,! Mendecléeff sums up his conclusions
as follows:

(1). The elements, if arranged according to their atomic
weights, exhibit an evident periodicity of properties.

(2). Elements which are similar as regards their chemical
properties have atomic weights which are cither of nearly the
same value (e.g. platinum, iridium, osmium), or which increase
regularly (e.g., potassium, rubidium, casium).

(3). The arrangement of the elements, or of groups of elements,
in the order of their atomic weights corresponds to their so-
called valencies as well as, to some extent, to their distinctive
chemical properties—as is apparent, among other serics, in that
of lithium, glucinum, boron, carbon, nitrogen, oxygen, and
fluorine.?

(4). The elements which are most widely diffused have small
atomic weights.

(5). The magnitude of the atomic weight determines the
character of the element just as the magnitude of the molecule
detcrmines the character of a compound body.

(6). We must expect the discovery of many yet wnknown
clements, ¢.g. elements analogous to aluminium and silicon,
whose atomic weights would be between 65 and 75.

(7). The atomic weight of an element may sometimes be
amended by a knowledge of those of the contiguous elements.
Thus the atomic weight of tellurium must lie between 123 and
126, and cannot be 128.

(8). Certain characteristic properties of the elements can be
foretold from their atomic weights.

In the table given on pp. 52-8 the elements are arranged
according to the system of Mendeléeff and Lothar Meyer, with
the addition of a group numbered zero containing the<helium
family of elements,? and it will be seen that they fall iuto nine
groups, each group occupying one of the vertical columns in the
table, whilst there are twelve horizontal series or periods. The

! Journ. Russ. Chem. (es. 1869, 1; quoted in Faraday Lecture, Journ. Chem.
Soc. 1889, 634,

? Barium and iron are printed by mistake in the English original (loc. cit.)
instead of boron and fluorine.

8 Ramsay, Ber. 1898, 81, 3111; Mendeléeff, Principles of Chemistry (1905),
vol. ii. p. 20.
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members of each group show in most cases a close connection
with each other, which is most noticeable in the case of elements
belonging to alternate horizontal series. In the table, thercfore,
the elements in each group are arranged on alternate sides of
the column, each group becoming thus divided into two sub-
groups, the members of one of which are situated in the hori-
zontal series characterised by an even number, whilst the others
fall in the odd series. Thus in the second group we have the
two sub-groups, Gl, Ca, Sr, Ba, Ra, situated in the even horizontal
series, and Mg, Zn, Cd, Hg, in the odd. The eighth group
occupics a somewhat anomalous position, as it appears only to
occur in the even periods or series, and unlike the other groups
always contains three members, the atomic weights of which
are more nearly equal than is usually the case with the other
elcments.

An inspection of the table shows that the first group contains
all the alkali metals, the second group those of the alkaline
earths, and also the metals glucinum, magnesium, zine, cad-
mium, and mercury. In the third group we find the family
aluminium, gallium, and indium ; in the fourth carbon, silicon,
titanium, zirconium, and tin ; in the fifth nitrogen, phosphorus,
vanadium, arsenic, antimony, and bismuth ; in the sixth oxygen,
sulphur, selenium, and tellurium; and in the seventh the
halogens. The eighth group includes, in addition to the closely
allied metals, iron, cobalt, and nickel, the whole of the elements
known as the platinum metals. In almost all of these cases,
the elements mentioned had been classed as members of the
same family before Mendeléeff's work was published, and their
continued occurrence in the same group is strong evidence in
favour of the general correctness of his views.

On the other hand, cases will be observed in which there is
no very evident connection between members of the two sub-
groups comprised in the same group, as for example in the case
of silver, copper, and gold on the one hand, and the alkali
metals on the other in the first group; a considerable number
of rescmblances can indeed be traced, but these are not so
prominent as to have led previously to these elements being
classified together. In the sixth group also there is very
little obvious connection between chromium, molybdenum, and
tungsten on the one hand, and the elements of the sulphur
group on the other, nor in the seventh group between man-
ganese and the halogens. It will, however, be noticed that in

E 2
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all these cases the elements which show deviations of this kind
come either just before or just after the occurrence of the eighth
group of elements, and it is probable that their somewhat
abnormal behaviour is in some way connected with the exist-
ence of this group.

Mendeléeff suggested an alternative method of tabulation
which overcomes certain of these difficulties, and, with some
modifications, this is given on page 55. The elements forming
series 2 and 3 (pp. 52-3), t.e., those which have the lowest
atomic weights, and which in many respects differ from the
members of the same groups having higher atomic weights, are
regarded as typical elements, and the remainder of the elements
arc arranged in double periods, each consisting of an odd and
even serics of the first table. The two sub-groups into which
cach group in the table pp. 52-3 is divided are thus separated,
the even scrics coming at the commencement of the long period,
the odd serics at the end, and the elements of group VIIL in the
centre.

The typical elements are probably best regarded as being
common to both the sub-divisions of the group to which they
belong. Thus Li and Na are common to the sub-groups
headed by K and Cu; Gl and Mg to those headed by Ca
and Zn, &ec.!

At cither end of the typical scries its members are much
more closely related to one of the sub-groups than to the other,
whilst towards the middle of the scries this difference is not so
striking. Thus Li and Na are more analogous to K, Rband Cs
(even series, pp. 52-3) than to Cu, Ag and Au ; F and Cl, on the
other hand, are more closely related to Brand I (odd series,
pp- 52-3) than to Mn, whilst C and Si show considerable analogy
both to Ti and Ge.2

A comparison between the first two double periods (Nos. 3
and 4 in the table, p. 55), which contain only one space to be
filled by a missing element, shows the very complete analogy
which cxists between them. In the later double periods so
large a number of the clements is at present missing that the
relations are not so apparent, although in many cases they are
still distinctly scen. This arrangement, moreover, corresponds

! A table in which these relations are very clearly demonstrated has been
published by Orme Maszon, 7'he Classification of the Chemical Elements (Neville,
Mullen and Slade, London and Melbourne). See also Richards, Amer. Chem.

J. 1898, 20, 543.
2 Abegg, Ber. 1905, 38, 1356.
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56 THE METALS

more closcly with the periodic variation in the physical
properties of the elements (p. 58).

As the atomic weight becomes higher, the change of pro-
perties in passing from any element to the one with the next
higher atomic weight becomes less marked, and among those
having the highest atomic weights, considerable resemblance is
frequently noticed between two successive elements. Thus gold
in many propertics resembles both platinum and mercury, and
lead is nearly related to thallium on the one hand and bismuth
on the other.

CHEMICAL PROPERTIES IN RELATION TO THE PERIODIC
SYSTEM.

29 The periodic variation of both physical and chemical pro-
perties as we pass from group to group must now be considered,
taking first the chemical properties.

Group O is occupied by the monatomic gases of the helium
family, which form no compounds.

The most strongly electropositive elements known, whose
oxides act almost exclusively as bases or at most as neutral sub-
stances, occur in groups I. and IIL (table, pp. 52-3), whilst
the strongly electronegative clements, whose chief oxides
form strong acids, occur in the sixth and seventh groups. The
third, fourth, and fifth groups occupy an intermediate position,
the members of the third group yielding oxides which, with the
exception of those of the elements having the lowest atomic
weights, have for the most part basic properties, but frequently
act as acids towards stronger bases; in the fourth and fifth
groups the acidic nature of the oxides is most prominent in the
case of the members of lower atomic weight, whilst the higher
members show an increasing tendency to form basic oxides.
Those members of the sixth and seventh groups which fall
towards the centre of the double periods form both basic and
acidic oxides, the acid-forming oxides being those containing
the most oxygen, and generally corresponding in formula with
the acid-forming oxides of the other clements of the same
vertical group. The members of the eighth group usually form
basic oxides, but the higher oxides of ruthenium and osmium are
strong acid-forming oxides.

Considering the arrangement in short and long periods (p. 55)
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it is seen that the elements of the helium group, which
must be regarded as electrochemically indifferent, fall between
the strongly electronegative halogens and the strongly electro-
positive alkali metals. Towards the centre of the long periods,
on the other hand, a more gradual change in chemical proper-
ties occurs, through the medium of the metals of group VIII.

It is a remarkable fact that, excluding the first two series,
only the elements of the odd series (pp. 52-3) form organometallic
derivatives, of the type M,R,, in which M is a metal and R a
hydrocarbon radical. The composition of these compounds
corresponds with that of the volatile hydrogen compound formed
by the typical elements of the group. Thus the compounds
Zn(C,H,),Sn(C,H;), and Sb(C,H), are known, whilst no such
substances have been obtained from calcium, titanium, or
vanadium.

VALENCY.

30 It has already been stated that the valency of an element
cannot be regarded as constant, but that it varies according to
the nature of the elements with which combination occurs.
There is nevertheless, in general, a regularity in the valency
of the elements in the majority of their compounds, and we
usually speak of them as monovalent, divalent, &c., according
to their behaviour in the most characteristic of their compounds.
This typical valency shows in a marked manner a periodic
variation with the atomic weight.

The group numbered zero contains the remarkable monatomic
elements of the helium group which, so far as is at present
known, form no compounds whatever, and must therefore be
presumed to have zero valency. Group I. contains the whole
of the metals which are usually monovalent towards hydrogen,
the halogens, and the alkyl radicals, and also to oxygen, the
typical formule of the compounds being M'R (R =H,CH,,Cl,etc.)
and M,'O. The metals of the second group act in most cases
as divalent elements towards the halogens and alkyl radicals,
and also to oxygen, the typical formule being M"R, and M"O.
In the third group we find the metals which are usually trivalent
in their compounds both with hydrogen or other monovalent
radicalsand with oxygen, the typical formula of these being M"'R,
and M,"O,; and in the fourth we have the general formule M''R,
and M'O,, but in addition compounds are formed by these
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elements having the same general formula as those of Group II.
In all these cases it is found that among the members having
the highest atomic weights the regularity is less marked ; thus
gold is more frequently trivalent than monovalent, thallium
forms compounds in which the metal is monovalent, and lead in
its most characteristic compounds is divalent.

Passing on to the fifth group, it is found that the character-
istic valency in the hydrogen compounds differs from that in
the oxygen compounds, the members being trivalent in the
hydrides and pentavalent in the highest oxides, the general
formule being M"™H, and M,"O,. They also form characteristic
compounds with oxygen in which the metal is trivalent, and
behave towards the halogens in the same manner as towards
oxygen. In the sixth group the characteristic valency again
becomes less towards hydrogen, the typical formula being
M"H,, whilst with oxygen they form the characteristic acid-
forming oxides MY'O,, and with halogens the compounds MY'Cl,.
With oxygen and halogens they form in addition compounds
having the same general formul® as those of the elements of
Groups II. and IV. The members of the seventh group are,
like those of the first, monovalent towards hydrogen, but they
arc heptavalent towards oxygen in their highest oxides, which
have the general formula M"",0,. Many of them also form
oxides corresponding to those of the first, third, and fifth groups.

In the eighth group no very characteristic valency is notice-
able, but it is only in this group that oxygen compounds con-
taining an octavalent element arc found ; only two of these are
at present known, namely RuO, and OsO, A characteristic
of many members of this group is the formation of stable
complex cyanides, such as the ferrocyanides, in which the metal
is contained in the acid radical, and also of the remarkable
series of compounds derived from ammonia, such as the cobalt-
ammonium and platinammonium salts.

PHYsICAL PROPERTIES OF THE ELEMENTS IN RELATION TO
THE PERIODIC SYSTEM.

31 As with the chemical properties, so it is found that almost
all the physical properties of the elements are periodic functions
of the atomic weight.
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(1) SPECIFIC GRAVITY AND ATOMIC VOLUME.

One of the most characteristic properties of the elements is
their specific gravity in the solid or liquid state, which has been
determined with considerable accuracy in the majority of cases.
The following table gives the most reliable determinations of

the specific gravity at the ordinary temperature (water=1).

SPECIFIC GRAVITY OF THE ELEMENTS,

Aluminium . . . 2-60 Mercury (liquid) . 1355
Antimony . . . 662 Molybdenum 86
Arsenic 573 Neodymium 6'96
Barium . . . . 8%5 Nickel 88
Bismuth . . . 980 Osmium . . 2248
Boron . . . . 245 Palladium . . . 114
Bromine (liquid) . 3-15 Phosphorus (yellow) 1-83
Cadmium . . . 864 ” (red) . 211
Casium 1-88 Platinum’. . 215
Calcium . . . 1-55 Potassium 0875
Carbon(amorphous) 1-57 Praseodymium . 648

» (graphite). 2-01- 2:58 Rhodium. . 121

» (diamond). 35 — 36 Rubidium 152
Cerium . . . . 704 Ruthenium . . 12:26
Chlorine (liquefied) 1-44 Samarium . 775
Chromium . . . 69 Selenium 43 — 48
Cobalt . 87 Silicon 235- 2:49
Columbium . 72 Silver. . 1042-10'53
Copper . 895 Sodium . 0-97
Qallium . . . . 595 Strontium 2:54
Germanium . 547 Sulphur . . 196- 207
Glucinum . 193 Tantalum . 141
Gold . . 19-2 -194 Tellurium . 625
Indium . - 712 Thallium . 119
lodine . . . - 495 Thorium . . 110
Iridium . 224 Tin 729
Iron 7-86 Titanium . 354
Lanthanum . . 615 Tungsten - 191
Lead . . . - - 1138 Uramqm . 187
Lithium . . - 0-59 V.anadlum 55
Magnesium . 174 Z}nc . 6:86- 72
Manganese - 74 Zirconium 415
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The following are the densities (water=1) at their boiling
points of the elements which are gaseous under atmospheric
conditions :—

Argon . . . . . . 1405 Krypton . . . . . 255
Chlorine . . . . . 156 Nitrogen . . . . . 081
Fluorine . . . . . 111 Oxygem . . . . . 1118
Hydrogen. . . . . 007 Xenon . . . . . . 352

The value often varies slightly with the same element not
only with the temperature, but also with the physical condition.
Thus cast metals or metals deposited electrolytically become
denser when rolled and hammered, electrolytic copper having
a sp. gr. of 8952, which rises to 8958 when rolled, and cast
zinc a sp. gr. of 7°0, whilst that of rolled zinc is 72. The
different allotropic modifications of the same element also have
as a rule different specific gravities, but in all these cases the
difference is usually small compared with the differences
between the numbers for the different elements.

The periodic variation of the specific gravity at once becomes
manifest if the numbers are placed under the symbols of the
elements in the periodic table. Thus, taking the second typical
period and first double period, we have the following : —

Na Mg Al Si P S Cl
Sp. gr. 097 174 2:60 2'5 20 19 14

K Ca Sc Ti A\ Cr Mn Fe Co Ni
087 16 — 35 55 69 74 79 87 88

Cu Zn Ga Ge As Se Br
89 70 59 55 57 4-4 31

The specific gravity is low at the beginning of both periods,
increases regularly to a maximum in the middle, and then
decreases until it has again become very low at the end of the
periods. It has already been noted that the difference between
the atomic weights of the successive elements forming the
centre of the double period is smaller than the average, and it
will be observed that the variation of specific gravity is also
less for these clements.

32 These relations become more strongly marked if, instead of
the specific gravity, we take the atomic volume of the elements.
This is obtained by dividing the atomic weight by the specific
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gravity, and the numbers, like the atomic weights themselves,
are simply relative; they represent, however, the number of
cubic centimetres which would be occupied by the atomic
weights of the clements in grams. If these are arranged,
as suggested by Lothar Meyer, so that the ordinates represent
the atomic volumes and the abscissee the atomic weights,
and the points denoting the atomic volumes then joined, we
obtain a line! which exhibits the periodic relations in a graphic
manner.

This diagram is shown on p. 62 up to and including
cesium : after this metal the number of gaps due to incom-
pletely investigated or missing elements becomes so large that
the diagram is very incomplete, and this portion has therefore
been omitted.

It will be seen that the atomic volume reaches a maximum at
the commencement of each of the two typical periods, and then
at the commencement of the double periods, falling to a minimum
at the middle and then again rising to the end of the period,
and from the last member of each period a further risc is
obscrved to the initial member of the next. This diagram,
moreover, brings out other relationships which are not otherwise
so readily perceived. Thus elements whose atomic volumes are
very nearly equal possess very different properties according as
they are on an ascending or a descending portion of the line,
or, in other words, according as they have a smaller or larger
atomic volume than the element having the next higher atomic
weight. This is exemplified in the cases of aluminium and
phosphorus, chlorine and calcium, molybdenum and cadmium, &c.
Elements which are characterised by the properties of ductility
or brittleness always occur in corresponding positions in the
diagram, the ductile elements being found at a maximum or
minimum, or immediately following the latter. The periodic
variation in these properties is clearly indicated in the table.

' Mendeléeff points out that the use of this diagram has the theoretical
objection that it does not indicate that there is only a limited and definite
number of elements in each period, but might be taken to imply that any
number of elements might occur in cach period ; thus, for example, it might be
assumed that an element of atomic weight 25 might exist between Mg and Al,
whose atomic volume would then be about 13, and whose properties would be
intermediate between those of the two metals named ; for such an inference
there is in reality no ground, and it must therefore be borne in mind that the
line joining the points representing the atomic volumes is not a true curve,
such as, for example, those representing the solubilities of salts, but is simply
drawn to render the periodic variation more evident to the eye.
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(2) MELTING-PoINT OF THE ELEMENTS.

33 Another characteristic property of most elementary sub-
stances is the melting-point, although this has not been so
accurately determined in the case of so many elements as the
specific gravity, chiefly owing to the difficulties of obtaining
correct results in the case of those clements which melt either
at a very high or a very low temperature. The following list
gives the melting-points which have been most accurately
determined, and also the boiling-points under atmospheric
pressure where these are known :—

MELTING- AND BOILING-POINTS OF THE ELEMENTS.

Melting-point. Boiling-point.

Hydrogen. . . . . -—2589°C.. . . —2525°C.
Oxygen . . . Below —223 . . . =—1825
Fluorine . . . . . —223 . . . —187
Nitrogen . . . . . —2105 .. . —1955
Argon . . . . . . -—1879 ... —1861
Krypton . . . . . -169 .. . —1517
Xenon . . . . . . =140 . . . —=1091
Chlorine . . . . . =102 . . . — 336
Mercury . . . . . —-388 . . . 357
Bromine . . . . . — 73 .o 593
Cesium . . . . . 265 A 670
Gallum . . . . . 301 ... —
Rubidium . . . . . 385 . 696
Phosphorus . . . . 43 . . . 2873
Potassium. . . . . 625 .o 757'5
Sodium. . . . . . 956 R 8775
Iodine . . . . . . 114-2 . 1843
Sulphur . . . . {i}‘;g e AT
Indium. . . . . . 155 e —
Lithium . . . . . 186 .. —
Selenium . . . . . 217 Co . 680
Tim . . . . . . . 232 .. —
Bismuth . . . . . 270 .. . 1435

Thalliom . . . . . 304 o —
Cadmium . . . . . 320 . 778
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MELTING- AND BOILING-POINTS OF THE ELEMENTS

(continued).
Melting-point. Boiling-point.

Lead . . . . . . 328 .o —
Zine. . . . . . . 419 .. 918
Tellurium . . . . . 452 .. —
Arsenic. . . . . . 500 .o —
Cerium . . . . . 623 o —
Antimony . . . . . 6295 Co —
Magnesium . . . . 6326 . . . 1100
Aluminium . . . . 6545 .. —
Caleiim . . . . . 780 L. —
Lanthanum . . . . 810 .o —_—
Neodymium . . . . 840 .o —
Barium. . . . . . ¢ 850 . . .ec 1150
Prascodymium . . . 940 .o —
Silver . . . . . . 9615 . —
Gold. . . . . . . 10617 .. —
Copper. . . . . . 10805 o —
Manganese . . . . 1245 Co -—
Nickel . . . . . . 1427 .o —
Iron. . . . . . . 1503 ..

Palladium. . . . . 1541 L. —
Chromium. . . . . c. 1515 A —
Vanadium. . . . . 1680 ... —
Platinum . . 1710 e —_
Columbium (\Ilobmm) 1950 e —
Tantalum . . . . 2250 .. —

The boiling-points of certain metals have also been deter-
mined in a high vacuum by Krafft! with the following
results :—

Mercury . . . 155°C. Zinc. . . . 550" C.
Potassium. . . 365 Bismuth . . 993
Sodium . . . 418 Silver . . . 1360
Cadmium . . . 450

It has, moreover, been shown by Moissan ® that all the metals,
without exception, can be boiled under atmospheric pressure in
1 Ber. 1905, 88, 262. 2 Compt. rend. 1906, 142, 189, 425, 673.
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the electric furnace, the temperature of which is probably not
greater than 3500° C.

Carnelley has published a scries of important papers,! con-
taining an investigation of the relation between the melting-
points and the atomic weights of the elements, and has shown
that, like the specific gravities, these are also periodic functions
of the atomic weight. This is readily seen from the following
table (p. 66) taken from one of Carnelley’s papers,® with some
modifications of the numbers, rendered necessary by more recent
determinations of the melting-points of some of the elements.
The numbers given are in many cases only approximate, and all
are given in absolute temperatures, taking —273° C. as zero.

If the melting-points are mapped out in the same manner as
the atomic volumes, a periodic curve is obtained, in which, how-
ever, the maxima occur in the centre of the second and third
periods and afterwards in the centre of the double periods,
whilst the minima occur at the ends.

Carnelley has further shown that the melting-points of analo-
gous compounds of the. elements exhibit the same periodic
variation with the atomic weights as those of the elements
themselves.

(8) CoNDUCTIVITY OF METALS.

34 The conductive power of the metals for heat and electricity,
which is almost invariably far greater than that of the non-
metals, and of all chemical compounds, also varies considerably
in the individual metals, and even in the same metal, according
to its physical condition and chemical purity. The order of
conductive power of the metals is the same for both heat and
eleetricity, a fact first pointed out by Forbes®in 1833. Generally
speaking, the soft metals conduct best, and the conductivity of
all metals becomes lower as the temperature increases. At low
temperatures it becomes higher, and Dewar and Fleming ¢ have
shown that as the temperature is lowered the conductivity of
all metals tends to become more nearly equal, and the curves
representing the conductivity at different temperatures indicate
that at the absolute zero the conductivity of all of them would
become perfect, or, in other words, at that temperature the
resistance would be nil.

! Published in Jowrn. Chem. Soc., Proc. Roy. Soc., and Phil. Mag. from
1876 onwards. 2 Phil. Mag. 1879 [5], 8, 315.

* Phil. May. 1833, 4, 27. 4 Phil. Mag. 1893 [5), 36, 271.
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CORRECTION OF ATOMIC WEIGHTS 67

These properties, as well as almost all the other physical
properties of the element, such as the volatility, magnetic and
diamagnetic properties, thermal expansion, formation of coloured
ions, and even elasticity and breaking strain, indicate the same
general periodic variation as has already been shown for the
specific gravity and melting-points ; space will not permit the
discussion of these here, but for details reference may be made
to Lothar Meyer’s *“ Modern Theories of Chemistry,” translated
by Bedson and Williams (Longmans).!

35 There is, however, one important physical property known
which does not exhibit this periodic variation, viz., the atomic
heat. As already shown (p. 16), this is approximately constant,
and the fact is made use of in determining the true atomic
weight of an element from its equivalent. A number of cxcep-
tions to this are, however, found, all of these being confined
to elements of low atomic weight. These all fall below an
oblique line drawn across Lothar Meyer’s diagram from the
commencement to the vertical line representing an atomic
weight of 40 (see table, p. 62), whilst those above the line follow
the law. Or, without reference to the diagram, this may be
expressed by saying that of the elements having an atomic
weight of less than 40, only those agree with Dulong and Petit’s
theory at the ordinary temperature whose sp. gr. in the solid state
1s greater than 15 or whose atomic volume is greater than 40.

CORRECTION OF DoOUBTFUL AToMIic WEIGHTS.

36 The periodic arrangement of the elements has proved of
great value in checking doubtful atomic weights. In 1869, when
Mendeléeff first promulgated his theory, the atomic weights
then accepted for many elements did not allow of their being
placed in a position corresponding to their properties, and
Mendeléeff boldly assumed that in such cases. either the
equivalent had been wrongly determined, or an incorrect
multiple of the latter had been taken for the atomic weight,
and in almost every case subsequent research has justified his
assumption. Thus, for example, the atomic weight of molyb-
denum was given by some chemists as 92 and by others as 96,
and, as the former number placed the metal before the penta-

! See also Rudorf, The Periodic Classification and the Problem of Chemical
‘Ervsdution (London and New York, Whittaker & Co., 1990).
¥ 2



68 THE METALS

valent columbium, Mendeléeff adopted the number 96, which
placed it in the same group as chromium: later determinations
have given the number 953. Again, the atomic weights of
the four clements gold, platinum, iridium, and osmium were at
that time taken as Au 1952, Pt 1957, Ir 1957, and Os 197-6,
whereas according to the requirements of the periodic system
the order should be reversed, osmium having the lowest and
gold the highest atomic weight ; this also has been proved by
the redeterminations made by Lothar Meyer and Seubert,
Thorpe and Laurie, and Kriiss, the numbers now adopted being
Os 1896, Ir 191°5, Pt 193-3, and Au 195°7.

The atomic weight of indium was at first taken as 75'2 and
the formula of the chloride as InCl,, but for an element of this
atomic weight no place was available in the periodic system ; if
however, the formula ‘of the chloride be taken as InCl; the
atomic weight becomes 112'8, and the element then falls
naturally between cadmium and tin and in the same group as
aluminium. Since then the determination of the specific heat
of the metal and the vapour density of the chloride have proved
the correctness of the supposition. Uranium also was formerly
supposed to have an atomic weight of 60 and later of 120, neither
of these numbers fitting into the periodic system. The metal,
however, falls in naturally if the atomic weight be about 240,
and this was confirmed by the determination of the vapour
density of uranium chloride, UCl,, by Roscoe, and by the deter-
mination of the specific heat of the metal by Zimmermann.
Another element whose atomic weight was doubtful was
glucinum, which was regarded by some as a divalent metal of
atomic weight 9, and by others as a trivalent metal of atomic
weight 13'5 ; the vapour density of glucinum chloride has now
shown that this has the formnula GICl, and the atomic weight
must therefore be 9, which agrees with the demands of the
periodic system.

37 In the table given above (pp. 52-3) the sequence of atomic
weights has been broken in three places in order to maintain
the elements in question in the groups to which their chemical
and physical properties assign them: argon (39'6) precedes
potassium (38:86) ; tellurium (126:6) precedes iodine (126-01) ;
and cobalt (5855) precedes nickel (583). The chemical
properties of argon and tellurium are so well marked that there
seems no doubt that these elements have been correctly placed,
and there is at least a possibility that more extended investi-
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gation may show that their atomic weights are not so high as
they are at present thought to be. Cobalt is usually placed
before nickel, both on account of its physical and chemical
relations to iron and nickel, and because of the close analogy
which many of its compounds present to those of rhodium and
iridium. These reasons cannot, however, be considered as
having the same weight as those which apply to argon and
tellurium.

EXISTENCE OF UNKNOWN ELEMENTS.

38 The arrangement of the elements according to the periodic
system leaves, as already seen, a number of blanks, which
Mendeléeff assumed were to be filled by elements then undis-
covered, and he suggested that from the properties of the
elements with the next highest and lowest atomic weights and
from those of the other elements in the same group it was
possible to predict very closely the properties such an element
would have when discovered. Thus, for instance, were selenium
unknown, its properties could be largely predicted from those of
arsenic and bromine on the one hand and of sulphur and tel-
lurium on the other, these elements being termed by Mendeléeft
the “atom analogons” of the element in question. At that
time there were three gaps for clements with atomic weights
less than 75, namely, one having an atomic weight of 44,
corresponding  to boron, one of atomic weight about 69,
oorresponding to aluminium, and one of atomic weight 72,
corresponding to silicon.  To these hypothetical elements
Mendeléeff gave the names Ekaboron, Ekaluminium, and
Ekasilicon (from the Sanskrit Eka, onc), and proceeding in
the manner indicated, he gave in considerable detail the
properties such elements would possess. In less than twenty
vears his predictions were completely verified, by the discovery
of gallium by Lecoq de Boisbaudran in 1875, of scandium by
Nilson in 1879, and of germaniumn by Winkler in 1887. The
first 1s Mendeléeff's ekaluminium, the second ekaboron, and
the third ekasilicon, and the striking manner in which the
forecast was fulfilled in each case may be scen from the follow-
ing table, in which the predicted properties and those actually
ubserved are arranged in parallel columns,
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Ekaboron.

At. wt. 44.

Oxide Eb,O,, sp. gr. 3'5.

Sulphate Eby(SO,)s.

Double sulphate not iso-
morphous with alum.

Ekaluminium.

At. wt. 68, sp. gr. 6°0.

Ekasilicon.

At. wt. 72, sp. gr. 5°5.

Oxide, EsO,, sp. gr. 47.

Chloride, EsCl,, liquid, boiling
slightly below 100°, sp. gr.
19.

Ethide, Es(C,Hj),, liquid, boil-
ing at 160°, sp. gr. 0:96.

Fluoride, EsF,, not gaseous.

Scandium.
At. wt. 43'8.
Sc,0,, sp. gr. 3:86.

Scy(SO,)s
Scy(S0,);-3K;SO,—slender

prisms.

Gallium,

At. wt. 695, sp. gr. 596.

Germanium.
At. wt. 72, sp. gr. 547.
Oxide, GeO,, sp. gr. 4°7.
Chloride, GeCl,, liquid, boiling
at 86°, sp. gr. 1-887.

Ethide, Ge(C,Hj),, liquid, boil-
ing at 160°, sp. gr. slightly
less than water.

Fluoride, GeF,3H,0, white

solid mass.

39 From the above it will be seen that the periodic system
of classification rests on a very firm basis, the successful prediction
of the properties of undiscovered elements forming very strong
evidence in favour of the general plan. In certain respects the
system will doubtless undergo modification as our knowledge
increases, for difficulties occur which cannot at present be ex-
plained. Thus elements sometimes occur in the same group
between which only a limited amount of analogy can be traced
and on the other hand elements which have a good deal in com-
mon are sometimes scparated widely. The members of the higher
periods often show considerable deviation in properties from
the corresponding members of the lower periods, but when the
very numerous gaps existing in the former shall have been filled
up, and the elements at present only slightly known are more
accurately investigated, these relations will perhaps become
more plain.

Only three of the numerous metals of the rare earths (Se, Y,
and La) are assigned definite places in the foregoing tables, and
the problem as to the relation of the remaining members of this
family to the periodic classification has given rise to much
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discussion. In the prevailing uncertainty as to the individuality
of many of the substances of this class hitherto described, and in
the absence of any complete knowledge of the physical and
chemical properties of the metals themselves, it is impossible at
present to express any decided opinion. It has, however, been
suggested ! that in this family of elements certain positions in
the periodic system are occupied not by a single element but by
a group of elements differing very slightly in atomic weight and
chemical properties.

A further difficulty is found in the anomalous position of
hydrogen, which forms the sole member of the first series at
present known,and which in its properties differs to so great an
extent from all other known elements. It resembles the alkali
metals inasmuch as it is monovalent and strongly electropositive,
but differs very greatly from them in other respects.

On the other hand, it has been maintained 2 that hydrogen
as a monovalent, diatomic gas falls naturally at the head of
the halogen group, and the great similarity in properties of the
hydrocarbons to their halogen substitution derivatives is adduced
as evidence of chemical analogy between hydrogen and the
halogens. This position, moreover, appears to accord better
with the sequence of atomic weights, the difference between
hydrogen and fluorine being 18, whilst that between hydrogen
and lithium is 6, a much lower number than is observed clse-
where between two members of a vertical group.

Mendeléeff himself regards hydrogen as standing at the head
of group 1., and as being one of a series consisting of two
clements only, the missing element being a member of the
helium family, of atomic weight less than 0°4.

Mendeléeff further suggests® that this element may be
identical with the unknown element coroninm, to which
certain lines of the spectrum of the outermost region of the
solar corona have been ascribed. He has also put forward the
surmise that the ether itself may in reality be composed of
atoms of an element of about one-millionth of the atomic
weight of hydrogen, which he places in a zero series preceding
that containing hydrogen.

Many attempts have been made to modify Mendelceff's table

! See Brauner, J. Russ. Chem. Soc. 1902, 84, 142; Biltz, Ber. 1902, 35,
562,

* Orme Masson, Chem. News, 1806, T2, 283.

4 Principles of Chemistry, Vol. IL. Appendix 11L (Longmans, Green, and Co.,
London, 1905).



-1
[

THE METALS

so as to reduce the number of anomalies and bring out more
clearly the relations between the elements, but none of these
proposals has as yet been generally accepted.!

CRYSTALLINE FORM OF METALS.

40 Most metals, as well as their alloys, can be obtained in
the crystalline state, and those occurring as minerals in the
native condition are often found crystallised ; this is the case
with gold, silver, copper, platinum, iridium, palladium, gold-
amalgam, and silver-amalgam. In general the form which they
assume is one belonging to the regular system, such as the
octahedron or the cube, or a combination of these forms. Some
few, such as zinc, antimony, and bismuth, crystallise in the
hexagonal system, and the two latter metals, which closely
resemble arsenic, are found, as this is, crystallised in rhombo-
hedra. On the other hand a few metals, such as tin and
potassium, crystallise in the tetragonal system.

To obtain metals in the crystalline state several processes
can be adopted. Crystals of metals which fuse readily can be
obtained by solidification after fusion. Bismuth, antimony, lead,
and tin may thus be crystallised, and in a similar way sodium
and potassium; in the latter cases air must of course be
excluded. Metals which are easily volatilised, such as zinc
cadmium, and potassium, may be obtained in crystals by
condensation from the gascous state, whilst other metals, such
as silver, thallium, and lead, can be readily crystallised by the
clectrolysis of solutions of their compounds. The metals
separate out in lustrous crystalline plates, and the exhibition of
this phenomenon of crystallisation on the screen forms onc of
the most striking and beautiful of lecture-room experiments,
and is also well illustrated by the formation of the lead-trec
when a piece of zinc is immersed in a solution of lead
acctate.

The fractwre of metals is an important characteristic intimately
connected with the crystalline form, and in many instances it is
of importance as giving a knowledge of the purity, or otherwise,

! See on this point Rudorf, The Periodic Classification and the Problem of
Chemical Evolution (Whittaker and Co., London and New York, 1900), where

references to the literature up to 1900 will be found. Werner, Ber. 1905, 38,

914 ; Armstrong, Proc. Roy. Soc. 1902, 70, 86 ; Reynolds, Jowrn. Chem. Soc.
1902, 612,

. —
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of the metal. The following varieties of fracture are generally
recognised :—

(1) Crystalline fracture; as in antimony, bismuth, zinc,
spiegel-iron, &c.

(2) Granular fracture ; as in grey forge pig-iron.

(3) Fibrous fracture ; as in bar and wrought iron when partly
broken by bending.

(4) Silky fracture: as in a piece of tough copper.

(5) Columnar fracture; as observed in the grain tin of
commerce.

(6) Conchoidal fracture; noticed in the cases of native
arsenic and certain brittle alloys such as that composed of one
part of copper to two of zinc (Percy).

COLLOIDAL SOLUTIONS OF METALS

41 When dilute solutions of many metallic salts are treated
with reducing agents the metal which is produced is not
precipitated in the solid form, but remains dissolved in the
colloidal state (Vol. I, p. 895). In this way Faraday, as early
as 1857, by reducing solutions of gold chloride with phosphorus,
succeeded in preparing red-coloured solutions of gold, which
could be preserved for many years without depositing any of
the metal. Such solutions can be freed from the other products
of the reduction and from the excess of reducing agent by
dialysis, and then form coloured liquids, which are often stable
for a long period and exhibit in a very characteristic manner all
the properties of colloidal solutions. They can be boiled as a
rule without any metal separating out, and can in some cases,
such as that of gold reduced by quinol, be evaporated to dryness
leaving a residue which is solublein water and retains itssolubility
when preserved for a considerable time in thedry state. The metal
is precipitated in the insoluble form (coagulated) when soluble
electrolytes are added to the solution and is deposited in the
solid state at the anode when a current of electricity is passed
through the liquid, whereas in the electrolysis of a metallic
salt the metal is deposited at the cathode. As already
mentioned, the metal will not diffuse through a colloid membranc
and in every respect these solutions present an extremely close
analogy with the solutions of the organic colloids, substances
which usually possess a very high molecular weight.
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The reducing agents which have been found most suitable
for the production of colloidal metals are phosphorus, hypophos-
phorous acid, ferrous sulphate, hydroxylamine hydrochloride,
hydrazine hydrate, formaldehyde, quinol, pyrogallol, and other
similar substances.

Another extremely interesting method of preparing col-
loidal solutions of the metals is that introduced by Bredig,!
which consists in setting up an electric arc between two poles
of the metal under water or very dilute alkali. Under these
circumstances pulverisation of the cathode occurs and the
finely divided metal thus produced remains in colloidal solution
in the water. In this way, for example, almost opaque dark-
coloured solutions, containing a maximum of 0'015°/O of
platinum, and bluish-violet solutions of gold of similar concen-
tration, as well as solutions of silver, iridium and cadmium can
readily be prepared. A number of other metals, including
mercury, copper, iron, nickel and zinc, can be brought into
colloidal solution by a slight modification of this method, which
consists in employing a thin layer of the metal, deposited on
the surface of another metal, as the cathode.

The solutions of platinum obtained in this way decompose
hydrogen peroxide in the same way as does platinum black, and
show a remarkable similarity in their behaviour to solutions of
the organic colloidal enzyme, catalase.

The stability of solutions of these metallic colloids is much
increased by the presence of other colloids such as gelatine.
Advantage has been taken of this property, in some cases, by
preparing the colloidal metal in the presence of, or even by the
reducing action of, an organic colloid. Thus Carey Lea has
described a number of colloidal forms of silver produced in the
presence of dextrin and similar substance, whilst Paal has
prepared several metals in a remarkably stable colloidal form
in presence of certain products of the decomposition of egg
albumin by alkalis. The colloidal forms of certain refractory
mctals, such as osmium and tungsten, have been employed for
the manufacture of filaments for use in electric lamps.

The specific properties of the different colloidal metals will
be found under the heading of the metals concerned.

v Zeil. Blektvochem., 1898, 4, 514 5 Zeit. angew. Chem., 1898, 954 ; .lnor-
ganische Fcormente (Engelmann, Leipzig, 1901).
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ALLOYS AND AMALGAMS.

42 Especially characteristic of the metals as a class are the
peculiar mixtures and compounds which different metals form
with one another, and to which the name of alloy is given
(derived through the French from the Latin alligare, to bind to).
Amongst chemical compounds in general, those are found to be
most stable, and to show the greatest amount of chemical indi-
viduality whose constituents are the most diverse. In the case
of the alloys, however, the essential properties of the metals are
uniformly reproduced. Thus, they all possess metallic lustre ;
they conduct heat and electricity well, even when they assume
distinct crystalline forms and contain their constituents in the
proportion of their combining weights. Hence alloys are dis-
tinguished from the compounds which the metals form with
such elements as oxygen, sulphur, and chlorine, in which the
general properties of the metal have undergone a complete
change. So great indeed is the resemblance between the alloys
and the metals proper that in all ages, in common parlance,
they have been confused under the same name. The early
Greek alchemists classed electrum, an alloy of gold and silver,
amongst the metals, giving to it the sign of Jupiter, and even
nowadays the word mectal is often employed to designate an
alloy.

The union of metals to form alloys may be brought about in
three different ways :

(1) By fusing together the constituent metals.
(2) By strong compression of the finely powdered metals.
(3) By eclectro-deposition.

The first method is by far the most important of the three,
as almost all alloys are produced in this way on the large scale.
The second method has not received any, and the third only a
limited technical application, and these may therefore be shortly
discussed before passing on to the consideration of the first and
chief method.

Compression.—The union of powdered metals to form alloys
when strongly compressed was first observed by Spring,! who
subjected the mixed powders to pressures up to forty tons per

' Bull. Acad. Roy. Bely., 1878, 46, No. 6; 1880, 49, No. 5; Ber., 1882,
15, 395,
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square inch in a steel cylinder, and in this manner obtained
alloys identical with those obtained by fusion. It might be
supposed that the union is in reality caused by the heat evolved
during the compression causing the metals to melt; but Spring
has shown that this is not the case, as, if the whole of the work
done in the compression were converted into heat, this would
still be insufficient to effect the fusion of the mass.

Electro-deposition.—Just as copper can be deposited from
solutions of its salts by electrolysis, so if we have a mixture of
two metallic salts it is sometimes possible to deposit both
metals simultaneously, so that they unite to form an alloy.
Thus by electrolysing under suitable conditions a solution
containing certain zinc and copper salts, brass is obtained.

Preparation of Alloys by Fusion—The method of making
alloys by fusion varies according to the nature of the metals to be
alloyed. If none of the constituent metals be very volatile,
they may be mixed and fused together, but if one of the
constituents be a volatile metal, such as zinc, the other constit-
uent or constituents are melted, raised to a sufficiently high
temperature to cause the zinc to melt and mix easily, the zinc
then added and the whole stirred. The metals are generally
covered with a layer of carbon to prevent oxidation during the
process. Occasionally alloys are made by reducing together a
mixture of the ores of the metals required, by means of carbon.

When metals are melted together they do not always form
homogeneous substances, and a metallic alloy is defined as
a mixture of metallic substances which, after melting, does not
separate into two layers. When such a separation does occur,
cach layer becomes a distinct alloy. For example, when lead
and zinc are melted together and allowed to cool slowly, they
separate into two distinct layers, the bottom one being an alloy
of lead and zinc, containing 1'3 per cent. of zinc, and the top
one an alloy of zinc and lcad containing 1'57 per cent. of lead.

43 The following seems to be the most convenient method
of classifying alloys :—

a. Perfect alloys, which are absolutely homogeneous when in
the solid state, e.g., the gold-silver alloys.

b. Intermediate alloys, which are not absolutely homogencous,
as they are composed of the separate constituents, in a micro-
scopic statc of division in juxtaposition, c.g., the alloy of lcad
and tin of lowest melting-point.

¢. Imperfect alloys, which are by no means homogeneous, one
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or more of the constituents having crystallised out in advance
of the others, producing a more or less imperfect but regular
admixture in the cold meztal, e.g, the lead-antimony alloy con-
taining 107 of antimony.

Alloys containing only two metals are known as binary, those
containing three as ternary, &c.

THE STUDY AND EXAMINATION OF ALLOYS.

44 The most important modern methods of research on this
subject may be summarised as follows :—

1. Chemical methods. Analysis and separation of the con-
stituents.

2. Thermal methods. Determinations of melting-points
and critical changes.

3. Microscopical methods. Examination of crystalline and
internal structure.

4. Mechanical methods. Determination of elasticity,
tenacity, ductility, &c.

5. Electrical methods. Determination of resistance and
EMF.

6. Magnetic methods. Examination of the various mag-
netic properties.

Of these methods, illustrations will be given of only two,
viz, the Thermal and the Microscopical.

Ezanination of Alloys by the Thermal Method.—The melting-
point of an alloy is usually lower than those of the metals which
compose it. This is well seen in the case of ordinary plumbers’
solder, consisting of tin and lead, which melts more easily than
either of the metals composing it. This fact was known so
long ago as the time of Pliny, for he states that tin cannot be
soldered without lead, nor lead without tin, and that lead tubes
are soldered with a mixture of one part of tin and two parts of lead,
a mixture which is used at the present day. Homberg, in 1669,
recommended an alloy of equal parts of tin, lead, and bisinuth
for sealing up anatomical preparations ; and in 1772 Valentine
Rose the elder discovered the well-known fusible metal which
bears his name. This consists of one part of tin, one part of
lad, and two parts of bismuth. It melts at 95° to 98° the
lowest melting-point among the constituents being that of tin,

! Stralsund Magazine, 1772, 2.
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viz.,, 232°.  Another alloy, consisting of eight parts of lead,
fifteen of bismuth, four of tin, and three of cadmium, softens at
a temperature of 60° and is perfectly liquid at 65°, the melting-
points of its constituents being tin 232°, bismuth 270°, cadmium
320°, and lead 326°.!

45 For the experimental investigation of the relation between
the freezing-point and the composition of the alloy formed by
two or more metals a pyrometer, such as the thermo-couple
pyrometer or the electric-resistance pyrometer, is required.
The rate of cooling of a quantity of the alloy is then determined
and plotted in a curve, any breaks in which indicate points of
solidification or other critical changes. A complete series of
alloys, such as those of lead and tin, is generally studied
together and the points so obtained on the “cooling curves” are
employed for the construction of a second curve which shows
the variation in the freezing-point with change of composition
and forms the freezing-point curve of the series.

Thermal Classification of Binary Alloys?*—From the general
form of the freezing-point curves, binary alloys may be divided
into groups as follows :—

Group 1. The curve consists of two branches, starting from the
melting-points of the pure metals and meeting at a point
corresponding to the eutectic alloy. A eutectic alloy is that
alloy of any series or range of series which has the lowest
melting-point and corresponds to the cryohydrate formed by
cooling a solution of a salt in water (Vol. I, p. 305). In some
series of alloys more than one eutectic is found, but in such a
case, each of them corresponds to a different set of constituents.
All eutectics have a melting-point below the mean of that of
their constituents and also have a single melting and solidifying
point. This type of curve obtains when the metals form
neither definite compounds nor isomorphous mixtures and is
illustrated in Fig. 3, which represents the freezing-point
curve of the lead-tin series, and in which the lines AX
and BX represent the separation of lead and tin respec-
tively; and X represents the point of solidification of the
eutectic alloy. The horizontal line CXD represents the range
of the series in which eutectic mixtures will be found, it
having been observed that very dilute solutions of tin in lead
solidify completely before the eutectic temperature is reached.

1 Lipowitz, Dingl Poly. Journ., 1860, 1568, 376.
4 Alloys, H. Le Chatelier, Metallographist, Vol. 1., 1898, p. 94.
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As long as the amount of lead present is above 31 per cent.,
metallic lead separates out first when the liquid alloy is cooled ;
if the amount of lead be below this, metallic tin separates out.
The alloy containing 31 per cent. lead and 69 per cent. tin is the
eutectic alloy and solidifies at 180° in which point the curves
which represent the separation of lead and tin intersect.

The most important members of this group are the alloys
of :—

Pband Sn; Znand Sn; Pband Sb; Biand Sn;
Pband Ag; Znand Al; Cuand Ag; Cuand Au.

Group 2. The curve consists of three branches, two of them
starting from the melting-points of the pure metals and the
third exhibiting a maximum, and intersecting the two former
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in two points corresponding to two eutectics. This obtains
when the two metals form a definite compound, and the curve
may be divided into two portions, each comparable to Group 1.
Fig. 4 (p. 80) (Cu and Sb series) illustrates this type of curve, in
which the line AX represents the separation of copper, XB the
separation of the compound SbCuy and the line EXF, the range
of the corresponding eutectic which consists of a mixture of Cu
and SbCu;. The point B represents the alloy containing 385
per cent. of antimony, which is a white compound having the
formula SbCu; Beyond this point the curve departs from the
simple type and between B and C a mixture of SbCu, and
SbCu, separates out, C representing the melting-point of this
second compound, which is purple in colour. The lines CY
and DY represent the separation of the compound SbCu, and
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metallic antimony respectively, Y representing the melting-point
of the second eutectic, which consists of a mixture of antimony-
and SbCu,, and has a range represented by the horizontal
line GYH. To this group also belongs the Ni-Sn series.
Group 3. The curve of fusibility is continuous and unites the
melting-points of the two metals. This occurs when the metals
’

Fie. 4.

forin isomorphous mixtures. To this group belong the alloys
of Bi and Sb; Ag and Au; Ni and Co.

Group 4. The curve consists of two branches, starting from
the melting-points of the metals as in Group 1, but one branch
contains a point at which a change of direction occurs
indicating the formation of a definite compound.

Fig. 5 illustrates this type of curve for the silver-
antimony series. The line AB represents the separation of
solid solutions of Ag and the compound Ag,Sb, and the point

-
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B represents the formation of this compound AggSb; the lines
BD and CD represent the separation of Ag,Sb and antimony
respectively, D being the eutectic, and the line EDF represents
the range of the eutectic, which consists in this case of a
mixture of Ag,Sb and antimony. To this group also belongs
the Sn-Ag series.

Group 5. Alloys with abnormal curves of fusibility, such as
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those of Cu and Sn, Cu and Zn, Sb and Sn, Zn and Ag,
Al and Au.

46 The Examination of Alloys by the Microscope.—By
examining a suitably prepared specimen by reflected light
evidence may be obtained on the following points :—

Crystalline state of the metal or alloy.

Constitution of the alloy.

Presence of foreign bodies.

VOL. II.
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Presence of flaws, blow-holes, or cracks.

Presence of eutectics.

Preparation of the Spectmens.—In order to carry out this
examination successfully, much care is necessary in the prepar-
ation of the specimen. A small piece is cut by means of a
hack-saw and smoothed with files; after this the specimen is
rough-polished on emery cloth and then finished on a series of
graded emery papers, such as the French papers marked 0, 00,
000 and 0000.

When the specimen is free from scratches the surface is
treated by some means which will attack the separate constitu-
ents differently as a preliminary to microscopic examination.
Various methods are used for this purpose such as simple
attack by some reagent, such as nitric, sulphuric, and hydro-
chloric acids, iodine, potassium cyanide, ammonia, &c. By this
means one constituent may be dissolved more quickly than
another, or may be coloured differently, or the joints between
adjacent crystals may simply be eaten away. Heat-tinting is
another method used and consists of gently heating the polished
surface whereby the more oxidisable constituents become
coloured by oxide tints.

The evidence which is obtained in this way as to the
structure of the alloy is of great value and is illustrated by the
following typical examples :—

Fig. 6 represents the appearance, presented under a
magnification of 100 diameters by a case-hardened piece of
steel which has been quenched and the specimen polished
and etched with picric acid. The wide black mark running
across is a crack which developed during quenching; above
this is seen the structure of saturated steel, containing 0'9 per
cent. of carbon. This is known as martensite and if slowly
cooled from a red heat would have formed the eutectoid
pearlite (p. 85). Below the crack is seen the structure of
supersaturated steel ; the black lines consist of carbide of iron,
Fe,C, contained in a ground-mass of martensite.

Fig. 7 is a microphotograph magnified 100 diameters of a
Sn-Sb-Cu alloy, containing Sn 83 per cent., Sb 11 per cent,
Cu 6 per cent. The large white cubes are crystals of the com-
pound SnSb, the smaller crystals consist of SbCu, and the

dark ground-mass consists of tin containing a small quantity of
antimony in solution.
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THE CONSTITUTION OF METALLIC ALLOYS.

47 As a result of the numerous researches carried out by
the methods indicated above, it is concluded that the possible
constituents of solid metallic alloys are very varied, the most
important being the following!:—

1. Free metals in the pure state.

2. A solid solution of one metal in another.

3. A solid solution of a definite chemical compound in an
excess of metal.

4. Eutectic mixtures.

5. Definite chemical compounds of metals with metals,

Fii. 6. Fia. 7.

6. Definite chemical compounds of metals with certain non-
metals.

7. Allotropic modifications of metals.

8. Allotropic modifications of definite chemical compounds.

1. Free mctals in the pure state—These are metals which
separate from solution or crystallise in the pure state. They
are found in alloys as crystallites (i.e., indefinitely crystalline,
or incipient forms of crystallisation of the metals) or as per-
fectly formed crystals, which are only produced when the metal

1 ¢« Metallic Alloys,” J. E. Stead, Cleveland Institution of Engincers, 1800

(Metallographist, 1902, 5, p. 110).
G 2
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in question is incapable of holding in solid solution one of the
other constituents of the alloy. An example of this is afforded
by the Pb-Ag alloys containing about 1 per cent. of silver.

2. Svlid solution of ome metal in another.—A solid solution
is defined as a homogeneous mixture of two or more substances
in the solid state, and solid solutions of one metal in another,
when crystalline, are solid isomorphous mixtures or mixed
crystals (p. 223).

Many metals which mix with each other in the liquid state do
not remain in solution when solidification occurs and the solids
thus formed are called solidified or congealed solutions. It is
very important to distinguish between these and the true
solid solutions.

Solid solutions crystallise in a form identical with or very
closely approximating to that of the constituent which predom-
mates. Examples of this arc found in the Au-Ag and Ni-Co
series.

3. Solid solution of a definite chemical compound in an
cxcess of metal.—In many alloys definite chemical compounds
arc formed, and in some cases these compounds are dissolved in
the metal which is in excess, forming a solid solution. Examples
of this are found in Cu-Sn, and Au-Al series.

In the same manner, some non-metallic elements combine
with a portion of one of the metals forming a compound which
is dissolved under suitable conditions in the excess of metal.
Examples are afforded by the behaviour of carbon and
phosphorus in iron.

4. Eutectic miztures.—The composition of eutectic mixtures
is constant and independent of the initial composition of the
alloy within certain limits, and this composition is not generally
in simple atomic proportions, although it sometimes approxi-
mates very closely to it. This is the case with the well-known
Levol’s alloy of the composition Cu 281 to Ag 719, a relation
which practically corresponds with the formula Cu,Ag, and
this accounts for the fact that this alloy has been mistaken for
a definite chemical compound.

A cutectic consists of a conglomerate of distinct particles of
the components, mechanically mixed. These components may
be two or more metals which do not chemically unite, one
metal and a definite chemical compound, two or more
chemical compounds, one free metal and a solid solution, one
compound and a solid solution or two solid solutions.
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The pearllte formed in solid steel, when it cools slowly from
above 700° C to 400° C, is a solid solution of carbon in iron
above 700° but splits up into two constituents on cooling, and
is known as a eufectoid, to distinguish it from an ordinary eutectic.

5. Definite chemical compounds of metals with metals.—
Many metals unite chemically in atomic proportions forming
compounds which were called metallo-metallic salts by Guthrie.
They are quite homogeneous, and are recognised by having
certain characteristics different from those of the component
metals, the colour, hardness, crystalline form, &c., being often
quite distinct. Sometimes on bringing the metals together in
the molten form great heat is evolved, an almost certain sign
of chemical action. Thus aluminium and copper combine to
form a golden yellow compound, Cu,Al, harder, stronger and
tougher than either metal, and also a compound CuAl,,.

6. Definite chemical compounds of metals with non-metals,
—In many cases metals combine with non-metals to form
definite chemical compounds, which are of considerable im-
portance in commercial alloys. Undoubtedly the most important
of these compounds is the carbide of iron Fe,C, the amount and
condition of which determine most of the valuable properties
of steel.

Iron also combines with phosphorus to form phosphides; zinc
with arsenic and phosphorus forms white compounds; and copper
with phosphorus forms a pale yellow compound.

7. Allotropic modifications of metals.—The addition of very
small quantities of another element frequently brings about
a great change in the properties of a metal, although the
quantity of the former added is too small to allow of the
supposition that a true compound is formed. Thus, for
example, the conductivity of copper is very greatly affected
by the presence of extremely small percentages of foreign
metals such as tin, and the hardness and tenacity of metals
are also greatly altered by small quantities of other elements.
Matthiessen was, therefore, led to the conclusion that when
a metal 1is alloyed with small quantities of another, the
former frequently undergoes a molecular change, and is con-
verted into an allotropic modification showing very different
properties. Thus the addition of 0-05 per cent. of tellurium to
bismuth brings about a most remarkable change in the physical
properties of the latter, rendering it minutely crystalline,
whereas pure bismuth crystallises in broad mirror-like planes.
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It is by no means easy to determine whether an allotropic
change has taken place, and there is still much to learn about
the effect of dissolving one metal in another and about the
grouping of atoms in solid solutions.

The following facts appear to point to the probability of
metals occurring as allotropic modifications in alloys.

(a) If a small piece of potassium-gold alloy, containing 10 per
cent. of gold, be thrown upon water, the potassium decomposes
the water and the gold is liberated as a black powder; this is
an allotropic modification of gold; it is capable of combining
with water, and when heated to dull redness, immediately
assumes the ordinary golden colour.

(b) The alloy of iron and nickel containing 25 per cent. of
nickel when heated to 500° C. and cooled either rapidly or
slowly has no magnetic properties, but if cooled in solid carbon
dioxide it is attracted by a magnet, and this magnetic change
is accompanied by an increase in hardness, a decrease in elec-
trical resistance and a decrease of density, indicating that an
allotropic change may have taken place.

8. Allotropic wmodifications of definite chemical compounds.
—Some compounds forming constitucnts of alloys are found to
act in very different ways under different circumstances and
it is a question whether in some cases these do not exist as
allotropic modifications.

For example, when phosphide of iron in iron is ina free
state, and capable of being detected by the microscope, it is left
undissolved on treating the alloy with dilute acid as a mass
of metallic appearance. If, however, the phosphide be in solid
solution in the iron, with the same acid a non-metallic residue
is left containing much more phosphoras than the phosphide,
and this appears to be a complicated decomposition product.
Similar results are obtained with carbide of iron in steels.

This has been explained by the assumption that when in
solid solution the compounds arc present in allotropically
altered modifications, and that the modified molecules have
the property of being decomposed by dilutc acids. On the
other hand, it is also possible that in these cases, the phosphide
and carbide in solid solution may be in such a finely divided
state, that the acid,incapable of acting on them in more massive
particles, does act on them under these conditions.

48 Segregation or Liquation in Alloys.—During the solidification
of alloys, perfect diffusion does not take place, and heterogeneous
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solid masses are therefore formed. Thus carbon segregates in a
steel ingot, and the upper part of the axis of the ingot contains
more carbon than the other portions. This is due mainly to the
following causes: (1) The bottom of the ingot in contact with
the cold mould is cooled more quickly than the top. (2)
During cooling the hotter portions rise and the colder portions
sink. (3) The portion containing the most carbon (up to 09
per cent., which is the eutectoid) is the last to solidify.

Another cause of segregation in alloys is the difference in
specific gravities of the different constituents; for example, in
an alloy of tin and antimony the compound SnSb, which
crytallises in cubes, has a lower specific gravity than the bulk of
the alloy, and when this is allowed to cool slowly the top of the
ingot is found to be full of these cubes and the bottom com-
paratively free from them. Rapid cooling through the freezing
range and slow cooling afterwards tend to lessen the amount of
segregation.

Diffusion of metals.—Roberts-Austen has shown that metals
diffuse into other metals just in the same manner as a salt in
water. Thus a ball of gold immersed in a bath of molten lead
at 550° diffused into the latter at a rate more than three times
as great as that of sodium chloride into water at 18”; similar
results have been obtained with gold in molten bismuth and tin,
silver in lead and tin, &c. Moreover, diffusion takes place even
between solid metals, metallic gold contained in a cylinder of
solid lead, slowly diffusing into the latter even at the ordinary
temperature,! the rate of diffusion increasing with the temper-
ature.’

PHysIcAL PROPERTIES OF ALLOYS.

‘49 Certain of the physical properties of the metal are always
preserved in the alloy. Thus, the specific heat and the co-
efficient of expansion of the alloy approximate to the mean of
those of its component metals. In other properties a variation
takes place such as hardness, elasticity, tensile strength, &c.
Thus wires of either silver, copper, tin, or zinc alone are
lengthened by loads which would have scarcely any effect on a
similar wire of their alloys, such as gun-metal and brass.
Again, whilst the specific gravity of certain of the alloys is the

! Proc. Roy. Soc., 1900, 67, 101,
? Nature, 1896, 54, 55.
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mean of that of their constituent metals, that of others 1is
always either greater or less than the mean specific gravity of
the constituents. All alloys, with the exception of that formed
by the union of one part of potassium with three of sodium, are
solid at the ordinary temperature.

Conductivity of Alloys.—The electrical conductivity of alloys
varies with their composition, and a distinct relationship exists
between the freezing-point curves of the alloys and their
conductivity. For exa.mple when a series of alloys is eufecti-
Jerous throughout, that is, when the eutectic range extends
from one end of the series to the other (see line CXD, Fig. 2,
p- 79) the conductivity is the mean of that of the consti-
tuents, as in the Sn—Zn and Sn—Pb series. In nearly all
other cases the conductivity is less than the mean, and when
the results are plotted in curves different types are found to
exist, each type corresponding to a different group of alloys
having similar freezing-point curves.

The conductivity of the alloys, like that of the pure metals,
decreases with increase of temperature, and wvice versa. The
increase at low temperatures is, however, not so great as with
the metals.

The solubility of alloys in acids frequently differs from that
of the metals forming them. If an alloy of platinum and silver
be boiled with nitric acid it is completely dissolved, whereas
platinum when unalloyed is quite insoluble in this acid. On
the other hand, silver by itself readily dissolves in nitric acid,
but it does not do so when it is alloyed with much gold, the
whole of the silver being soluble only when its quantity is at
least double that of the gold. It was formerly believed that in
order to separate the whole of the silver only one quarter of the
alloy must consist of gold, whence the term gquartation, which
is still used for the separation of these metals.

Many of the alloys are largely employed in the arts and
manufactures, as they possess properties which are wanting in
the single metals. Thus pure gold and silver are too soft to
be minted, but the addition of a small proportion of copper
gives them the necessary hardness. Pure copper is so soft and
tenacious that it is not suitable for use in the lathe. The
addition of half its weight of zinc produces the alloy brass,
which is hard and yet possesses the necessary brittleness to
enable it to be readily turned. Gun-metal is a very tenacious
and hard alloy, containing nine parts of copper to one part of
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tin. A still harder alloy is bell-metal, consisting of two parts
of tin to eight parts of copper. The more tin such an alloy
contains the lighter is its colour. Speculum metal possesses a
white colour, is capable of receiving a very high polish, and is,
therefore, used for the specula of telescopes. It contains one
part of tin to two parts of copper. Type-metal is made up of
one part of antimony to four parts of lead. This alloy is hard,
easily fusible, not brittle, and expands at the moment of solidi-
fication—properties which conjointly are possessed by no other
single metal or alloy.

AMALGAMS.

50 Amalgams are compounds or mixtures of metals with mer-
cury and, although really belonging to the class of alloys, are
usually distinguished by this term. The name is first found
in the writings of Thomas Aquinas; and Libavius explains the
meaning of the word as follows:—*“ Amalgama corruptum voca-
bulum esse ex Graeco udiayua non dubitant.” It is perhaps
more probable that the word is derived from, or through, the
Arabic, as the form algamala also occurs in the writings of the
alchemists.

The ancients were acquainted with the fact that mercury can
combine with the metals, and they employed this property
for the extraction of gold from its ores; Vitruvius even gives a
method for extracting by means of mercury the gold from vest-
ments which have been embroidered with gold thread. The
Latin Geber speaks more distinctly respecting the compounds
of the metals with mercury, for we find in his work, Summa
perfectionis magisterit, the following words, “ Mercurius adheret
tribus mineralibus de facili, Saturno (lead) scilicet, Jovi (tin) et
Soli (gold). Lunaz (silver) autem magis difficulter. Veneri
(copper) difficilius quam Lunz. Marti (iron) autem nullo
modo, nisi per artificium. Est enim amicabilis et metallis
placabilis. Solvuntur Jupiter et Saturnus, Luna et Venus ab
eo.” Thus it is clear that Geber knew that, with the exception
of iron, mercury combines directly with all the metals. The
problem of the prepardtion of iron amalgam was one to which
the alchemists paid great attention as, according to Geber, it
was no easy matter. Libavius gives the first hints towards the
solution of this problem, as he says that the common metals
require to be purified by corrosive action before they can be
made to unite with mercury,
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Amalgams are usually obtained by the direct union of the
metal with mercury. In this case diminution of temperature
is not unfrequently noticed, as when tin is dissolved in mercury.
Sometimes, on the other hand, heat is evolved, as when the
alkali-metals are amalgamated. Amalgams are also produced
by the addition of mercury toa solution of a metallic salt ; thus if
this metal be added to a solution of silver nitrate, the amalgam
separates out in splendid crystals—the Arbor Diane of the
ancients. Another mode of obtaining an amalgam is to place
the metal in a solution of mercuric nitrate, or together with
mercury and a dilute acid ; and lastly, amalgams are formed by
the action of a weak electric current upon a solution of salt into
which a globule of mercury has been poured, the negative pole
dipping into the globule of mercury.

The amalgams correspond in their chemical relationships to
alloys, consisting gencrally of a mixture of one or more amal-
gams of definite composition with an excess of mercury. The
amalgams containing a large quantity of mercury arc often
liquid, while those which contain less are frequently found to
crystallise. When heated above the boiling-point of mercury a
number of the amalgams retain a certain proportion of mercury.
Thus silver amalgam when heated to 450° leaves a residue
which still contains 12 per cent. of mercury; and a gold amal-
gam treated in the same way leaves a residue containing 10 per
cent. of mercury.!  Similar results are obtained with copper,
sodium, and potassium, the composition of the residues corre-
sponding to the following formula: :—

Ag,;Hg, Au Hg, CuHg, K,Hg, Na,Hg.

The two last are crystalline, and the sodium compound takes
fire on exposure to the air.  The metals lead, tin, cadmium, and
bismuth do not retain mercury at a temperature of 450°.

Regarded as compounds the amalgams are very unstable, for
Joule® has shown that they can be decomposed by subjecting
them to a very high pressure?

Many amalgams are used in the arts. Tin amalgam is em-
ployed in the silvering of mirrors, gold and silver amalgams in
the processes of gilding and silvering in the dry way; zinc and tin
amalgam for coating the rubbers of electrical machines, copper

! De Souza, Ber., 1875, 8, 1616 ; Ber., 1876, 9, 1050,

¢ Mem. Manch. Lit. and Phil. Soc., 1865 (3), 2, 115.
3 See also Dudley, Proc. Amer. Assoc., 1890, 145,
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and palladium amalgam, and an amalgam of varying proportions
of silver, copper and tin, sometimes with gold and platinum, for
stopping teeth,

CONSTITUTION OF SALTS, ACIDS, AND BASES.

st The word salt even at the present day is commonly
applied to sea-salt or sodium chloride, and there can be little
doubt that originally the term was given to the same substance,
the Greek form of the word (dAs) in the feminine being used
for the sea itself, whereas in the masculine it denoted the
solid residue left when sea-water is evaporated. The growth of
the application of the word salt from a special to a generic term
appears to have had its origin in the fact that just as common
salt is obtained by the evaporation of sea-water, so other kinds
of salt can be obtained by the evaporation of other liquids, as
when, for instance, wood-ashes are boiled with water the clear
solution yields on evaporation a white soluble residue to which
the name of salt was applied. This extension of the term, as
Kopp remarks, was, however, not accompanied by any know-
ledge of the differences between the substances thus classed
together, exhibiting indeed ignorance with respect to the
chemical differences of these various soluble substances. Even
up to the end of the eighteenth century the wider application of
the word salt may be said to have becen prevalent. Amongst the
alchemistic writings of the earliest times the words salpetre,
salnitri, salmarinum, salarmoniacum, salvegetabile and the
like occur; these bodies are all soluble in water and may
be again obtained from solution by evaporation. The ideas
connected with these salts were vague and indefinitec. But
a new meaning was afterwards given to the word salt, the
term being applied to the solid bodies obtained by the
combustion or ignition of substances. This view was upheld
by Paracelsus, and was generally, though not universally,
adopted by chemists. Thus we find in the seventeenth
century that salt was considered to be one of the hypothetical
essential constituents of all bodies, every substance being
made up of salt, sulphur, and mercury (see Historical Intro-
duction, Vol. I, p. 7). The view that salt is an essential
constituent of all bodies was strongly opposed by Boyle, who
paid much attention to the investigation of salts, and to whom
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we owe much of our knowledge of the special nature of the
different salts. He did not, however, exactly define to what class
of bodies the term salt ought to be applied. This was specially
accomplished by Boerhaave, who in his Elementa Chemie, pub-
lished in 1732, describes the special properties of salts to be their
solubility, fusibility, or volatility, and taste, alkalis and acids
being, according to this definition, also considered as salts.
These were divided into salia alcalina, salia acida, salia salsa, salia
media, salia neutra, and salia composita. Under the last named
was understood a class of salts obtained by the union of an acid
with an alkali or metallic calx. The chief characteristics of the
salts still remained their solubility and peculiar taste. It was
soon seen that such a definition led to contradictions, for baryta,
nitric acid, and sulphuric acid would thus be salts as well as
nitrate of barium, whilst sulphate of barium, which is insoluble,
and, therefore, possesses no taste, would not be a salt. Hence
the neccessity became obvious of separating alkalis and acids
from the true salts, or salia media as they were called, and the
word salt was then taken to mean such substances as are
obtained when an acid and a base are brought together or when
an alkali or metallic calx is neutralised by an acid.

52 Although acids and alkalis were included among the
salts, chemists had long recognised that these substances were
characterised by special properties. The only acid known to
the ancients was vinegar or acetic acid. Hence the name
of this substance and the notion of acidity were represcnted
by closely-related words (8kos, acetum, vinegar; oEvs, acidus,
acid). The power of vinegar to produce an effervescence when
brought on to the carbonate of an alkali was observed in carly
times.—Thus we read in Proverbs xxv. 20, “ As he that taketh
away a garment in cold weather, and as vinegar upon nitre,
so is he that singeth songs to an heavy heart.” Nitre in
this casc stands for natron or native carbonate of soda. It
was also well known that vinegar acted as a solvent upon
many substances, as in the celebrated story of Cleopatra
dissolving pearls. The Arabians were acquainted with many
other acids. The Latin Geber termed nitric acid aqua dis-
solitiva, and he gave the same name to the liquid obtained
by strongly heating alum in a retort, which was probably
dilute sulphuric acid. This shows that the special charac-
teristic of an acid, according to the older alchemists, was
its power of dissolving substances which are insoluble in



SALTS, ACIDS, AND BASES 93

water. Other properties common to the whole class of acids
were not observed until a much later date. In 1668 Tachenius
noticed that all acids are capable of combining with alkalis.
Hence he considered silica to be an acid. Boyle! points out
that the substances known as acids have the following
properties. They are bodies which (1) act as solvents, but
act with varying power on different bodies; (2) they pre-
cipitate sulphur and other bodies from their solutions in
alkalis; (3) they turn blue vegetable colouring matter red,
whilst alkalis bring the blue colour back again; (4) they
can combine with alkalis, when the characteristic properties
of each body disappear and a neutral salt is formed. These
properties were henceforward regarded as the special charac-
teristics of acids, and accordingly F. Hofmann in 1723 asserted
that the spiritus mineralis, which exists in many mineral springs,
and which we term carbonic acid, belongs to the class of acids
as it turns blue litmus solution red. Thirty years later Black
strengthened this conclusion by showing that this same sub-
stance possesses the power of destroying the caustic nature
of the alkalis, giving rise to a distinct class of salts.

53 Such alkaline substances as lime, the potashes obtained by
the combustion of plants or by heating cream of tartar, and
natron, or native carbonate of sodium, were well known to the
Grecks, Hebrews, and Romans. To these was added the
spirit of urine, which became known to the alchemists of the
thirteenth century, but these substances were not generally
looked upon as possessing the common property of alkalinity
until the time of the iatro-chemists. These ascribed the
various diseases of the body to the change in proportion
between the acid and alkali in the various organs and fluids,
and indeed sought to explain all the phenomena of chemical
action as taking place between acids and alkalis. Some of
the special characteristics of alkalis which were recognised
about this time have already been mentioned in discussing the
properties of the acids, and to these was added the power of
cffervescing with acids. The caustic alkalis which did not
effervesce with acids were supposed to be more complex than
the mild alkalis. Thus lime was supposed to acquire its
caustic properties by taking up igneous particles from the fire
in which the limestone was burned; when it was added to

' Reflections upon the Hypothesis of Alcali and Acidum, 4, 284, and
elsewhere,
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a mild alkali, these particles passed into the latter and
rendered it caustic. This belief endured until Black in 1755
discovered the true nature of the phenomenon. The alkalis
known at about the middle of the cighteenth century were
the volatile alkali, and the two fixed alkalis, distinguished as
the mineral alkali (soda) and the vegetable alkali (potash).

54 In the new system of chemistry, founded by Lavoisier
after the overthrow of the phlogistic theory, the three classes
of substances, acids, bases, and salts, were for the first time
clearly separated. The acids, distinguished by the properties
already discussed, comprised the compounds of certain elements
(the acidifiable bases) with oxygen, whilst the alkalis, earths,
and metallic oxides possessed the common property of being
able to combine with acids to form the third class of substances,
the salts, in which the properties of alkalinity and acidity
were alike wanting. The discovery of the compound nature of
the alkalis by Davy (1807) showed the justice of Lavoisier’s
classification, inasmuch as these substances were thereby proved
to be, in fact, metallic oxides.

The view that all acids contain oxygen, to which this sub-
stance owes its name, was soon generally adopted. On the
other hand, it was pointed out by Berthollet that prussic
acid and sulphuretted hydrogen, which do not contain oxygen,
acted in many respects as acid bodies. Lavoisier’s views, how-
ever, carried the day, it being assumed that the substances just
mentioned really contained oxygen. The next step in the
progress of our knowledge on this subject was Davy’s in-
vestigations on chlorine and hydrochloric acid, carried out in
1808-1810, by which he proved that a powerful acid exists
which certainly does not contain oxygen. Gay-Lussac’s dis-
covery of hydriodic acid, and the proof that prussic acid
likewise contains no oxygen (1815) soon came in corroboration
of this view. Acids were henceforth divided into two classes,
the owyacids and the Aydracids, whilst the salts derived from
them were known as amphid salts (au¢i, both, since the
acid radical and the base both contained oxygen) and haloid
salts (&\s, sca-salt, eldos, like) respectively. The sulphides and
selenides were afterwards included among the amphid salts
because of the analogy of sulphur and selenium with oxygen.
These elements were for this reason termed amphids, whilst
the elements of the chlorine group, which combine directly
with metals to form haloid salts, were termed haloids. The
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oxyacids were the substances which we now term the acid-
forming oxides, whilst those bodies which we now term the
oxygenated acids were considered to be the hydrates of these
oxyacids.

The dualistic view that salts are formed either by the
nnion of an acid with a metallic oxide, sulphide, or selenide,
or by the direct union of a metal with a haloid element,
received its most complete expression in the electrochemical
theory of Berzelius.

The fundamental principle of this system was laid down by
its author in the statement that “in every chemical combina-
tion there is a neutralisation of opposite electricities, and that
this neutralisation produces heat in the same manner as it
is produced by the discharge of a Leyden jar, without being in
this latter case accompanied by an act of chemical combination.”
The application of this principle led to the view that “cvery
compound substance, whatever the number of its constituent
principles, may be divided into two parts, one of which is
electrically positive towards the other. For example, sulphate
of soda is not compounded of sodium, oxygen, and sulphur,
but of sulphuric acid and soda, each of which can again be
divided into two elements, one positive, the other negative.
In the same way alum cannot be regarded as directly com-
pounded of its simple principles; it must rather be considered
as the product of the reaction of sulphate of alumina, the
negative element, on sulphate of potash, the positive clement.”!
In accordance with this theory Berzelius wrote the formula for
sodium sulphate NaO 4SO, or in his contracted formula NaS.

The amphid salts were thus looked upon as compounds of the
second order, formed by the union of two oxides, each of which
was a compound of the first order, formed from its elements.
The haloid salts, on the other hand, such as KCl,, were
compounds of the first order.

55 At this time no distinction was made between what are
now known as mono-, di-, and tri-basic acids. Thus nitrate of
potash was supposed to be formed in a precisely similar manner
to the sulphate, and the formule of these two salts were
accordingly written by Berzelius, KO.N,0;, and KO.SO,, the
atomic weight which was then adopted for potassium being
twice that now in use. When two salts of the same acid and
base were known, such as the sulphate and bisulphate of potash,

! Berzelius, T'raité de Chimie.
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it was supposed that the second salt was formed by the
combination of the first with a second molecule of the
acid, the formula of the second salt being therefore written
KO.80; + H,0.804 or KO.250,, the water somctimes being
omitted.

The researches on the phosphates carried out by Graham in
1833 showed that this theory must be modified, since if
trisodium phosphate contained only one atom of base the
formula of phosphoric acid would become P;Oy, which was
incompatible with the atomic weights of phosphorus and
oxygen as independently ascertained. Graham showed that
the formation of the ortho-phosphates might be readily
explained by supposing that phosphoric acid was capable of
combining with three atoms of base, and that this base might
be ecither water or a metallic oxide. He therefore formulated
orthophosphoric acid and its sodium salts as follows (the modern
cquivalents of his formulae being employed):

Orthophosphoric acid . . P,0, + 3H,0.
Acid sodium phosphate. . P,0, + 2H,0 + Na,0.
Ordinary sodium phosphate  P,0, + H,0 + 2Na,0.
Trisodium phosphate . . P,0, + 3Na,O.

The water in the first, second, and third of these salts is
esscntial to the composition of the salt, since when it is
removed new salts are formed (Vol. L, p. 646).

In 1838 Liebig published his important investigation on
the constitution of the organic acids, in which he showed
that many of these resembled phosphoric acid in their
relations to bases. He further proposed that all acids which
formed mixed salts containing two different, non-isomorphous
bases, should be considered as belonging to the same class as
phosphoric acid. In this memoir, moreover, he discussed thc
question whether the salts and oxyacids are compounds of a
metallic oxide or water with an acid-oxide, or whether all
acids and salts may be represented as combinations of metals
or hydrogen with some other element or group of elements.
This view had been originally suggested by Davy and in-
dependently by Dulong (in 1816), but had not been generally
admitted. The difference in constitution between the oxy-
acids and the hydracids necessitated a different explanation
for reactions which are in fact similar. Thus, for instance,
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when hydrochloric acid acted upon zinc it was assumed that the
metal simply replaced the hydrogen of the acid :

Zn + 2HCI = H, + ZnCl,

When, however, sulphuric acid acted upon zinc it was necessary
to assume that the presence of the acid enabled the zinc to
decompose the water (predisposing affinity) in order that an
oxide might be formed with which the acid could unite; the
reaction was, accordingly, represented as taking place in two
stages:

(1)Zn + H,0 = H, + ZnO.
(2) SOy + ZnO = S0,Zn0.

In the same way when hydrochloric acid reacts with lime,
water is formed. On the other hand, when the same base com-
bines with sulphuric acid no water is produced :

(1) 2HCl + CaO = H,0 + CaCl,
(2) SO, + Ca0 = S0,Ca0.

Liebig pointed out that the new view does away with these
inconsistencies and also with the distinction between hydracids
and oxyacids, amphid salts and haloid salts; acids being
regarded simply as hydrogen compounds, the replacement of
the hydrogen in which by metals gives rise to salts. In
Liebig’s opinion the view is less applicable to inorganic than
to organic compounds. Nor was it until certain facts became
known which were favourable to this theory, that it was
generally admitted that acids and salts possess an analogous
constitution. ’

56 If aqueous hydrochloric acid be decomposed by an electric
current, chlorine is evolved at the positive pole and hydrogen
is liberated at the negative. If dilute sulphuric acid be treated
in a similar way a simple decomposition of water apparently
takes place, for at the positive pole we only obtain oxygen and at
the negative pure hydrogen. The same phenomenon is observed
in the electrolytic decomposition of a solution of sodium sul-
phate, but at the same time sulphuric acid is liberated at the
positive pole whilst soda makes its appearance at the negative
pole together with the hydrogen. Hence, in this case, it was
argued that the current both decomposed the water into its
elements and the salt into its immediate components. If a solu-

tion of sulphate of copper be subjected to the same treatment,
VOL. II. H
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oxygen is evolved at the positive pole and sulphuric acid
liberated, whilst at the negative pole metallic copper separates
out; this was explained by the supposition that the copper
oxide which ought to be deposited is reduced to the condition
of metal by the nascent hydrogen.

These phenomena were specially examined by Daniell! It
appeared to him important to determine the relation between
the quantity of oxygen and hydrogen, on the one side, and of
the acid and the alkali on the other, formed in the electrolysis
of a salt of an alkali; and as the result of a large number of
careful experiments he found that these several substances are
produced in the proportion of their equivalents, and that this is
true not only in the case of sodium sulphate, but also in the
cases of other salts of the alkalis. Daniell also observed the
remarkable fact that the same current which apparently is
capable of producing these two decompositions is capable of
liberating cxactly the same quantity of hydrogen and of oxygen
from dilute sulphuric acid. In this latter case, therefore, the
current was apparently able to effect only half the work which
it was capable of producing in the decomposition of an aqueous
saline solution, because in this case not only the salt but, as
it seemed, the water also, underwent decomposition. This is,
however, clearly impossible, and the phenomena observed can
be readily explained by assuming that in the decomposition both
of aqueous sulphuric acid and of the solution of a sulphate,
either hydrogen or a metal is liberated at the negative pole,
whilst at the positive pole the group SO, is set free. But this
cannot exist in the free condition, as it decomposes at once into
oxygen and sulphur trioxide, the latter dissolving instantly with
formation of sulphuric acid. When a salt of an alkali is de-
composed, the metal which is liberated instantly decomposes
the water with evolution of hydrogen. According to this
view the electrolytic decomposition of the oxysalts is exactly
analogous to that of the chlorides, and hence they must be
similarly constituted. Daniell proposed a new nomenclature
for the oxysalts :

H,SO, Hydrogen oxysulfion,
Na,SO, Sodium oxysulfion,
HNO,; Hydrogen oxynitrion, &c.,

which has, however, never been gencrally adopted.
1 Introduction to Chemical Philosophy, second edition (1843), p. 533.
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The further development of chemical theory has completely
confirmed the view that acids and salts are strictly analogous,
salts being derived from acids by the replacement of hydrogen by
a metal. This analogy has received cxpression in the nomencla-
ture employed by many chemists for these substances, according
to which the acids are termed hydrogen salts. Thus, just as nitre
is called potassium nitrate, nitric acid is called hydrogen nitrate,
sulphuric acid hydrogen sulphate, &c. In 1851 Williamson
pointed out that the basic oxides and hydroxides, the oxygen
acids and the salts derived from them, might all be considered
as derived from one or more molecules of water, by the partial
or complete replacement of the hydrogen by other elements or
groups. When the hydrogen of water is replaced by a metal,
a basic oxide or hydroxide is produced, so that caustic potash and
K
KO-
When, on the other hand, the hydrogen is replaced by chlorine
or a group of atoms such as NO,, ClO,, SO,, &c., acids arc

N%’ 0, (ClOﬁ) 0, Sg: 0,, &c., the remaining

anhydrous oxide of potassium have the formulae II_§0 and

formed such as

hydrogen of which can be replaced by metals with the formation
of salts.!

57 If we ask ourselves the question, What is the cause of the
acid character of bodies? we may say that acids must contain
hydrogen together with certain elements or groups of elements
which are termed negative elements or groups, inasmuch as these
separate out at the positive pole in the act of electrolysis.
A compound may, however, contain these negative elements
or groups of elements, and also hydrogen, and yet not belong to
the class of acids. Hence it appears that the atoms or groups of
atoms must be combined with hydrogen according to a particular
plan in order that the compound may assume the character of
an acid. Sir Humphry Davy,* in 1816, pointed out perfectly
correctly, that it is impossible to assert that a particular body
is an acid-forming or an alkali-forming principle, and that such
a definition would be nothing more than to re-introduce quali-
tates occultas into science. The chemical properties of a body
are, said Davy, determined by “ the corpuscular arrangement ”
of the constituent particles.

Amongst the different acids, the hydrogen compounds of the

v Journ. Chem. Soc., 1852, 350.
2 Jour, Sc. and Arts, Roy. Inst., 1816.

H 2
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elements of the chlorine group possess the simplest constitution.
They contain one atom of hydrogen combined with one atom of
a powerful negative element. Inthe oxygen acids the hydrogen
which can be replaced by metals is always found to be com-
bined with oxygen in the form of the radical hydroxyl, OH;
this is proved by the fact that these acids can as a rule be
obtained by the action of water on the corresponding chlorides,

Cl OH
/ = 800
SOZ\Cl + 2H,0 = SOz\OH + 2HCI

The case with which the hydrogen of such a hydroxyl group can
be replaced by a metal depends upon the nature of the group
with which it is combined. This is well illustrated by many
organic compounds, which assist us more than any other class
in the solution of the problem as to what determines the acid
nature of a compound. From a study of the organic acids it
appears that when the OH group is combined with the group
CO, the compound containing these groups is an acid, whilst
when the OH group is united with the groups. CH, or CH; the
compound is not an acid. Thus formic and acetic acids are
monobasic acids, malonic and oxalic, dibasic acids:

H CH, CO.0H _CO.OH
4 | | CH,
C0.0H CO.0H CO.0H \C0.0H

Formic acid. Acetic acid. Oxalic acid. Malonic acid.

whilst alecohol, CH;.CH,.OH, is not an acid ; hydroxy-acetic acid,
which contains two OH groups, is nevertheless monobasic,
and tartaric acid, which contains four OH groups, is only
dibasic :

('JH s (I)Hg.OH CH(OH).CO.OH
l

CH,.OH CO.0H CH(OH).CO.OH

Alcohol. Hydroxy-acetic acid. Tartaric acid.

The group SO, exerts a similar influence, so that such a
substance as C;H,SO,.OH is also found to be a strong acid.
Although it is characteristic of all acids that they contain
hydrogen which can be replaced by metals, all substances which
fulfil this condition are not termed acids. Thus substances of
such different properties as ammonia, NH,, water, H,0, and
alcohol, C,H;OH, all yield metallic derivatives, NH,Na, NaOH,
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and C,H,ONa, when they are directly acted on by metallic
sodium ; whilst marsh gas, CH,, and benzene, CgH, can by
indirect means be converted into organo-metallic derivatives
such as (CH,), Zn, (C;H;),Hg. It is therefore usual roughly to
define acids as compounds which contain hydrogen capable of
being replaced by a metal when the latter is presented to them
in the form of a hydroxide. It is, however, impossible to draw a
hard and fast line between substances which are, and those
which are not acids, since, especially among the organic
compounds, the two classes pass imperceptibly into one
another.

CONSTITUTION OF SALTS, AcIDS, AND BASES IN DILUTE
SOLUTION.

58 As already explained (Vol. I, pp. 114—122) the behaviour
of acids, bases, and salts in dilute solution has led to the
conclusion that these substances are to a large extent dissociated
into electrically charged ions.

It has been found that what arc called acid properties, are
peculiar to substances of which one of the kations is hydrogen,
whilst the anion OH is characteristic of basic substances,
Weak acids and bases, such as acetic acid, boric acid, ammonia,
&ec., are found to be only very slightly dissociated, whilst strong
acids and bases, such as hydrochloric and nitric acids, caustic
soda, and caustic potash are very largely dissociated cven
in moderately strong solution. The percentage of dissociated
molecules in solutions which contain 1 gram equivalent per
litre of the various substances, is 60—90 for strong acids
and bases, and 0—20 for weak acids and bases. The salts
of weak acids moreover are dissociated to a much greater
extent than the acids themselves.

The action of acids, bases, and salts on the colouring matters
known as indicators, such as litmus, phenol-phthalein, &c.,
receives a very interesting explanation in the light of this theory.
The substances which are used as indicators are themselves
either weak acids or weak bases, or salts derived from them.
Thus blue litmus solution contains the sodium salt of a very
weak acid, which, like most salts even of weak acids, is largely

dissociated, the ions being the colourless kation Na and a
complex anion which gives the liquid its blue colour. When
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an acid is added to the solution these complex anions are
brought into the presence of free kations of hydrogen, ‘with
which they immediately unite to form molecules of the weak
acid of litmus, which is much less dissociated than its sodium
salt, and causes the liquid to appear red. The change of colour
is therefore due to the fact that the molecule of the acid
imparts to the solution a different colour from that given by
the anion. It follows from the above that an acid indicator
will only be sensitive to such acids as are more strongly dis-
sociated than itself, since only acids which fulfil this condition
will render possible the union of the anion of the litmus acid
with hydrogen kations. Hence it is that the various indicators
differ in their sensibility towards acids, and that some weak
acids such as boric acid do not show an acid reaction towards
litmus. In the same way methyl-orange is not affected by
carbonic acid nor by sulphuretted hydrogen; properties of
which advantage is taken in various methods of volumetric
analysis. Similar considerations hold with regard to the
reactions of basic substances. Thus when caustic soda is
added to a solution of red litmus, the few free hydrogen ions

of the litmus acid unite with the OH anions of the caustic soda
forming water. Equilibrium being thus disturbed, a fresh num-
ber of the molecules of the acid undergo decomposition; the

hydrogen ions thus liberated unite with the OH anions, and
this process goes on until practically the whole of the molecules
of the acid have been dissociated ; the corresponding number
of molecules of water are formed and the solution finally con-

tains kations of ﬁa together with the OH anions of the excess
of caustic soda, and the anions of the litmus acid, which render
the liquid blue.

Molecules which are capable of yielding more than two ions
appear to undergo only a partial dissociation in aqueous
solution. Thus for example, sulphuric acid, which is capable of

+ 4 ==

yielding the three ions H, H, SO,, is found in dilute solutions to
+ -

be mainly dissociated into the two ions H, and HSO,, whilst

only a comparatively small proportion of the HSO, ions are

4 - -
further dissociated into H and SO,
Some salts in which no replaceable hydrogen is present do not
possess a neutral reaction when dissolved in water whilst others
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containing replaceable hydrogen are not acid to indicators.
Thus salts formed from a strong acid and a weak base, such as
ferric chloride, chromic chloride, aluminium sulphate, &c., usually
have an acid reaction, whilst on the other hand salts formed
from a weak acid and a strong base have an alkaline reaction,
as 1s seen in the case of sodium carbonate, sodium borate,
sodium acetate, sodium nitrite, sodium aluminate, sodium sili-
cate, &c. Moreover, disodium hydrogen phosphate Na,HPO,,
sodium bicarbonate NaHCO, and other similiar acid salts are
neutral or even alkaline to indicators. It seems probable that in
such cases the salt is partially decomposed or hydrolysed by the
water of the solution, in which, as is shown by its electrical con-
ductivity, there is always a certain number of free hydrogen and
hydroxyl ions, although this number must be a very small one
(Vol I, p. 293). Taking the example of a salt of a weak monobasic
acid, such as nitrous acid or acetic acid, with a strong base such
as caustic soda, we have the following relations. When sodium
acetate is dissolved in water the following reaction probably
occurs, between a few of the ions of the salt and the free ions of

ﬁ and OH to which reference has just been made, molecules of
the weak, slightly dissociated acid, C,H,O,, being formed :

Na + G,H,0, + H + OH = Na + OH +C,H,0,

As a result of this action there remains an excess of hydroxyl
ions, and the solution has therefore an alkaline reaction.
Similar relations exist in solutions of many salts of weak
acids, such for example as those of potassium cyanide,
which always smell of hydrocyanic acid. When the salt has
been formed from a strong acid and a weak base, on the
other hand, the hydrogen ions are present in excess and the
solution has an acid reaction. Some salts which have been
formed from both a weak acid and a weak base are com-
pletely decomposed in dilute solution. This is especially
characteristic of the salts of the weak organic bases.!

METALLIC OXIDES, HYDROXIDES, AND SALTS.

59 All the metals combine with oxygen. Some, such as thosc
of the alkalis and alkaline earths, unite with oxygen so readily

! See Ostwald, 7The Scientific Foundations of Awalytical Chemistry.
Traunslated by McGowan (Macmillan, 1900).
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that they have to be preserved out of contact with air. Other
metals withstand the action of oxygen at the ordinary tempera-
ture, but combine with it when heated. When such metals are
easily volatile, as is the case with magnesmm and zinc, they
burn with a bright flame in the air or in oxygen. If they
do not volatilise readily, like tin and lead, the metals gradually
undergo oxidation without evolution of light. A few metals
such as gold and platinum cannot be made to unite directly
with oxygen, even at the highest temperatures, but the oxides
of such metals can be prepared by indirect means. Chlorine
attacks all metals, and if the chlorides of those metals
which are not directly oxidisable be decomposed by an alkali,
their oxides or hydroxides are formed : thus—

2AuCl + 2KOH = Au,0 + 2KCl + H,0.

Representatives of each of the three classes—basic oxides,
peroxides, and acid-forming oxides—into which the oxides in
general may be roughly divided (Vol. I, p. 254) are found among
the oxides of the metals.

(a) Basic Oxides—The term basic oxide is only applied to
such oxides as react with acids to form the corresponding salt
and water, and hence all these oxides are formulated as derived
from water by the replacement of hydrogen by a metal or a
radical containing a metal united with oxygen. Thus in
uranium oxide, UQ,, which yields salts such as UO4(NO,),, the
hydrogen of water is replaced by the radical UO, which is also
present in the salts. When only a part of the hydrogen is
replaced by a metal or radical, the resulting compound is

OH
termed a hydroxide, eg., Ca< . The hydroxides were for-
OH

merly called hydrates, as they were supposed to be compounds
of the oxides with water.

Many of the metals form several basic oxides and correspond-
ing series of salts in which they have a different equivalent, as
shown in the following list:

Hg\ Mercuric oxide. . Hg=O0

Mercurous oxide . | Fe=0
Hg / Ferric oxide. O/
Ferrous oxide . . Fe =0 N\Fe=0
. OH .OH
Ferrous hydroxide.  F c/ Ferric hydroxide . Fe( OH
NOH \OH
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It must be remembered that only the empirical formula of most
of the oxides and hydroxides is known, and that therefore no
conclusions as to the valency of the metal can be drawn from
these formulz. Thus ferrous oxide may, for all we know, have
the formula Fe,O, and the constitution O =Fe—Fe=0.

The basic oxides are as a rule obtained by the direct oxida-
tion of the metal, or by one of the following methods :

(1) The decomposition by heat of a salt of the metal and an
acid of which the’ anhydride is volatile or yields volatile
decomposition products:

PbCO, = PbO + CO,
ZnSO, = ZnO + SO,
4AI(NO,), = 2ALO, + 12NO, + 30,

(2) The decomposition of the hydroxide by heat :
2Cr(OH); = Cr,0, + 3H,0.

The basic hydroxides are usually prepared as follows :
(1) By the reaction of a soluble hydroxide on a salt of the
metal :
2NaHO + ZnSO, = Na,SO, + Zn(OH),.

The oxide itself is, however, sometimes formed in this reaction
instead of the hydroxide:

2NaOH + 2AgNO, = 2NaNO, + Ag,0 + H,0.
(2) By the direct combination of the oxide with water:
CaO + H,0 = Ca(OH),

The hydroxides of the alkali-metals are the most soluble.
They are termed alkalis, and are distinguished by their caustic
taste. The hydroxides of the metals of the alkalinc earths are
less soluble. Most of the other hydroxides and basic oxides are
almost insoluble in water. Exceptions to this are seen in the
case of thallous hydroxide, which is very soluble in water, as
well as in the oxides of lead, silver, and magnesium, which
dissolve very slightly.

(b) Acid-forming Oxides.—The hydroxides corresponding with
these oxides are the acids, but only comparatively few of thesc
are known in the free state among the derivatives of the metals.
Like the basic oxides, they are formulated as derived from water
by the complete or partial replacement of the hydrogen by a
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metal or radical. They are usually obtained by the addition
of a stronger acid to-a salt derived from the acid-forming oxide
in question :

K,Cr,0, + H,80, =K,S0, + 2Cr0, + H,0.

It is a general rule that the acid-forming oxides of a metal
contain more oxygen than the basic oxides of the same metal.
Thus Bi O, is a basic oxide, while Bi,O; is a weak acid-forming
oxide ; again, VO is a basic oxide, whilst V,0; yields a strong
acid which forms stable salts.

(c) Peroxides—The term peroxide is applied generally to
oxides which are neither basic nor acid-forming, but contain
more oxygen than the basic oxides of the same metal. Many
of these peroxides appear to be derived from hydrogen peroxide
in the same way as the basic and acid-forming oxides are derived
from water. Thus, when they are treated with an acid they
yield a salt and hydrogen peroxide :

0
Ba< e 2HCI = BaCl, + H.0.0.H,,

while some of thom may be prepared by double decomposition
between a salt of the metal and hydrogen peroxide. In some
cases such oxides arc to be considered as having a mixed
constitution, part of their oxygen being derived from water
and part from hydrogen peroxide.

Peroxides which are not true derivatives of hydrogen peroxide,
on the other hand, act in the presence of acids simply as
oxidising agents, Thus when they are treated with hydro-
chloric acid, chlorine is evolved and the salt corresponding to a
lower basic oxide is formed :

- PbO, + 4HCl = PbCl, + 2H,0 + Cl,

It is, however, impossible to employ this reaction as the basis of
a rigid classification of the peroxides, since the bohaviour of
the various oxides towards hydrochloric acid has not been
sufficiently investigated.

This action of hydrochloric acid on the higher oxides of the
metals is frequently employed for the determination of the
composition of these oxides and for their analytical estimation
(Bunsen). The chlorine evolved from a known weight of the
oxide is collected in a solution of potassium iodide and estimated
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by means of a standard solution of sodium thiosulphate. Many
oxides which are not peroxides undergo the same reaction, a
salt corresponding with a lower oxide being formed :

2Cr0, + 12HCI = 6H,0 + 2CrCl; + 3Cl,

60 In addition to the classes of oxides which have already been
discussed, many metals also yield sub-oxides, which contain less
oxygen than the lowest oxide of the metal which is capable of
vielding salts, e.g., Cu,0, Pb,0, &c. The constitution of these
oxides is not at present understood. Many metals, moreover,
form intermediate oxides, to which no corresponding salts are
known. Such oxides are intermediate in composition between
two of the other oxides of the metal, and generally yield a
mixture of products when treated with acids. Thus magnetic
oxide of iron, Fe,O,, which is intermediate between ferrous
and ferric oxides, FeO and Fe,0,, yields a mixture of ferrous
and ferric chlorides when it is dissolved in hydrochloric acid :

Fe,0, + 8HCI = FeCl, + 2FcCl,+4H,0.

Red lead, Pb,O,, on the other hand, which is intermediate
between the monoxide and the peroxide of lead, PbO and
PbO,, is converted into lead nitrate and lead peroxide when
it is treated with dilute nitric acid :

Pb,0, + 4HNO, = 2Pb(NO,), + PbO, + 2H,0.

61 It will be scen from the foregoing that the classification
of the oxides is mainly based on the behaviour of these com-
pounds with regard to the formation of salts. Since an oxide
may exhibit varying behaviour in this respect when it is placed
under different conditions, it follows that the same oxide may
be found as a member of more than one class. Many oxides,
for example, act as basic oxides towards strong acids, but as
acid-forming oxides towards strong bases. Thus aluminium
hydroxide is dissolved by sulphuric acid with formation of
aluminium sulphate: :

2A1(OH); + 3H,SO, = AlL(S0,), + 6H,0,
and also by caustic soda with formation of sodium aluminate :
Al(OH), + NaOH = AI(OH),0ONa +H,0.

Again, when black oxide of manganese, MnQ,, is warmed with
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hydrochloric acid, chlorine is evolved and manganous chloride is
formed, so that the oxide behaves as a peroxide :

MnO, + 4HC! = MnCl, + Cl, + 2H,0.

At a lower temperature, however, an unstable salt is formed
which is only known in solution, so that in this case the oxide
acts as a basic one :

MnO, + 4HCI = MnCl, + 2H,0.

The same oxide can also be made to combine with strongly
basic oxides such as lime, CaOQ, to form a number of unstable
salts, the calcium manganites, such as Ca0.MnQO,, in which it
plays the part of an acid-forming oxide.

62 Salts may be classed into several groups.

(1) Normal salts are those in which the whole of the re-
placeable hydrogen of an acid is completely replaced by a metal.
These were formerly called neutral salts, or salia media, because
it was noticed that when an alkali was added in the right
proportion to a powerful acid the resulting salt possessed neither
an alkaline nor an acid reaction. This, however, as has already
been explained (p. 103), is not the case with every normal
salt.

Polybasic acids can form salts containing two or more
different metals: thus, for instance, potassium sodium car-

bonate, 00{81%&. Polyatomic metals, on the other hand,
may give rise to salts which contain two acid radicals: thus,
Sr{gg_,(l)fSO' a compound which is at the same time a nitrate

and an acetate; as another and more complex example the

. . . [O}Cw Lo

mineral vanadinite may be cited, VO{OJ ", which is a cal-
: OCaCl

cium salt of tribasic vanadic acid and at the same time a

chloride.

The salts which are formed by the union of an acid-forming
oxide with a normal salt, or when an acid salt is heated so as to
lose water, and which are sometimes called acid salts, are really
to be considered as normal salts derived from complex acids,
which, however, often do not exist in the free state.  Sodium
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pyrophosphate, for instance, which is obtained by heating
ordinary sodium phosphate to redness :

(ONa) (ONa)
po{CH ™ PO{O * o

OH = po + 4.0,
PO (0N, {oNa),

is the normal salt of pyrophosphoric acid, H,P,O;, which can be
prepared in the free state and also yields an acid salt, Na,H,P,0,.
The acids corresponding with potassium bichromate, K,Cr,0,,
borax, Na,B,O;, &c., on the other hand, are not known. Further
examples of this class of substances are potassium disulphate
or pyrosulphate, obtained by heating potassium hydrogen
sulphate :

s0.[OK so.[OK
IO _ o + HO
. [OH = 0,

sodium metabisulphite, Na,S,0;, and many complex phosphates
borates, and silicates (Vol. L, pp. 656, 716, 898).

(2) Adecid salts are formed when only a portion of the
replaceable hydrogen contained in a polybasic acid is sub-
stituted by a metal. The acid salts often possess an acid

reaction, as is the case with acid potassium sulphate, 802{85'

but as we have seen, this reaction is dependent on the nature
of the acid and the base.

(3) Basic salts stand in the same relation to the basic hydr-
oxides as the acid salts to the acids. They may be regarded as
formed from the basic hydroxides by the reaction of only a
part of their hydroxyl groups with the hydrogen of an acid,

OH
eg., Zn{ al

Some of these salts do not contain a hydroxyl group, and
these may be considered as the normal salts of complex basic
radicals. Thus, basic bismuth chloride (bismuth oxychloride),
BiOCl, may be looked upon as the chloride of a basic radical,
BiO(OH), derived by loss of water from bismuth hydroxide,
Bi(OH),, just as metaphosphoric acid is derived from ortho-
phosphoric acid.

Basic salts are sometimes formed by the combination of a
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normal salt with a hydroxide. Thus, if a solution of lead nitrate
be boiled with lead hydroxide, a basic lead nitrate is formed :

ONO OH _ (OH
Pb{ONO: + Pb{ o = 2Pb{oNo;
In the same way basic zinc chloride, Zn {811'1 may be obtained.
Basic bismuth nitrate, on the other hand, is obtained by the
action of water on the normal salt :

ONO, (OH
Bi{ONO, + 2H,0 = BilOH + 2NO,0H.
ONO, loNo,

Amongst other basic salts may be mentioned :

Malachite. Blue Carbonate of Copper. White Lead.
OCuOH OPbOH

ocwor  “Ol0), CO{

|OCuOH colo™

Cco
OCuOH CO{OPbOH.

Basic Mercuric Sulphate.

OH
SO, { 0H§8 } Hg.

(4) Complex and Double Salts. When two salts are dissolved in
water and the solution evaporated, it frequently happens that
the crystals which are formed contain the two salts combined in
definite molecular proportions, often along with water of crystal-
lisation. Thus, when potassium sulphate, K,SO,, and alumin-
ium sulphate, Al,(SO,);.18H,0, are treated in this way, crystals
of potassium alum, K,;SO, + Al(SO,); +24H,0, are obtained;
whilst potassium chloride, KCl, and platinic chloride, PtCl,,
yield the compound K,PtCl,, potassium platinichloride. A dis-
tinction is usually made between complex salts such as potas-
sium platinichloride, and double salts such as potassium alum
(Ostwald). Members of the former class yield, even in dilute
solution, a complex ion, which differs from the ions of either of
the component salts, whereas true double salts yield the same ions
as the single salts from which they have been formed. Thus the
salt K,PtCl; yields the complex anion PtCly", whilst alum yiclds
the same ions as potassium sulphate and aluminium sulphate.
This distinction, however, is not absolute, since most double salts
yield a certain proportion of complex ions, at all events in
concentrated solution.
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Comples; salts are best regarded as the salts of complex acids
or bases, and their chemical behaviour, as has already been
pointed out (Vol. I, p. 121), is often quite different from that of
their constituent salts.

Double salts. Although a very large number of double salts
has been prepared, very little is known as to the constitution
of compounds of this class. Their aqueous solutions as a rule
exhibit the properties which would be expected of a mixture of
the solutions of the component salts, although there is evidence
in some cases of the existence in solution of an unstable complex.
The behaviour of the solid salts to water is of great importance,
and is discussed later on (p. 119).

Among the double salts are found many series of isomorphous
salts, as a typical example of which may be taken the double
sulphates RSO, R"SO,6H,0, in which R’ represents the
alkali metals K, Rb, and Cs, together with NH, and TV,
whilst R” represents the divalent metals such as Mg, Zn, Cd,
Mn”, Fe”, Ni, and Co.

SOLUBILITY OF SALTS.

63 A very important property of salts is the manner in which
they behave when treated with water. Strictly speaking, all
salts are soluble to some extent under these circumstances, but
in many cases the amount dissolved is so minute that for most
purposes it may be neglected, and it is therefore usual roughly to
classify salts as soluble, sparingly soluble, and insoluble in water.

The following table illustrates the variation in the solubility
of different salts:

One Hundred Parts of Water dissolve at 15—18°,

Potassium carbonate, K,CO, . . . . 110’5
Calcium chloride,CaCl, . . . . . . 66
Sodium chloride, NaCl . . . . . . 359
Potassium nitrate, KNO, . . . . . 26
Potassium sulphate, K,SO, . . . . 103

Potassium perchlorate, KCIO, . . . 15
Calcium sulphate, CaSO,,2H,0 . . 026

Strontium sulphate, SrSO, . . . . 00107
Lead sulphate, PbSO, . . . . . . 0-0046
Barium sulphate, BaSO, . . . . . 0-00026

Silver iodide, Agl . . . . . . .. 000001
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When a salt is dissolved in water a reduction of temperature
generally occurs, inasmuch as heat is absorbed by the passage
from the solid to the liquid condition. Certain anhydrous salts,
however, evolve heat on treatment with water, possibly owing
to their combination with the latter to form hydrates, the heat
of formation of these being greater than that absorbed by the
liquefaction of the salt.

In the case of every salt there is a maximum quantity which
can be dissolved at any particular temperature, but this quantity
varies if the temperature be altered, increasing in the great
majority of cases with increase of temperature. In some cases,
such as that of potassium chloride, the solubility increases pro-
portionally with the temperature, but generally it increases
more rapidly than the latter. In such cases the solubility at
any temperature may be ascertained by means of interpolation
formule similar to those employed in the calculation of the
solubility of the gases, the different constants being of course
obtained by direct experiment. Thus, for potassium nitrate, at t°,
where S represents the solubility at that temperature, we have

S = 1332 + 05738t + 0017168t* 4+ 0000003597713

A very convenient method of representing the solubility of
salts is by plotting the results in a curve as shown in Fig. 8,
the abscissee giving the temperatures and the ordinates the
number of parts of salt which dissolve in 100 parts of water.

If the solubility of a salt increases proportionally with the
temperature, the curve of solubility becomes a straight line, as
in the case of potassium chloride, but in most cases the curve
ascends more rapidly as the temperature increases. In a few
cases, such as calcium hydroxide and the calcium salts of
certain organic acids, the solubility decreases with the rise in
temperature.

Considerable light has been thrown on the changes which
take place in solution by the researches of Ostwald and his
pupils.!  The action of water on a salt, or, speaking generally,
of a solvent on any crystalline substance, is in the first place to
liberate those molecules with which it is in contact, and to
allow them to distribute themselves equally throughout the
liquid ; this process then continues, provided an excess of the
salt is present, until no further quantity of the latter is

! Published in the Zeit. physikal. Chem., 1887—1896 ; see also Ostwald,
Lehrbuch der allgemeinen Chemie, vol. i.
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dissolved, a condition of equilibrium being thus established
between the solution and the salt. As already shown, this point
varies according to the nature of the salt and the temperature.
Hence it follows that the maximum solubility depends upon the

Fic. 8.

exact nature of the solid present, and therefore when a salt
crystallises in two different forms the solubility may be different
in the two cases. Again, the solubility of an anhydrous salt
is different from that of its hydrates, as, for example, in the
VOL. IL I
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case of calcium sulphate, which is much more soluble in the
state of hemihydrate than when combined with two molecules of
water to form gypsum,and this fact is of great practical import-
ance, inasmuch as it is the cause of the setting of plaster of
Paris (¢.v.).

The recognition of the fact that the solubility depends on the
cxact nature of the salt has also supplied the explanation of
certain cases of abnormal solubility, of which sodium sulphate
is a typical example. As will be seen from the diagram, Fig. 8,
the solubility of this salt rises rapidly from 0° to about 33°, the
exact temperature being 32:484°, but from that point decreases,
and is considerably less at 100° than at 32:5°. It was formerly
supposed that up to 32'5° the liquid contained the hydrate
Na,;S0,+10H,0 in solution, and that above this temperature
the latter underwent dissociation, the solution then containing
the anhydrous salt. There is, however, no evidence of any
sudden change in the properties of the solution, such as its
vapour pressure or viscosity, at any point, and it has been
shown that the above behaviour isreally due, not to any change
in the solution, but to a change in the solid substance with
which it is in equilibrium. Up to 32'5° the solid salt present
is Na,SO,+10H,0, and below that temperature the curve
represents the solubility of this hydrate in water; at 32:5° the
crystals of the hydrate are dissociated into water and the
anhydrous salt, and above that temperature the curve represents
the solubility of the latter in water, which decreases with
increase of temperature ; the curve, therefore, is a combination
of two separate solubility curves which meet at 32:5°. When
a solution which has been saturated at 32:5° is warmed, the
anhydrous salt is deposited, whilst when it is cooled the hydrate
Na,SO,+10H,0 separates out.

64 The temperature32-5° at which the change from Na,SO, +
10H,0 to Na,SO, occurs is called the transition temperature for
this pair of substances, and, like the melting-point of a solid,
is a perfectly definite temperature, depending only on the
pressure.  Like the melting-point, moreover, it is a temperature
at which absorption of heat, change of volume, and change of
vapour pressure occur, and it can be determined experimentally
by observations of any of these changes. Above this tempera-
ture the decahydrate is unstable, below it the anhydrous salt
and water form an unstable system and unite to form the
decahydrate.
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65 The examination of the relations of a salt to water in the
manner exemplified above by the case of sodium sulphate is of
great importance for the study of the various hydrates formed
by the salt. In theinvestigation of the conditions of equilibrium
in various systems of solids, liquids, and gases, of which the
foregoing is a special case, each of the chemical substances
present is called a component of the system, and each uniform
solid, liquid, or gas present is termed a phase. The state of
equilibrium of any such system is fully defined when the three
variable factors of temperature, pressure, and concentration are
known. These are not, however, always independent of each
other, since in many systems when one of them is fixed the
other two must also have fixed and invariable values. When
hydrated sodium sulphate is in equilibrium with water, for
examp]e only one of these factors can be independently varied,
since a change in one of them brings with it a corresponding
change in the others and a new condition of equilibrium.
Thus a change of temperature necessitates a change in the
concentration and vapour pressure of the saturated solution.
Such a system, in which it is only necessary to fix one of the
three variable factors in order to have a fully defined state of
equilibrium, is said to have one degree of freedom, and other
systems exist which have two, three, or no degrees of freedom.
It has been found that the number of degrees of freedom
depends entirely on the number of components and phases
which are present, and the general law expressing the relation
between these was established by Willard Gibbs in 1874, and is
known as the phase rule. This states that in any system which
is in equilibrium the number of degrees of freedom may be
calculated by adding two to the number of components and
subtracting the number of phases. Considering the case of the
solubility of sodium sulphate in water, the components of the
system are sodium sulphate and water. Below 32-5° there are
three phascs, solid hydrated sodium sulphate, Na,SO,410H,0,
liquid solution, and gaseous water vapour, and this system, as
already mentioned, has one degree of freedom. At the transition
temperature, when the solid decahydrate and the anhydrous salt
co-exist in contact with the saturated solution, there are four
phases, the two solid phases just mentioned, together with the
liquid solution and the gaseous water vapour. At this tempera-
ture therefore the system has no degree of freedom, and any

change in one of the variable factors, for example, the tempera-
12
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ture, will lead to the disappearance of onc of the phases. Hence,
above 32'5° there are again only three phases present, viz.,
solid anhydrous sodium sulphate, its saturated solution, and
water vapour,and the system has as before one degree of freedom.
The application of the phase rule to the study of equilibria can-
not be further pursued here, and reference must be made to works
on physical chemistry in which it is fully treated.!

66 The change of the decahydrate into the anhydrous salt
does not invariably occur as soon as the transition temperature is
passed, but may be delayed until a somewhat higher tempera-
ture is attained, provided that the anhydrous salt is absent;
but if some of this be then introduced, the change at once
commences, and proceeds until the whole of the decahydrate
has been converted into the anhydrous salt. In a case like this
the system is said to be metastable, i.c, the system is in itself
stable and no spontaneous change occurs, but as soon as a
particular new phase is introduced the system at once becomes
unstable and undergoes change with the production of this
new phase. When a system undergoes spontaneous change, on
the other hand, it 1s said to be labile or instable.?

A system can often exist in metastable equilibrium through
a considerable range of temperature, and in fact some hydrates
have been prepared which are only known in metastable equi-
librium.

Sodium sulphate affords instances of all these phenomena.
The solubility of the anhydrous salt (Fig. 9, curve B)
has been determined below the transition point to 18°, and
that of the decahydrate (curve 4) above it to 34°, and the
results are shown in the accompanying curves of solubility.
The dotted portions of the curves represent the solubility at
temperatures beyond the transition point, in regions in which
the systems arc therefore in metastable equilibrium. These
dotted curves are continuous with the curves obtained for the
stable systems, and this circumstance clearly shows that the
abnormality of the solubility curve of sodium sulphate is due to
the fact that it is made up of portions of the two curves 4 and
B, represcnting the solubilities of the two distinct substances
Na,S0O,,10H,0 and Na,SO,. A third hydrate, Na,SO,,7H,0O,

! Bancroft, T'he Phase Rule (Leipzig and Ithaka, 1897); Findlay, The
Phase Rule (Longmans, London, 1904); Roozeboom, Die heterogene Gleich-
gewichte vrom Standpunkte der Phasenlehre (Vieweg, Braunschweig, 1901).

* Ostwald, Zeit. physikal. Chem. 1897, 22, 302,
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has also been prepared by allowing a solution of sodium
sulphate to crystallise at 17°, and its solubility is shown by the
curve C, which cuts the curve B at 24:2°. This substance is
more soluble than the decahydrate throughout the whole course
of the curve, and hence if a crystal of the decahydrate were
introduced at any temperature, Na,SO,,10H,0 would crystallise
out until the solution had the composition represented by the
point on the curve 4 corresponding with the temperature at
which the addition had been made. In other words, the
heptahydrate is metastable throughout with respect to the
decahydrate.

67 Somewhat different conditions prevail when the hydrated
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salt melts completely at a definite temperature, forming a
single liquid phase of the same composition as the hydrate. In
this case the hydrate behaves like an individual compound, and
its melting-point is accordingly lowered by the addition of any
other soluble substance., It follows from this that the addition
of either water or the anhydrous salt lowers the temperature at
which the solid hydrate separates out, so that the melting-point
of the hydrate represents a point of maximum solubility. This
is well shown in the case of ferric chloride,! Fe,Clg, which forms
hydrates with 12, 7, 5, and 4 molecules of water, each of which
exhibits this behaviour. The complete equilibrium curve for

' Roozeboom, Zeit. physikal. Chem. 1892, 10, 477. The formula Fe,Cly is
chosen to obtain simple formulw for the hydrates.
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the hydrate with 12H,0 and its saturated solution is shown in
Fig. 10, in which the solubility is expressed in molecules of
Fe,Clg per 100 molecules of water. Curve 4, extending from 0°
to —55°, represents the temperature of separation of ice from
solutions of increasing concentration ; the lowest temperature at
whichthe hydrate with12H,0O isformedis — 55°,and the solubility
(curve B) rapidly rises until 37° is reached, at which temperature
the hydrate melts. From this point the temperature of equi-
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librium between the hydrate and the solution diminishes with
increase of concentration, and this reflexed portion of the curve
has been traced back as far as 8°.  Below 27'4° the equilibrium
becomes metastable, since at this point the curve intersects the
solubility curve (C') of the hydrate Fe,Cl,7H,0. This behaviour
is also shown by all the other hydrates of ferric chloride, by
the hexahydrate of caleium chloride, and by many other analo-
gous substances.

68 LDouble Salts—The examination of the conditions of forma-
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tion and stability of double salts and of their behaviour towards
solvents forms a subject of great importance, the development
of which is mainly due to van’t Hoff, Roozeboom, and others,
but only their main conclusions can here be mentioned. The
formation of a double salt from two salts dissolved in water
depends in the first place on the temperature of the system.
In some cases the double salt can only exist below a certain tem-
perature (2KCl, CuCl,, 2H,0), in others it is only formed above
a certain temperature (Na,SO,, MgSO,,4H,0), but in each
case there is a transition temperature at which both the double
salt and its component single salts can exist together in the
solid state in equilibrium with a saturated solution.

When equivalent amounts of hydrated sodium sulphate,
Na,S0,, 10H,0, and hydrated magnesium sulphate, MgSO,,
7H,O, are treated with a small quantity of water at 15° a
solution is obtained which is saturated with both these
salts and is in equilibrium with the solid salts. At 22°
which is the transition point for a mixture of these salts
and astracanite, Na,SO, MgSO,, 4H,0, a certain amount of
this double salt is formed, and there is then equilibrium
between the double salt, the two single salts, and the saturated
solution. As the temperature rises above 22° the single salts
gradually dissolve and the less soluble astracanite separates out,
and if the molecular solubility of the two single salts were
equal, the whole of the solid would thus be converted at once
into the double salt. Owing, however, to the greater solubility
of magnesium sulphate, some sodium sulphate is at first left
undissolved, whilst the solution contains more molecules of
magnesium sulphate than of sodium sulphate. Thus at 23°
the solution contains about 14 mols. of magnesium sulphate to
each molecule of sodium sulphate, whilst the solid present is a
mixture of sodium sulphate with astracanite. This inequality
finally disappears at 25°, and at this temperature solid astracanite
alone is left in contact with a saturated solution containing the
sulphates of sodium and magnesium in the same proportion as
the solid salt. The range of temperature between 22° and 25°
is termed the {ransition interval,and it is only at temperatures
beyond the transition interval that a double salt is not
decomposed by water. Below 22°, then, astracanite, when
brought into contact with water, is completely decomposed into
its constituent single salts; at 22° it exists in equilibrium with
both of them ; from 22° to 25° it is decomposed with separation
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of sodium sulphate, and above 25° it is not decomposed by
water.

Potassium cupric chloride, 2KCl, CuCl,, 2H,0, in contrast
with astracanite, is stable in contact with its saturated solution
at ordinary temperatures, but decomposes at 92°, the transition
point, into potassium chloride and a new double salt, KCl, CuCl,,.
Carnallite, KCl, MgCl,, 6H,0, is completely decomposed by
water at 167'8° into the chlorides of magnesium and potassium,
and is partially decomposed at all temperatures below this with
separation of potassium chloride, so that a pure saturated
solution of carnallite in water cannot be prepared. Potassium
alum, on the other hand, is stable in presence of its solution
at all temperatures up to 92'5°,

When the salts present are capable of undergoing chemical
change, such as double decomposition, and when more than two
single salts are present, the conditions of equilibrium become
much more involved. Many extremely complicated cases have
been examined by van t’ Hoff in a series of researches on the
formation of the Stassfurt minerals, for an account of which
the original papers must be consulted.!

69 Metallic salts are, as a rule, insoluble or very sparingly
soluble in organic liquids. Some liquids, however, such as alcohol,
acetic acid, ether, pyridine, benzonitrile, ethyl sulphide, &c., dis-
solve certain salts with some freedom. Thus calcium chloride,
calcium nitrate, potassium iodide, and many others are soluble
in alcohol, whilst mercuric chloride and zine chloride are soluble
both in alcohol and ether, and the solubility of cadmium bromide
in a mixture of these two solvents is made use of in the wet
processes of photography. Salts which are insoluble in alecohol
are precipitated in the form of minute crystals when alcohol is
added to their aqueous solution, and this substance is therefore
often used in quantitative analysis, having been first proposed
for this purpose by Bergman in 1778.

70 Supersaturated Solutions.—When a solution of a salt free
from any undissolved crystals is allowed to cool quietly in
closed vessels, it is frequently observed that no crystals
separate out, although the quantity of salt contained in the
- liquid is greater than that which can exist in solution at that
temperature in contact with the solid salt. Such solutions are

! van t' Hoff, Bildung und Spaltung von Doppelsalzen. Zur Bildung der
ozeanischen Salzablagerungen (Braunschweig), 1905. See also E. F. Arm-
strong, British 4ssoc. Reports, 1901, 262 ; Findlay, The Phase Rule, p. 283,



SUPERSATURATED SOLUTIONS 121

termed supersaturated. If, however, a crystal of the salt be added,
a rapid crystallisation occurs, and the clear solution is then found
to contain the normal amount of dissolved salt. Sodium acetate
is a salt which is well adapted to show the phengomenon of
supersaturation in a striking manner. For this purpose the
crystallised salt is gently warmed in a flask with one quarter of
its weight of water until all is dissolved, the liquid filtered if it
is not perfectly free from suspended matter and placed in a
flask, the neck of which is then closed with a plug of cotton-
wool. If the smallest crystal of sodium acetate be thrown into
the liquid when cold, crystallisation at once commences round
the small particle, and in a few seconds the whole has assumed
the solid form, the change being accompanied by a considerable
rise of temperature.

When a hot saturated solution of a salt is allowed to cool in
the absence of the solid salt, the supersaturated solution which
is produced is at first metastable (p. 116), and during this
period crystallisation can only be brought about by the intro-
duction of a crystal of the solid salt or of one isomorphous with
it. As soon as a certain temperature is reached, however, the
solution becomes instable or labile, and crystallisation then
occurs spontaneously, its first appearance being much aided by
stirring and friction. At each temperature, therefore, the
solution only remains metastable up to a certain definite limit
of concentration, beyond which it becomes labile! A curve of
supersolubility can thus be constructed for each salt, and it is
found that such a curve is as a rule approximately parallel to
the solubility curve. The exact temperature at which the
change from the metastable to the labile state occurs is best
determined by observing the sudden change in the refractive
index of the well-stirred solution which accompanies the separa-
tion of crystals. Thus a solution of sodium nitrate containing
48'8 per cent. of the salt becomes labile at 20°; spontaneous
crystallisation then occurs, and the concentration of the solution
falls to that of a saturated solution at this temperature, which
contains 458 per cent. of the salt. A solution of the same salt
containing 512 per cent. of salt becomes labile at 30°.

The indifference of a supersaturated solution to crystals of
other non-isomorphous salts can readily be shown experiment-
ally. Thus if a supersaturated solution of sodium acetate, pre-
pared as just described, be poured gently on to the surface of a

1 Miers and Isaac, Journ. Chem. Soc. 1906, 413.
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supersaturated solution of sodium thiosulphate, made by simply
melting the crystals of the hydrated salt in a long test-tube, and
the whole allowed to cool, it is found that when a crystal of
sodium thiosulphate is dropped into the tube it falls through
the lighter solution of sodium acetate without inducing crystal-
lisation, but causes the immediate formation of crystals as soon
as it comes into the heavier solution of sodium thiosulphate. A
supersaturated solution of magnesium sulphate may be made to
crystallise by adding either magnesium sulphate itself or any
one of the isomorphous sulphates of iron, zinc, nickel, &c., whilst
sodium sulphate, sodium chloride, &c., have no action upon it.
Supersaturated solutions of sodium sulphate crystallise very
readily when exposed to the air, and it has been shown that
this is due to the presence of minute crystals of this salt in the
atmosphere. ]

The amount of a solid salt required to induce crystallisation
in a metastable solution is extremely small, amounting to only
about one ten-millionth of a milligram (10-1° grams) in the case
of sodium chlorate.!’ Whether this minimum amount varies with
the degree of supersaturation of the solution has not yet been
ascertained.

FUSIBILITY AND VOLATILITY OF SALTS.

71 Most of the metallic salts melt at temperatures beyond the
range of the ordinary mercurial thermometer, but many melting-
points have been determined with accuracy by means of resistance
thermoineters. Asalready mentioned (p.65), Carnelley has shown
that in the case of the salts which the metals form with the
same acid the melting-point is a periodic function of the atomic
weight of the metal contained in the salt, just as is the case
with the metals themselves.

The boiling-point has only been determined in the case of a
few of the haloid salts, but the comparative volatility of certain
salts was approximately ascertained by Bunsen? by the
following method: A small bead of each salt weighing one centi-
gram is placed in the zone of fusion of a Bunsen flame having
a temperature of about 1300°, and the time ascertained which
the bead takes to volatilise. The following numbers give the

1 Ostwald, Zeit. physikal. Chem, 1897, 22, 289,
2 Phil, May. 1866 (4), 82, 85.
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relative volatility for certain salts, that of sodium chloride being
taken as the standard:

NaCl KCl KBr KI KgS0, K,CO,
Seconds. 842 634 410 298 6652 2720
Volatility. 1000 1288 2055 2828 0127 0310

It has also been shown by Bailey! that certain salts are
slightly volatile when their aqueous solutions are evaporated,
even when all precautions are taken to prevent their being
carried over mechanically. This phenomenon has been more
closely examined in the case of the chlorides of the alkali metals,
and it has been shown that the volatility increases with the
molecular weight of the chloride and the concentration of the
solution.

GENERIC PROPERTIES OF SALTS.

72 The generic properties of the metallic salts have in most
cases been already given in Vol. I, under the respective acids.
The most important points may, however, be shortly recapitu-
lated here.

Fluorides—In their general properties the fluorides closely
resemble the chlorides, but are, as a rule, much less soluble in
water. Potassium, ammonium, silver, and stannous fluoride
dissolve readily, the sodium and lithium salts less easily, those
of the alkaline earth metals very sparingly in water, and the
remainder are almost insoluble. The alkali fluorides unite
with hydrogen fluoride and with the fluorides of the more
electro-negative elements to form double fluorides which usually
crystallise well. Thus we have:

Potassium hydrofluoride, KF, HF = KHF,
Potassium borofluoride, KF,BF, = KBF,
Potassium silicofluoride, 2KF,SiF, = K,SiF,
Potassium tantalofluoride, 2KF,TaF; = K,TaF,

Chlurides.—The greater number of the chlorides are solid
bodies, but a few, such as stannic chloride, SnCl, titanic
chloride, TiCl,, and antimony pentachloride, SbCl;, are liquids,
and these, as well as mercuric chloride, HgCl,, and antimony
trichloride, SbCl;, may be readily volatilised. The majority
melt at a fairly high temperature, and can only be volatilised

1 Journ. Chem. Soc. 1894, 445,
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at a red heat or higher temperature, and some few, such as gold
chloride, AuCl,, and platinum chloride, PtCl,, decompose into
their elements when strongly heated. With the following ex-
ceptions they dissolve readily in water: aurous chloride, AuCl,
silver chloride, AgCl, mercurous chloride, Hg,Cl, cuprous
chloride, Cu,Cl,, platinous chloride, PtCl,, palladious chloride,
PdCl,, thallous chloride, TIC], and lead chloride, PbCl,; the last
two dissolve to a slight extent in cold, and readily in hot water.

In some cases the chlorides are chemically acted on by water,
giving rise to basic compounds ; thus the trichlorides of bismuth
and antimony yield insoluble oxychlorides.

BiCl, + H,0 = BiOCl + 2HCI

Others, such as titanium chloride, are completely decomposed
into hydrochloric acid and a hydroxide of the metal.

Many double chlorides are also known similar to the
double fluorides, but the tendency to the formation of these is
not so great as in the former case. The most characteristic are
the platinichlorides, such as potassium and ammonium platini-
chlorides, K,PtCl; and (NH,), PtCl, which may also be looked
upon as salts of the acid H,PtCl,.

Bromides and Iodides closely resemble the corresponding
chlorides.

Cyanides.—These salts are classed with the haloid salts, which
they closely resemble in properties. The cyanides of the alkali
and alkaline earth metals and mercury are soluble in water ; the
remainder are insoluble, but dissolve in a solution of potassium
cyanide, forming double cyanides. Two differcnt classes of the
latter exist, viz. :—

(1) Those which still retain the characteristic properties of a
cyanide, and in which both metals can be detected by the
usual tests, as, for example, potassium silver cyanide, KCN,
AgCN, obtained by the action of potassium cyanide on silver
cyanide.

(2) Those in which one of the metals forming the cyanide
no longer shows the usual reactions, and in which also the
properties of a cyanide cannot be obscrved, such as potassium
ferrocyanide.

According to the theory of dissociation into ions, the differ-
ence between these two series of salts is explained in the
following manner. In the first series the double salt on
solution in water is partly dissociated into three ditferent kinds
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of ions, namely, the two metallic ions and the cyanogen ion :
thus potassium silver cyanide solution contains potassium,
silver and cyanogen ions, and therefore gives the usual reac-
tions of these ions. In potassium ferrocyanide, on the other hand,
which is a complex salt (p. 110) dissociation takes place into
only two different ions, namely, potassium and ferrocyanogen,
Fe(CN)g; the solution gives, therefore, the reactions of potas-
sium, but instead of those of ionic iron and cyanogen, reactions
which are due to the new negative ion, Fe(CN),.

Hypochlorites—The salts of hypochlorous acid are almost
unknown in the free state, as they are generally obtained
together with chlorides by the action of chlorine on cold solu-
tions of the hydroxides of the metals, and cannot be isolated
from the solution.

Chlorates.—The chlorates are all soluble in water, that of
potassium being one of the least soluble, and they all decompose
on heating, giving off oxygen and leaving the chloride.

Perchlorates.—These salts are also, without exception, soluble
in water, the least soluble being the potassium salt; like the
salts of the other oxyacids of chlorine, they are completely
decomposed by heat into oxygen and the chloride of the
metal.

Todates and Periodates.—Several series of both iodates and
periodates are known, which have already been described
(Vol. L, pp. 361, 363).

Sulphides.—The compounds of the metals with sulphur cor-
respond in general with the oxides, although there are cases in
which no sulphide is known corresponding to a particular oxide,
and vice versa. The sulphides and hydrosulphides of the alkali
metals and the hydrosulphides of metals of the alkaline earths
are soluble In water; the solutions when allowed to remain in
contact with free sulphur are converted into polysulphides, and
are oxidised by the oxygen of the air to sulphites, thiosulphates,
and sulphates. The remaining sulphides are almost all insoluble
in water, some of them being dissolved by dilute acids with
evolution of sulphuretted hydrogen, whilst others undergo no
change under these conditions. The different solubilities of the
sulphides in water and acids are taken advantage of in the
qualitative and quantitative separation of the metals.

The sulphides of the more electro-negative metals dissolve in
solutions of the alkaline sulphides, forming sulpho-salts, just as
the corresponding oxides unite together to form oxy-salts. Thus
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potassium oxide combines with arsenic oxide to form potassium
arsenate,and potassium sulphide combines with arsenic sulphide
to form potassium thioarsenate.

3K,0 + As,0; = 2K AsO,
3K,S + As,S; = 2K,AsS,

Subjoined is a list of some of the analogous oxy-salts and
sulpho-salts which have been prepared, in the formule of which
M represents an atom of a monad metal.

Oxy-salts Sulpho-salts
Carbonates, M,CO, Thiocarbonates, M,CS,
Pyrophosphates, M P,0; Pyrothiophosphates, M,P,S;
Metarsenates, MAsO,, Metathioarsenates, MAsS,
Ortharsenates, M;AsO, Orthothioarsenates, M,;AsS,
Metastannates, M,SnO, Metathiostannates, M,;SnS,
Orthostannates, M,;SnO, Orthothiostannates, M, SnS,

Similar salts are also known containing selenium and tellurium
in place of sulphur.

Sulphites.—Sulphurous acid, being a dibasic acid, forms two
series of salts, viz., normal and acid sulphites such as Na,SO,
and NaHSO,. Those of the alkali metals are soluble in water,
but the remainder are for the most part sparingly soluble or
insoluble, although they dissolve in a solution of sulphurous
acid. They are fairly stable in the dry state, but gradually
oxidise in presence of moisture, forming sulphates.

In addition to these, a series of sulphites known as the
metabisulphites or disulphites has been prepared, the con-
stitution of which is probably represented by the general
formula :

Sulphates—With the exception of those of barium, strontium,
and lead, which are almost insoluble in water, and those of
calcium, silver, and mercury, which are sparingly soluble, all
the sulphates dissolve readily and separate on evaporating the
solution in well-developed crystals usually containing a varying
number of molecules of water of crystallisation. The metals of
the alkalis form normal and acid sulphates, the metals of the
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alkaline earths and magnesium yield only normal sulphates,
whilst many other metals form soluble normal salts as well as
more or less insoluble basic sulphates. Many sulphates possess
the property of forming crystallisable double salts. This is
especially the case with the sulphates of the isomorphous
metals of the magnesiumn group, which yield compounds with
the sulphates of the alkali metals having the gencral formula

i i
MSO,+ M,SO,+6H,0.
Another important group of the double sulphates is that of

iii i

the alums, which have the general formula M,(SO,),+ M,SO,+
24H,0

Al(SO,), + K,;SO, + 24H,0.

Fe,(SO,), + (NH,),SO, + 24H,0.

Cry(S0,); + K SO, + 24H,0.

Al(SO,); + Na,SO, + 24H,0.

Al(SO,);, + Ag,SO,  + 24H,0.

IngS0,); + (NH,),SO, + 24H,0.

Nitrides—Many of the metals, such as magnesium, calcium,
vanadium, titanium, and lithium, unite with nitrogen when
strongly heated in the gas, forming stable nitrides, but in other
cases these compounds can only be obtained indirectly by the
action of ammonia on their heated oxides or chlorides. They are
usually dull brown or black powders, the composition of which
has in many cases not been accurately determined, and a number
of them are undoubtedly mixtures.

The salts of azoimide (Vol. L, p. 509) form a special class

N
of nitrides which contain the group .N<||; these are all ex-
N

tremely explosive substances.

Nitrites—These salts are for the most part soluble in water,
and are decomposed when strongly heated into oxides of nitrogen
and the oxide of the metal.

Nitrates—With the exception of one or two basic nitrates,
such as that of bismuth, all the nitrates dissolve in water, and
usually crystallise well. They melt at low temperatures, and on
further heating those of the alkali and alkaline earth metals
are converted, firet into nitrites with evolution of oxygen, and
then into oxides of nitrogen and the oxide of the metal; with
the nitrates of the other metals the intermcdiate formation
of nitrite is usually not observed, and in cases where the
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oxide is unstable at high temperatures the metal itself renains
as the final product. Owing to the case with which they lose
oxygen, the nitrates are frequently employed as oxidising
agents.

Phosphides.—Most of the metals combine with phosphorus to
form phosphides. Some of these, as, for example, the phosphides
of iron and zinc, are crystalline, but a large number have only
been obtained as difficultly fusible masses, which have not as
yet been closely examined, and are probably far from pure.
Those of the alkali and alkaline earth metals are decom-
posed by water with formation of gaseous or liquid hydrogen
phosphide.

Hypophosphites, Phosphites, Phosphates, Arsenites, and Arsen-
ates.—The relations between the different modifications of
these acids and the general properties of their salts have
already been fully described (Vol. I., pp. 638-656, 683, 687).

Carbides—Most of the metals combine with carbon when
either they or their oxides are heated together with carbon to
a very high temperature in an electric furnace. Those of the
alkali and alkaline earth metals are decomposed by water with
formation of the hydroxide and evolution of acetylene, whilst
that of aluminium yields methane in place of acetylene. Many
of the other carbides crystallise well, and of these by far the
most important are those of iron, which are always present
in commercial iron and exert an immense influence on its
properties.

Carbonates.—Most of the metals form salts with carbonic
acid, the monovalent alkali metals yielding normal and acid
salts of the general formule M,CO; and MHCOy ; a few metals,
such as aluminium and chromium, do not appear to form carbo-
nates ; and others, such as magnesium, bismuth, and copper, yield
basic carbonates.

With the exception of the carbonates of the alkali metals
and of thallium, all the carbonates are insoluble in water, but
many of them dissolve in water containing carbonic acid,
probably owing to the formation of an unstable acid carbonate.
They are decomposed by heat with evolution of carbon dioxide
and formation of the oxide of the metal, unless this is itself
decomposed at the temperature employed, but the temperature
at which the decomposition takes place varies considerably ;
thus the carbonates of the alkali metals are only slightly
decomposed at a bright red heat, whilst those of the alkaline
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earth metals are completely decomposed at this temperature if
the carbon dioxide is removed as it is formed, and the remainder
decompose for the most part at a lower temperature.

Borates and Silicates.—These salts have already been dis-
cussed in Vol. I, pp. 715-717 ; 896-900.

CHEMICAL CHANGE.

73 The older chemists thought that substances only combined
with one another when they possessed a common principle, and
hence they gave the name of affinity (afinis, related) to the
particular property in virtue of which substances unite. It was
afterwards seen that substances which have nothing in common
nevertheless react with one another chemically, and this was
ascribed to a mutual attraction between the particles of the
substances (Newton). It was, moreover, thought that this
attraction was elective in its character, so that when the
particles of three substances were all brought together, those
two would combine betwcen which there was the stronger
attraction, to the exclusion of the third. Thus, if a substance
A, capable of uniting with C, were presented to a compound
BC, made up of two substances united together, no change
would occur if the attraction of C for B were stronger than that
of C for A ; whilst if the opposite were the case, C would unite
with A and leave B in the free state. This view was especially
supported by Geoffroy (1718) and Bergman (1775), who drew
up tables of affinity or attraction showing the order of the
strengths of the affinities of the various bases, metals, &c., for
the acids and other substances with which they were capable
of combining. The true state of affairs was, however, first re-
cognised by Berthollet, who demonstrated by a series of experi-
ments that the course of a reaction does not depend solely on
the affinities of the substances concerned, but also on the
relative quantities of them which are present. Thus, according
to the view held by Berthollet, it follows that “ in opposing the
body A to the combination BC, the combination AC can never
take place ; but that the body C will be divided between the
bodies A and B proportionally to the affinity and the quantity
of each.” ! These views were afterwards developed by Berthollet
in his celebrated Essai de Statiqgue Chimigue.

! Researches into the Laws of Chemical Affinity, p. 6 (English Translation,
London, 1804).

VOL. IL K
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The further progress of investigation in this department of
chemistry ! has confirmed the opinions expressed by Berthollet.
When careful experiments are made it is found that very
frequently the whole of the substances concerned in a reaction
or decomposition does not undergo the change, but that a certain
fraction of the original substances remains unaltered, and that
those cases in which a complete reaction appears to occur are in
reality cases in which equilibrium is only established when an
exceedingly small proportion of the substances originally con-
cerned is left unchanged.

Thus, when calcium carbonate is heated in a closed vessel it
evolves carbon dioxide until a certain pressure of this gas is
reached, after which no further change in composition occurs
until the conditions are in some way aitered. If the tempera-
ture be increased more carbon dioxide is evolved, until another
definite pressure, higher than the previous one, is attained,
after which the system again undergoes no further change so
long as the circumstances remain unaltered. Tt is, moreover,
found that to every temperature there is a corresponding

. pressure of carbon dioxide, which is perfectly definite and con-
stant, and which increases as the temperature rises, as may be
scen from the table given.?

Temperature. Pressure.
547° . . . . . 27 mm. of mereury.
610 . . . . . 46 .
740 . . . . . 255 ”
810 . . . . .G678 .
865 . . . . 1333 "

If, on the other hand, the temperature be kept constant, but
the pressure of the carbon dioxide be lowered by pumping out
some of the gas, an additional quantity of the calcium carbonate
decomposcs until the original pressure is again attained. In
order completely to decompose calcium carbonate by heat it is
thercfore necessary to keep the pressure of the carbon dioxide
as low as possible, and it is only when this is done that com-
plete decomposition can be effected.  This is brought about by

! A fuller account of this subject will be found in Lothar Meyer, Modern
Theories of Chemistry ; Nernst, T'heoretical Chemistry ; Ostwald, Allgemeine
Chemie, vol. ii. ; Mellor, Chemiral Statics and Dynamics (Longmans, London,
1904).

? Le Chatelier, Compt. Rend. 1886, 102, 1243
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heating the carbonate in a current of air freed from carbon
dioxide, or more usually in the open air, in which the pressure
of carbon dioxide is so small that it may be neglected, and hence
it is that in the ordinary form of the experiment the decom-
position is practically complete.

Reactions then, as a rule, are not complete, but only proceed
until a certain definite state of equilibrium is set up. This
state of equilibrium is quite analogous to what occurs in many
physical phenomena. Thus, when water or any liquid evaporates
i a confined space, the evaporation only proceeds until the
vapour of the liquid exerts a certain definite pressure on the
surface of the liquid ; this pressure is likewise constant for any
particular temperature and increases rapidly as the temperature
rises.  As soon as it has been attained a condition of equilibrium
is set up, and the relative amounts of vapour and liquid then
remain unaltered so long as the other conditions remain the same.
The maintenance of this state of equilibrium depends upon the
fact that the. evaporation of the liquid is proceeding at exactly
the same rate as the condensation of the vapour, so that
the actnal proportion of vapour to liquid remains the same,
whilst individual particles of the liquid are continually escaping
from its surface, and as many others returning to it from the
vapour above.

Precisely the same considerations hold with regard to chemical
«quilibrium. Thus, recurring to the example of calcium car-
bonate, when equilibrium is set up at any particular tempera-
fure, we may suppose that the calcium carbonate is being
decomposed into lime and carbon dioxide at exactly the
sane rate as the last two are recombining to form calcium
carbonate.

All cases of simple chemical equilibrium may be considered
from the same standpoint as being brought about by two re-
actions proceeding in opposite senses and at equal rates, so that
the actual proportions of the substances present undergo no
change. Reactions of this kind, which can proceed in either
sense according to the circumstances of the experiment, are
known as reversible reactions, and are often indicated symboli-

cally by a special sign placed between the two parts of the
«yuation

CaCO, = CaO + CO,

It appears probable that all chemical changes renlly belong
K 2
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to the class of reversible reactions, although the conditions
under which the reversal of the change can be brought about
have in many cases not yet been dectermined.

.

VELOCITY OF REACTIONS.

74 Conditions of Chemical Equilibrium.—We have seen that
the condition of cquilibrium depends on the velocity of the re-
actions to which the equilibrium is due, and it is therefore of
great importance to ascertain on what conditions the velocity
of a reaction depends. Whenever chemical action is set up, a
definite period elapses before equilibrium is attained, and the
change ceases. In many cases, however, the reaction proceeds
so rapidly that this time cannot be measured; thus when
hydrochloric acid is added to caustic soda solution, when silver
nitrate is added to solution of sodium chloride, and in many
similar instances, the reaction appears to be complete as soon
as the substances have been mixed togetherand thus brought
into contact, and no measurement of the rate of the reaction
is possible. When, however, the reaction proceeds slowly, such
measurements can be made, and it is thus possible to ascertain
the influence of various circumstances on the velocity with
which the change is effected. The most important result of
the experiments which have been made on this subject is
the generalisation known as the law of the action of mass,
which states that the velocity of any reaction is directly pro-
portional to the amounts of the active substances present.
This law follows from the investigations of Wilhelmy (1850),
Harcourt and Esson (1866), Guldberg and Waage (1867),
van't Hoff and others. The experiments of Harcourt and
Esson! may be cited as an instance of the actual results ob-
tained. They were carried out by allowing potassium per-
manganate to act on oxalic acid dissolved in water in presence
of manganese sulphate, which is necessary to the reaction, and
sulphuric acid, The amounts of the various substances present
could all be varied, and the reaction was very thoroughly
investigated. The amount of unaltered potassium perman-
ganate present in the solution at any moment was determined
by adding an excess of potassium iodide solution and estimating
the iodine liberated.

' Phil. Trans. 1866, 193,
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The simplest case of this reaction occurs when the oxalic
acid is in large excess, as under these circumstances the change
in the amount of this substance may be neglected. It is
accordingly found that under these conditions the rate at
which the potassium permanganate disappears is at any
moment proportional to the amount of it which is still left
unreduced in the solution. This may be expressed more
simply by saying that the same fraction of the permanganate
actually present in the solution is reduced in each successive
interval of time. In the following table the results obtained
with a mixture of the molecular composition 2KMnO, +
14MnSO, + 108C,H,0O, arc compared with those calculated on
the assumption that the law of the action of mass really holds
for this particular change, and, as will be seen, the agreement
is excellent :

Time. Amount of Permanganate left in the solution.
Observed. Calculated.
2 948 948
5 I 879 876
11 3 749 747
27 | 493 489
35 | 391 396
47 ' 283 288
68 ’ 17-0 165

In reactions in which the amounts of two substances are
both altering at the same time, such as the decomposition of
ethyl acetate by caustic soda,

C,H,0,C,H, + NaOH = C,H,0H + NaC,H,0,,

the matter is more complicated, since the rate of the reaction
at any moment is now proportional to the product of the
active masses of the two substances present at that moment.
Here again, however, the observed numbers agree well with
those which are obtained by calculation from the law of the
action of mass. In many cases, especially when solutions of
weak acids or bases are concerned, the active mass is not
identical with the actual mass of the substance present, since
in such reactions only that portion of the substance which is
electrolytically dissociated is active in producing the change.
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Thus, when an equivalent amount of ammonia, which is dis-
sociated to a much smaller extent than caustic soda, is
substituted for the latter in the above reaction, the rate
becomes much slower, and is still further diminished by the
addition of any substance, such as an ammonium salt, which
diminishes the dissociation of the ammonia.,

The rate at which a chemical reaction proceeds is, as a
rule, greatly increased by rise of temperature, this being par-
ticularly well secn in the case of many gases. At the ordinary
temperature hydrogen and oxygen are only in equilibrium
when they are almost completely united to form water, but the
two gases react so slowly that even when preserved for years it
is impossible to observe the formation of an appreciable amount
of water. When the temperature is raised, howcver, the re-
action takes place so rapidly that explosion occurs, and when
the mass has cooled to the original temperature again it is
found that the gases are now in their proper state of equilibrium.

75 Chemical Equilibrivm.—Most of the reactions hitherto
considered have been chosen from amongst those in which equili-
brium does not occur until practically the whole of the
substances originally present have undergone the change.
When this is not the case, however, but equilibrium is reached
while there is still an appreciable amount of the original
substance or substances remaining, it must be remembered that
there are two reactions proceeding at the same time.  If p and
q represent the active masses of the two original substances
A and B which are reacting according to the equation

A4+B=axC+ D,
then the velocity ¢ of the reaction between them is, according
to the law of the action of mass,
v = kpy,

where 4 is a constant, the value of which depends on the
nature of the substances, the temperature, &e. Similarly if
p" and q" be the active masses of the products of the reaction,
C and D, the velocity of the reverse reaction between these,
which results in the reproduction of the substances A and B, is

v o= Mpyg.
The velocity of the resultant reaction, which can be measured
by experiment, will then be

v—v = kpg — 'y,
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and when this is equal to zero, i.c, when the two reactions
proceed at equal rates, the system is in equilibrium, in which
condition, thereforc, we have the equation

» E_py
kpg =Lp'g,or K = , = 11,
Py =kp'q ¥ g
The ratio I", = K is known as the constant of cquilibrium,

k
and can be determined experimentally by ascertaining the
amounts of the various substances which are actually present
when equilibrium is established. Thus when alcohol is mixed
with a molecular proportion of acetic acid at the ordinary
temperature the following reaction occurs :

C,H,OH +C,H,0, = C,H,0-C,H,0 + H,0.

The amount of change which has occurred during any period
can readily be measured by simply titrating the acid still
present and subtracting the amount thus found from that
originally taken. The quantities of alcohol, ethyl acetate, and
water present can then all be calculated from this number by
means of the equation representing the reaction. When
equilibrium is established, a process which requires several
days at the ordinary temperature, it is found that § of the
alcohol and acetic acid have undergone the reaction, whilst § of
each is left unaltered. Exactly the same state of equilibrium
is reached if equivalent amounts of ethyl acetate and water
are taken and allowed to react. In this condition, therefore,
rg=1%x %=1 whilst p'¢ = % x 3 = §, so that

K="7_4
pq

When the value of the cquilibrium constant has once been
determined, it is possible to calculate the state of equilibrium
when the substances are mixed in any proportions. Thus if A
be the number of molecules of alcohol and B of acetic acid in
the above instance, and if £ be the number of molecules of
acid which react with the alcohol, then in the condition of
cquilibrium

Pp=A—-rg9g=B—-up =49 =uw

By substituting these values in the cquation given above, the
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value of x can be obtained. The numbers calculated in this
way agree well with those obtained by experiment.

It is found experimentally that if a large excess of alcohol
be taken, practically the whole of the acetic acid is converted
into ethyl acetate, whilst if a large excess of acid be taken,
almost the whole of the alcohol undergoes the reaction. These
facts have an important bearing upon the reactions used in
analytical processes. In these cases it is essential that equili-
brium be not established until practically the whole of the
substance which is being estimated has undergone the par-
ticular reaction. In the processes of gravimetric analysis the
substance which is being analysed, or some one of its elements,
is converted into a sparingly soluble compound. In this way
the product which is precipitated is cqptinually withdrawn
from the solution, the equilibrium is thereby disturbed and
fresh quantities of the substance are formed and precipitated,
the reaction thus proceeding until it is practically complete.
This effect is further aided in most cases by the use of an
excess of the reagent, which, as we have just seen, tends to
increase the amount of the other substance which undergoes
the reaction. In the processes of volumetric analysis it is also
necessary to choose reactions for which the constant of equili-
brium is very high, and which moreover proceed rapidly.
Thus the reaction between equivalent quantities of caustic
soda and hydrochloric acid can be utilised for estimating ‘the
amount of the former present, because the reaction proceeds
rapidly, and equilibrium is only established when practically
the whole of the acid and alkali present have reacted. The
completion of the reaction is therefore indicated by the fact
that the solution becomes neutral. On the other hand, it is
impossible to estimate alcohol by titration with hydrochloric
acid, because the constant of equilibrium for this reaction is
low (844 at 99° '), and equilibrium is attained long before the
whole of the alcohol has been converted into ethyl chloride, and
therefore before the solution has become neutral, so that it is
impossible to ascertain by the aid of an indicator when an
equivalent of the acid has been added.

Among the many instances of chemical equilibrium which
have been experimentally studied, the only one which can be
mentioned here in addition te those already discussed, is the

! Cain, Zeit. physikal. Chem. 1893, 12, 751.
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phenomenon of the dissociation of gases. When a gasis decom-
posed by heat into several new molecules, which may either be
all of the same kind as in the case of nitrogen peroxide, N,O,, or
of different kinds as in the case of phosphorus pentachloride, and
these reunite to form the original gas when the whole is allowed
to cool, the gas issaid to dissociate when heated. Insucha case
the quantities of the several gases present are proportional to
the pressure which they exert in the mixture. Thus if p be
the pressure due to the undissociated molecules, and p, that of

each of the two new gases formed, the equation of equilibrium
becomes

K =20
2}

If now the pressure of one of the products of dissociation be
increased by adding some of it to the mixture without allowing
the volume of the whole to increase, it follows that the numer-
ator of this fraction must increase, and that therefore, since K
is constant, p must also increase. In other words the dissociation
of the gas must be diminished. This result has been experi-
mentally verified in many cases. Thus when phosphorus
pentachloride is vaporised it partially dissociates into phos-
phorus trichloride and chlorine :

PCI, — PCl, + Cl,

When, however, the pressure of either the phosphorus tri-
chloride vapour or of the chlorine is increased, the dissociation of
the gas is diminished and the vapour density is increased. The
same is true for ammonium chloride, which does not dissociate
to so large an extent when ammonia or hydrochloric acid is added
to its vapour in the same way.

A similar phenomenon occurs in solutions of electrolytes;
when two substances having a common ion are present in a
solution, neither of them is electrolytically dissociated to as
great an extent as it would be were the other substance
absent. :

The effect of change of temperature and pressure on the
condition of equilibrium has also been carefully studied for
wany partially dissociated gases. The particular state of
equilibrium which is attained by any reacting system of sub-
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stances, depends on the physical conditions to which the systen
is subjected, but the extent by which the state of equilibrium
is altered by change of temperature and pressure varies very
largely according to the nature of the special reaction concerned
It may be taken as a general law that rise of temperature tends
to produce such a change in the equilibrium of the system as is
attended by an absorption of heat, whilst a lowering of the
temperature has an effect in the opposite direction. Thus
when a gas such as nitrogen peroxide, N,O,, is heated to a
definite temperature it decomposes to a perfectly definite ex-
tent into molecules of the simpler gas, NO,, a change which is
accompanied by absorption of heat. If now the temperature
be raised, the effect is to increase the dissociation of the gas,
since thercby an absorption of hcat and a consequent fall of
temperature is produced. -If a reaction proceeds without
much evolution or absorption of heat, the effeet of change of
temperature on the condition of cquilibrium is correspoudingly
small.

The effect of temperature on a chemical reaction is therefore
of two kinds. In the first place it increases the velocity of
the reaction, and in the second place it alters the final state
of equilibrium which is attained. This is well illustrated in
the case of hydrogen and iodine, which has been very
thoroughly investigated by Lemoine® and Bodenstein?  When
these two elements are hceated together at 290°, several
weeks are required for the establishment of equilibrium, in
which condition 16:37 per cent. of the total hydrogen is pre-
sent in the free state; at 448° on the other hand, the state of
equilibrium is reached in a few hours, 2363 per cent. of the
total hydrogen being free.

In the same way increase of pressure produces such a
change in the condition of equilibrium as is attended by a
diminution of volume. Thus when the external pressure on
such a gas as nitrogen peroxide is increased, whilst the
temperature is maintained constant, the dissociation of the
gas is diminished, this change being accompanicd by a
diminution of volume,

N,0, = NO, + NO,

U Aan. Chim. Phys. 1877, [5), 12, 145.
2 Zeit. physikal. Chem. 1896, 18, 56.
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This is shown by the following numbers obtained by E. and
L. Natanson ! at a temperature of 497°

Pressure. Vapour density.
2680 mun. 1663
9375 1-788

18269 1894

26137 1:993

49775 2-144

On the other hand increase of pressure produces no change
in the equilibrium of a gas such as hydriodic acid at any par-
ticular temperature, the decomposition of this substance being
unattended by any change of volume.

2HI = H, + 1,

U un. Chim. Phys. 1885, 24, 454 ; 1886, 27, 656.
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SPECTRUM ANALYSIS

76 The following pages contain a short statement of the
principles of spectrum analysis, and of the application of these
principles to the detection of certain elementary and compound
bodies. A complete treatise on spcctrum analysis would here
be out of place; for the subject has not only now outgrown the
space which can be assigned to it in a work like the present,
but much diversity of opinion is still expressed on various
important points, and a discussion of these views cannot here
be attempted.!

Although the spectroscope has only been employed for
chemical investigations since the year 1860, it has been the
means of effecting some of most striking discoveries of modern
times. By its help the chemist is able to investigate the com- .
position of terrestrial matter with a degree of exactitude
previously undreamt of, and the discovery of the following new
clementary bodies, as well as many members of the group of
rare earths, indicates the importance of the employment of this
instrument, in chemical analysis :

Ceesium and Rubidium, by Kirchhoff and Bunsen.
Thallium, by Crookes.

Indium, by Reich and Richter.

Gallium, by Lecoq de Boisbaudran.

Helium, by Ramsay.

In addition to this, the application of the methods of spec-
trum analysis to the investigation of the nature of the light
emitted by the heavenly bodies has opened out a completely
new field of research, and has laid the foundations of a new
science, that of Celestial Chemistry. Such has been the progress

1 See Kayser, Handbuch der Spectroscopie (Hirzel, Leipzig, 1903-5); Baly,

Spectroscopy (Longmans, London, 1905) ; Watts, Introduction to the Study of
Spectrum Analysis (Longmans, London, 1904).
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made in this direction that we are now not only assured of
the existence of many of our well-known terrestrial metals in
the atmospheres of the sun and the fixed stars, but we have
gained a knowledge of the physical condition of our luminary
such as we formerly could not have thought possible, and have
even been able to form a definite opinion concerning the
physical and chemical constitution of the nebulz and stars.

Moreover it appears that the study of the spectrum is capable
of leading to most interesting and important conclusions respect-
ing the structure of the molecule, both at ordinary temperatures
and at the highest of which we have any knowledge. It seems
also probable that spectrum observations will prove of great
assistance in our endeavours to ascertain the structure of the
atom and to trace the changes involved in its disintegration.

77 The principles upon which spectrum analysis is founded
are simple enough. When any solid or liquid bodies are
gradually heated they will all be seen to become luminous at
some temperature. If the light which these bodies emit, when
they begin to glow or become luminous, be examined by means
of a prism, and suitable optical arrangements, we observe that
the rays of least refrangibility, viz. the red rays, are first seen
and that, as the temperature rises, light of greater refrangibility
is gradually emitted, until at last the body gives off blue or
violet rays. When this point is reached the substance appears
to the naked eye to be white-hot, as all the differently coloured
rays, when brought together on to the retina produce the effect
which we term white light. It is thus clear that the spectrum
of every incandescent solid or liquid is the same, a bright con-
tinuous coloured band, whose rays extend without a break
through all the colours of the rainbow from red to violet. The
case is, however, quite different with gases glowing at a high
temperature. The light which these bodies emit does not
consist, within a certain limit, of light of all degrees of
refrangibility. The spectrum of a glowing gas, instead of being
continuous, is more or less broken up. Incandescent gases
only emit rays of definite degrees of refrangibility, and their
spectra consist, therefore, of bright lines whose position under-
goes no change when the temperature is increased. Thus the
vapour of sodium emits a yellow light and its spectrum is
characterised by a double yellow line having wave-lengths of
5896 and 5890 ten-millionths of a millimetre, and being
coincident with the dark lines in the solar spectrum termed by
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Fraunhofer the D lines. These two bright sodium lines do not,
alter their position when the temperature of the vapour is
raised ; sodium vapour, as soon as it becomes luminous, glows
with a yellow light, and by no increase of temperature can it
be made white-hot.  The peculiar colour of incandeseent sodinum
vapour is best seen by placing, in the non-luminons gas-Hame,
a small bead of chloride of sodium fused on to the end of a fine
platinum wire. The salt volatilises, and the flame is coloured
intensely yellow (Fig. 104).

78 Melville, in 1752, was the first to notice this yellow
sodinm flame, but he was nnaequainted with its cause. In the

Fic. 104,

year 1822, Sir David Brewster introduced his monochromatie
lamp, the first idea being, however, due to Melville.  In this
same year Sir John Herschel investigated the spectra of many
coloured flames, especially those obtained by means of the
chlorides of copper and strontinm, as well as by boracic acid,
and in 1827 he writes concerning these observations—* the
colour thus contributed by different objects to flame affords in
many cases a ready and neat way of detecting extremely
minute quantities of them.” Again, Fox Talbot writes as
follows in 182G :—“The red fire of the theatres gave a most
beautiful spectrum, with many lines or maximaof light. In the
red these lines were more numerous, and crowded with dark
spaces between them, besides an exterior ray greatly separated
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from the rest, and probably due to the nitre in the composition.
In the orange was one bright line, one in the yellow, three
in the green, and several that were fainter.” The extreme
delicaey of the sodium reaction and the universal distribution
of this clement were facts unknown to Talbot, and he conse-
quently attributes the yellow line first to sulphur and after-
wards to the presence of water. He adds, “if this opinion "—
as to the cause of the production of the lines—* should prove
correct and applicable to the other definite rays, a glance at the
prismatic spectrum of a flame might show it to contain
substances which it would otherwise require a laborious
chemical analysis to detect.” In 1834 Talbot again writes :—
“ Lithia and strontia are two bodies characterised by the
fine red tint which they communicate to the flame. Now
it is very difficult to distinguish the lithia-red from the strontia-
red by the naked eye, but the prism betrays between them
the most marked distinction which can be imagined. The
strontia flame exhibits a great number of red rays well
separated from each other by dark intervals, not to mention an
orange and a very definite bright blue ray.  The lithia exhibits
one single red ray. Hence I hesitate not to say that optical
analysis can distinguish the minutest portions of these two
substances from each other with as much certainty as, if not
more than, any known method.”

In the year 1845 Dr. Wm. Allen Miller published the results
of experiments on the spectra of coloured flames, together with
drawings, but owing to the fact that in these researches a
luminous flame was made use of, the representations of the
several spectra are wanting in clearness and individuality.
Swan was the first to point out that the bright yellow line
coincident with Fraunhofer’s D, which was scen in every flame,
-1s caused by the presence of sodium salts, and it is to him that
we are indebted for the discovery of the extreme delicacy of the
sodinm reaction, and for the proof of the universal distribution
of this element.

The earliest observations of the spectra of the metals which
cannot be volatilised at the temperature of the non-luminous
gas-Hame were made in 1835 by Wheatstone.  He allowed
electric sparks to pass between poles of different metals, and
found that the spectra of the sparks thus obtained were dis-
similar.  From this he concluded that the electric spark resulted
from the volatilisation of the metal of the poles.  “These
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differences,” he says, “ are so obvious, that one metal may easily
be distinguished from another by the appearance of its spark ;
and we here have a mode of discriminating metallic bodies
more ready than that of chemical examination, and which may
hereafter be employed for useful purposes.”

In 1855 Angstrim thoroughly investigated the nature of the
electric spark, proving the important fact that the spark yields
two superimposed spectra ; one derived from the metal of the
pole, and the other from the gas or air through which the spark
passes.

The results obtained by the above-mentioned observers were,
however, but little known, and the method was never applied to
the solution of problems in analytical chemistry, until the year
1860, when Bunsen and Kirchhoff began their classical
researches. It is to these two philosophers that we must
in truth ascribe the discovery of the spectrum analytical
method, for they were the first to bring to bear upon this
subject the sound principles of modern research, and to estab-
lish it upon the firm foundation of exact experiment.! Their
labours soon met with their reward. A new alkali metal
(caesium) was almost immediately discovered,? and the presence
of various well-known metals in the solar atmosphere was at
the same time ascertained beyond doubt.?

CONSTRUCTION AND USE OF THE
SPECTROSCOPE

79 The construction and arrangement of the spectroscope best
suited to ordinary chemical purposes is shown in Fig. 11.  This
instrument consists of a prism () fixed upon a firm iron stand,
and a tube (?) called a collimator, carrying the slit (d), seen on
an enlarged scale in Fig. 13, through which the rays from the
coloured Hame which is being examined (¢) fall upon the
prism, being rendered parallel by passing through a lens placed
at the other end of the tube. The light, having been refracted
by the prism (), is received by the telescope (f), and the image

! Kirchhoff and Bunsen, ¢‘ Chemical Analysis by Spectrum Observations,”
Memoir I. Phil. Mag. 1860, [4], 20, 89 ; ditto, Memoir II. Phil. May. 1861,
[4], 22, 329, 498.

2 Berlin Acad. Ber. May 10, 1860 ; Chem. News, 1861, 8, 132.

3 Berlin Aead. Ber. Oct. 27, 1839 5 Phil. May. 1860, (4], 19, 193.
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magnified before reaching the eye. The small luminous gas-
flame (&, Fig. 11) is placed so as to illuminate a fixed scale con-
tained inside the tube (g); this is reflected from the surface of

Fic. 11,

the prism (@) into the telescope, and serves as a means of measur-
ing the position of the lines.
If, as is often the case, it be desired to observe two spectra

Fic. 12

simultaneously, so as to compare the position of the lines, this
ix effected by placing a small prism (¢, Figs. 12 and 13) over one
half of the slit. The rays from a second source of light (¢,

Fic. 13.

Fig. 11) may thus be brought into the collimator by internal re-
flection and the two spectra produced, one occupying the upper
half, and the other the lower half of the field of view.
In spectroscopes adapted for more accurate measurements, the
VYOL. 1I. L
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illuminated scale is discarded and the telescope is made to move
along a divided circle by means of which the angular dispersion
of the various lines may be measured.

Greater dispersion and separation of the lines is attained by
the use of a series of prisms instead of a single prism (Fig. 14), but
in such instruments the intensity of the light is much weakened
and they can therefore only be used with advantage when the
source of light is of considerable intensity.

Greater accuracy in definition and wider dispersion are

Fi:. 14,

attained by the substitution of a diffraction grating, either
plane or concave, for the prism, and such gratings, which usually
contain from 5,000 to 20,000 lines per inch,are always employed
for the most accurate work, when the source of light is of suffi-
cient intensity.

METHODS OF PRODUCING EMISSION
SPECTRA.

80 In order to obtain the peculiar spectrum of a chemical
substance it is necessary that the light be examined which
this substance emits in a state of glowing gas. The method
which must be employed for this purpose differs according
as the substance is solid, liquid, or gascous.
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FLAME- SPECTRA

81 Slightly volatile substances, such as the salts of the
metals of the alkalis and alkaline earths, may be placed upon
a fine platinum wire, and this then brought into the non-
luminous Bunsen flame. The salts there volatilise, the flame
becomes tinged of a characteristic colour, and this coloured
flamne, when examined by the spectroscope, exhibits the peculiar
spectrum of the given substance.

Many substances which yield no bright line spectra in the
Bunsen flame do so in the oxy-hydrogen flane.

ARC- AND SPARK-SPECTRA

82 Again, when the substance is non-volatile at the tempera-
ture of the non-luminous flame, as is the case with most metals,
and requires a much higher temperature to convert it into gas,
either a powerful electric spark or the electric arc must be
employed. The arrangement used for obtaining the spectra
of metals by means of the electric spark is scen in Fig. 15.
It is only necessary to allow a powerful and bright spark to
pass between poles made of the metal in question to obtain
the characteristic bright-line spectrum of the metal, although
it is to be remembered that the bright lines of the gases
through which the spark passes (the air lines) will likewise be
obscrved.

Another method of examining spark-spectra with especial
regard to the easy chemical detection of the difficultly volatile
etals was proposed by Bunsen.!

The spark passes between two small cones of pure porous
carbon, these having been impregnated with a solution of a purce
compound of the metal under examination. The advantage of
this spark-spectrum method is well shown in the case of the
detection of the rare allied metals cerium, lanthanum, praseo-
dymium, and neodymium ; yttrium and erbium. The chlorides
of these metals do not volatilise at the temperature of the non-
luminous flame, but yield well-defined and characteristic spark-
spectra by which they can, without difficulty, be recognised.

Another method which is of special value for observing the

' Phil. Mag. 1875, (4], 5O, 418, 527.
L 2
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spectra given by the soluble salts of the metals has bc?en
perfected by Lecoq de Boisbaudran. It consists in connecting
the solution of the salt with the negative wire from the in-
duction coil and then passing the spark from a positive pole of
platinum placed just above the surface of the liquid. This
method has proved of great value in the cxamination of the
compounds of rare earths.

For arc-spectra the ordinary arc between carbon points is
used, the substance to be examined being placed on the
positive pole, or packed in a hole bored along the axis of the
carbons. In the case of metals, the poles may be made of the
metal itself.

If the body be a gas at the ordinary temperature the gaseous

Fic. 15.

particles can be made to glow, and then to emit the rays which
are peculiar to them, by passing an clectric discharge through
the gas. The colour of the electric spark or discharge will then
be found to vary according to the nature of the gas, and an
examination by means of a spectroscope of the light then
emitted reveals the characteristic spectrum of the gas. The
examination of the spectra of gases at low pressures is effected
by means of (‘cissler’s Tubes (Fig. 16). These contain the
gases in a highly rarefied condition, and are furnished with
platinum or aluminium wires melted through the glass, and as
the rarefied gases offer little resistance to the passage of the
electricity, the discharge passes readily through a long narrow
tube, heating up in its passage the particles of gas, and thus
producing a column of brightly luminous gas. The vapours of
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liquids which are easily volatilised can also be examined in
this way.

The spectra of gases at the ordinary pressure or under in-
creased pressure can be observed by passing a spark (as de-
scribed above) between metal poles in an atmosphere of the
gas at the required pressure. It must be remembered that
in such experiments the lines due to the metallic poles are
also seen.

Phosphorescence spectra are shown by many substances
when they are exposed to the cathode discharge in a highly
exhausted glass bulb (Crookes), this method having been much
used for the examination and characterisation of the rare
carths.

When the invisible portions of the spectrum are to be
cxamined it must bc remembered that glass is much less

Frc. 16.

transparent to the infra-red rays than to ordinary light and is
almost opaque to the ultra-violet rays. These last are, however,
transmitted by quartz prismsand lenses, and then can be photo-
graphed, or rendered visible by means of a screen coated with
some phosphorescent substance such as platinocyanide of barium
or potassium. The infra-red spectrum is best obtained by means
of a metallic diffraction grating.

MAPPING AND MEASURING SPECTRA.

83 The following method of mapping spectra as observed
with a spectroscope provided with an illuminated scale, was
proposed by Bunsen as a convenient mode of recording the
position, breadth and intensity of the lines constituting the
various spectra. “ For the purpose of facilitating the numeri-
cal comparison of the data of various spectrum observa-
tions, we give in Fig. 17 graphical representations of the

L
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observations which are taken from_ the guiding lines given in
the chromo- hthogmph drawings of the spectra published in our
former memoirs, and in which the prism was placed at the angle
of minimum deviation. The ordinate edges of the small
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blackened surfaces, referred to the divisions of the scale as
absciss®, represent the intensity of the several lines, with their
characteristic gradations of shade. These drawings were made
when the slit was so broad and the flame of such a temperature
that the fine bright line upon the broad Ca & band began to be
distinctly visible.

“ This breadth of the slit was equal to the fortieth part of
the distance between the sodium line and the lithium line a.
For the sake of perspicuity, the continuous spectra which
some bodies exhibit are specially represented on the upper
edge of the scale, to the divisions of which they are referred as
abscisse.”

The positions of the lines in a spectrum are now generally
recorded in terms of their wave-lengths, which arc usually
cxpressed in ten millionths of a millimeter (1 x 10-7 millimeter)
a unit of measurement, which is known as Angstr&im’s unit (A.U.)
or as a “ tenth meter ” since it equals 1 x 10~ meter. Wave-
lengths are, however, sometimes expressed in terms of
p = 0001 millimeter or of pp = 0000001 millimeter. For
many purposes it 18 more convenient to deal with the oscillation
frequency of the ray, 7.e. the number of wavesin a given unit of
length, the centimeter being usually chosen. Thus, the less
refrangible yellow sodium line has the wave-length 589¢-2
AU. (58962 up; 058962 u) and the oscillation frequency
16960°1.

In order to ascertain the wave-lengths of the various lines
observed it is necessary to draw a curve which represents the
dispersion of the particular instrument which is being em-
ployed. This is done by selecting a number of lines as
standard lines and plotting the wave-lengths of these as
ordinates, and their positions on the scale of the instrument
as abscissee. The curve joining the points thus obtained can
then be used for determining the wave-length of a line ob-
served at any position on the scale. Precisely the same process
may be carried out with the oscillation frequencies.

Some instruments arc provided with illumination-scales,
which are divided and numbered so as to permit of the direct
determination of the wave-length of any region of the visible
speetrum.

The scale is similiar to that shown in Fig. 18 and gives wave-
lengths in pp, in accordance with the determinations of
Angstrom. The divisions of the scale enable the observer
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to
th

read directly to the second figure, and to estimate the
ird.
Thus the wave-length of Fraunhofer’s line E is, according to

Angstrom, 5273 pp. In an instrument made by Zeiss of Jena,
the observer would at once see that the line was placed
between divisions 52 and 53, and he would determine the
fraction of the division to within one-tenth, but probably much
nearer ; the reading would probably be 527, which would give
him the wave-length pu 527.

Such scales are sufficiently accurate for ordinary qualitative

work, but can only be employed with a prism of the same
dispersive power as that for which they have been constructed.

The most accurate method, however, of recording thc

spectrumn given by any substance is to allow the image of the
spectrum to fall upon a photographic plate, which is contained
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the telescope. The great advantage of the photographic method

is

that it is thus possible to determine with great accuracy the

positions of a much larger number of lines than can be done by
nere observations with the eye, very faint lines being recorded
when the time of exposure is increased. This is shown by the
fact that in the portion of the spectrum from wave-lengths 3900

to

4100, the number of lines of twelve metals noted by

Lockyer is 416 as against 39 lines observed by Thalén.
The photographic method can moreover. be extended to
those portions of the spectrum which are invisible to the
eye. ’

If the spectrum of some standard substance be photographed

on the same plate as the spectrum to be examined, the
unknown wave-lengths of the new lines can readily be
determined by interpolation from the known wave-lengths of
the lines of the standard substance.
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It has been found possible to photograph the spectrum from
wave-length 20000 A.U. in the infra-red to 1000 in the ultra-
violet, but very special methods are required to obtain records
beyond the interval 9000-2100. In the infra-red measurements
may also be made by means of the bolometer, an instrument
devised by Langley, which detects the heating effect of the rays
by the change of resistance produced in a thin metallic wire.
By the use of this instrument radiations of wave-length
1,000,000 A.U. (01 mm.) have been detected.

VARIATION OBSERVED IN SPECTRA.

84 The nature of the spectrum emitted by a gas depends upon
the temperature and pressure to which the gas is subjected.
When an electric discharge of low intensity is passed through
a highly rarefied gas, in a Geissler tube, the spectrum usually
consists of a series of broad bright bands, which are made up
of a great number of very fine lines crowded closely together,
and is termed a channelled-spectrum (Pliicker). The band
spectrum of the discharge in the neighbourhood of the positive
pole is moreover often different from that near the negative
pole. At a higher temperature, produced by a discharge of
greater intensity, the spectrum consists of bright lines. Finally
when the pressure is increased, under certain conditions, many
gases are found to give continuous spectra.

These variations are well exemplified by the cases of oxygen
and nitrogen, the former of which gives no less than seven
different spectra, among which arc included the absorption
spectra of both oxygen and ozone.

Argon, krypton, and xenon behave in a somewhat different
manner from the foregoing gases, yielding two distinct bright
line spectra according as the ordinary discharge or the jar
discharge is employed.

Further, it is often found that variation in the pressure of the
gas or the intensity of the discharge produces a variation in the
relative intensity of the lines of the spectrum. Thus in helium
at a pressure of 7—8 mm. the yellow lines are the most
conspicuous, and the gas glows with a yellow light; whilst
at a lower pressure the most conspicuous line is in the green,
and the gas glows with a greenish coloured light.

The cause of these variations is at present unknown. It
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appears probable, however, that the characteristic spectrum of
each element is due to the vibrations of the corpuscles which
are present in its atoms (p. 41) rather than to the vibrations of
the atom as a whole, so that a change in the spectrum corres-
ponds to some alteration in the mode of vibration of some or
all of the corpuscles making up the atom.!

THE SPECTRA OF THE ELEMENTS.

85 If we compare the spectra of the various elements
obtained according to one or other of the above methods, we
find that each element yields a characteristic spectrum,
consisting of a larger or smaller number of bright lincs,
and that no two clements have even a single line in common.

These lines do not undergo any alteration in relative position,
or in degree of refrangibility, when the temperature is increased,
The sodinm double yellow line D is always seen at the same
position of the spectrum, viz, wave-lengths 5896 and 5890, to
whatever temperature the vapour may be raised. The number
of lines visible in any given spectrum, as well as their relative
intensities, may, on the contrary, undergo considerable changes
dependent upon the temperature of the glowing gas, the
pressure to which it is subjected, and the thickness of the
incandescent layer. Thus, for example, the spectrum of lithium,
as obtained by placing some salt of the metal in a non-luminouns
gas-flame, consists of one very bright red line, Li. a, w. 1. 6708,
and a very faint orange line, Li. 8, w. 1. 6104. (Fig. 19.) If
however, the spectrum of lithium, obtained by placing one of
its salts in the electric arc, or even in the oxyhydrogen flame,
be examined, a new and splendid blue line (Li. 4), having a
wave-length of 4602, makes its appearance, along with several
others of less intensity, making in all twenty lines. The same
phenomenon is observed in the case of the strontium spectrum
(Fig. 19), where no less than four new lines (¢, 7, x, and A)
make their appearance on increasing the temperature of the
incandescent vapour of the metal.

A very important feature of the spark spectra of the metals
was first observed by Lockyer, making use of a method in which
the image of the electric arc formed by the incandescence of the

! See J. J. Thomson, *‘Some applications of the theory of electric discharge
through gases to Spectroscopy,” Nature, 1905-6, 73, 495.



metal was projected by a lens on the slit of the spectroscope.
By this process he was cnabled to examine the spectrum of
various portions of the arc, and was thus led to the remarkable
discovery that in each metallic spectrum certain lines are not
only brighter and more intense than others, but are also longer
than the rest. That is, that one line of a given metal is seen to
stretch across from pole to pole, whilst another line only
appears in the neighbourhood of the poles where the tempera-
ture is highest, and the density of the incandescent gas may -
be supposed to be greatest. These longest lines in the spectrum
of the metals arc the ones which exist in the spectrum produced
at lower temperatures.

The application of instruments possessing greater powers of

Fi:. 19,

resolution to the study of the spectrum has revealed the fact
that the great majority of the bright lines observed in the
spectra of the elements are in reality composed of a number of
separate lines differing only very slightly in wave-length, but
often varying considerably in intensity. Thus, the red line of
hydrogen consists in reality of two lines of uncqual brightness,
differing in wave-length by only 0-14 A.U. Again, the green
line of thallium is triple, and certain of the lines of mercury
quadruple.

SPECTRA OF COMPOUNDS.

86 It appears probable that every individual compound pos-
sesses a characteristic spectrum which consists of broad bands
and not of lines like the spark spectrum of an clement. It is,
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however, impossible in many cases to observe this, because the
compound is decomposed before it reaches a sufficiently high
temperature to produce a spectrum. Thus when the compounds
of one of the alkali metals are introduced into a Bunsen flame
the spectrum produced is the same whatever the compound of
the metal which is introduced, and consists of lines which are
all found in the spark spectrum of the metal. On the other
hand the different salts of barium, calcium, or strontium yield
different spectra, and these moreover scarcely contain a single
line which occurs in the actual spectrum of the metal. Thus,
if a bead of calcium chloride be brought into the flame a reddish
tint is observed, caused by the volatilisation of the salt. The

Fic. 20.

spectrum of this coloured flame consists of a series of ditterently
coloured broad bands, whose position is indicated by No. 1, Fig.
20, and which are mainly due to the unaltered chloride and
the oxide formed from it by calcination. If, now, the same
bead be placed between two metallic poles, and a bright electric
spark be allowed to strike round the bead, the spark is scen to
assume a bright-red tint, and when this coloured spark is
observed by means of a spectroscope a spectrum of fine bright
lines, shown in No. 2, Fig. 20, is scen. In the first instance
the spectrum is that of incandescent calcium compounds ; in
the second it is that of the metal itself.
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RELATIONS BETWEEN THE LINES OF A
SPECTRUM.

87 Many attempts have been made to discover whether any
relations exist betwcen the wave-lengths of the lines in the
spectrum of a given element. It appears from the work of
Liveing and Dewar, Hartley, and especially of Balmer, Rydberg,
Schuster, and Kayser and Runge! that such relations do un-
doubtedly exist.

In the spectra of many elements certain series of lines have
been found, the wave-lengths of which can be expressed as
functions of a series of whole numbers.

Kayser and Runge employ the formula :

1 _ -2 -4
= A —-Bn?2-0Cn
in which A is the wave-length, A, B, and C are constants
determined from the observations, and n takes the values of the
successive whole numbers.

Rydberg? on the other hand proposes the more rational
equation

109675
* (m 4+ pp

in which m takes the value of successive whole numbers, = is
the oscillation frequency expressed as the number of waves
per centimeter, u is a constant characteristic of the special
series, and #, is the value of # when m becomes infinite; 7, is
thus the thecoretical limit of the series and is termed the
convergence frequency. Series of this kind were first discovered
in the spectrum of hydrogen by Baliner® but they are best
exemplified by the spectra of the alkali metals, all of which
appear to be of the same type. Thus the arc-spectrum of
sodium may be regarded as consisting of twenty-one pairs of
lines and among these there have been detected three series
cach consisting of paired lines. The first of these is called the

! Trans. Chem. Soc. 1883, 48, 390; Phil. Trans. 1883, 174, 187; Nu/ure,
1895, 52, 106 ; British Ass. 1888, 1895; Wied. Ann. 1894, 52, 114.

? K. Svenska Vetensk. Akad. Hand. 1890, 28, No. 11.
> Wied. Ann. 1885, 26, 80.
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principal serics, because it contains the most important and
conspicuous lines of the spectrum. It consists, in the case of
sodium, of seven pairs of lines, the frequency difference between
the members of the pairs becoming smaller as the frequency
increases, so that the members of the pairs are closer together
in the ultra violet than in the visible spectrum.

The second is called the first subordinate series, or since the
lines are diffuse, the nebulous series ; it consists of seven pairs,
_ with a constant frequency difference of 17'2 between the mem-

bers of the pairs. The third is called the second subordinate
series or the sharp series, the lines being sharply defined, and
comprises six pairs of lines, also with the constant frequency
difference of 17-2. These scries account for all the lines in the
arc-spectrum of sodium except one pair (wave-length 5676
and 5670).

The equations given by Rydberg for the less refrangible line
of the pairs in these three series are

109675
(m + 1:116329)*

109675
(m + 064984)*

Principal series n = 4145261 —

Nebulous series # = 24470'13 —

109675

2018 — e GoRsase)

Sharp serics n

In the principal series the more refrangible lines of the pairs
are given when p=1117072; in the other serics p remains
constant, but the convergence frequency for the second line of
the pair is greater by 17-2.

These formule indicate that the two subordinate series have
the same convergence frequency, and further bring out a rela-
tion of great importance between the principal series and the
subordinate series, which is known as the Rydberg-Schuster law,
having been independently discovered by these two observers.
This consists in the fact that the frequency of the first line of
the principal series is equal to the difference between the con-
vergence frequencies of the principal and subordinate series. Thus
in the case of sodium this difference is 41452'61—24470'13 =
1698248, and this number is the oscillation frequency of the
less refrangible D line(wave-length 5896:16). Other relations also
exist which clearly indicate that these three series are closely
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related to each other and are not merely represented by inde-
pendent empirical formule.

Similar relations are found in the spectra of the other alkali
metals. In the spectra of the metals magnesium, calcium,
strontium, zinc, cadmium and mercury the principal series are
wanting or only very scantily represented, but in all these cases
the nebulous and sharp series have been found, each composed
of triplets of lines instead of the pairs present in the spectra of
the alkali metals. It must be remembered that as a rule the
spectrum also contains many lines which do not fall into these
series.

In other cases such as tin, lead, arsenic, antimony, bismuth,
&c., no series have been discovered, but a number of groups of
lines of constant frequency difference have been observed.
Attempts have been made to connect the existence of these
various relations between the lines of a spectrum with the mode
of vibration and form of the atom, but no very definite success
has vet been attained.!

RELATIONS BETWEEN THE SPECTRA OF
ALLIED ELEMENTS.

88 Relations also undoubtedly exist between the spectra of
allied elements and this is well seen in the case of the alkali
metals. The resemblance between these spectra was first noticed
by Lecoq de Boisbaudran in 1869, the general effect being a
shifting of the lines towards the red as the atomic weight
increases. Ramage? has carried the matter somewhat further
by showing that the oscillation frequencies of the correspond-
ing lines in the series found in the spectra of potassium,
rubidium and casium bear a simple relation to the squares of the
atomic weights of the mctals. A somewhat similar relation has
been brought out by Marshall Watts? who has indicated that
the atomic weight of a metal, such as zinc, may be calculated
from a comparison between its spectrum and that of an allied
metal of known atomic weight such as cadmium. Such a
calculation is based on the fact that the differences between the
uscillation frequencies of corresponding lines in the two spectra
are in the ratio of the squares of the atomic weights of the

1 See Lindemann, The Monist, Jan., 1908, and Nature, 1908, 73, 392.
* Proc. Roy. Soc. 1902, 70, 1,303. 2 Phil Mag. 1903, 5, 293.
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metals. Thus taking the following pairs of corresponding
lines :

Cadmium. Zine.
3065441 . . 325000 | .. _
319055 j diff. 1251-1. 399987 }'dlﬂ". 42817,

. . C)
We have 1251'1 _ (111-83)

4287 T (654

Our knowledge of the whole question of the relations between
the separate lines of a spectrum and between the spectra of
different clements is still in a very rudimentary state, although
the question is one of the most interesting in the whole ficld of
chemical and physical inquiry.

APPLICATION OF THE SPECTROSCOPE TO
CHEMICAL ANALYSIS.

89 This instrument is especially valuable in ordinary quali-
tative analysis for the dectection of the metals of the alkalis
and alkaline earths, and of the more recently discovered metals
thallium, indium, and gallium, inasmuch as the salts of the
above metals can be volatilised in the non-luminous gas-flame.
The following extract from Bunsen and Kirchhoff's memoir
(1860) on this subject gives some idea of the ease and accuracy
with which the presence of certain of these metals can
be detected, and leads to the conclusion that the sodium
salts are universally distributed :

“The following experiment shows that the chemist possesses
no reaction which in the slightest degree will bear comparison
as regards delicacy with this spectrum analytical determina-
tion of sodium. In a far corner of our experiment room,
the capacity of which was about sixty cubic metcrs, we burnt
a mixture of three milligrams of .chlorate of sodium with
milk sugar, whilst the non-luminous colourless flame of the
lamp was observed through the slit of the telescope. Within
a few minutes the flame, which gradually became pale yellow,
gave a distinct sodium line, which, after lasting for ten minutes,
entirely disappeared. From the weight of sodium salt burned
and the capacity of the room, it is easy to calculate that in one
part by weight of air there is suspended less than ,_;"_;n,,-‘l‘m—‘;i,
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of a part of soda smoke. As the reaction can be observed
with all possible comfort in one second, and as in this time the
quantity of air, which is heated to ignition by the flame, is
found to be only about 50 cub. cent. or 000647 grm. of air,
containing less than . ime ©f sodium salt, it follows
that the eye is able to detect with the greatest ease quantities
of sodium salt less than gggo; of a milligram in weight.
With a reaction so delicate, it is easy to understand why a
sodium reaction is almost always noticed in ignited atmospheric
air. More than two-thirds of the earth’s surface is covered with
a solution of chloride of sodium, fine particles of which arc
continually being carried into the air by the action of the
waves. These particles of sca-water cast thus into the atmos-
phere cvaporate, leaving almost inconceivably small residues
which, floating about, are almost always present in the air, and
are rendered evident to our eyes in the sunbecams.  These
minute particles perhaps serve to supply the smaller organised
bodies with the salt which larger animals and plants obtain
from the ground. In another point of view, however, the
presence of this chloride of sodium is of interest. If, as is
scarcely doubtful at the present time, the explanation of the
spread of contagious disease is to be sought for in some peculiar
contact action, it is possible that the presence of so antiseptic
a substance as chloride of sodium, even in almost infinitely
small qu-'mtltles may not be without mﬂuence upon such
occurrences in the atmosphere.

“ By means of daily and long-continued spectrum observations
it would be easy to discover whether the alterations of intensity
in the line Naa produced by the sodium in the air have any
connection with the appearance and the direction of march of
an epidemic disease.

“The unexampled delicacy of the sodium reaction cxplains
also the well-observed fact, that all bodies after a lengthened
exposure to the air show the sodiumn line when brought into a
flame, and that it is only possible in a few salts to get rid
of the line even after repeated crystallisation from water which
has only been in contact with platinum. A thin platinum
wire freed from every trace of sodium salt by ignition, shows the
reaction most visibly on allowing it to stand for a few hours in
the air; in the same way the dust which settles from the air in
a room shows the bright line Na«. To render this evident it is
only necessary to knock a dusty book, for instance, at a distance

VOL 11 M
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of some feet from the flame, when a wonderfully bright flash
of the yellow band is seen.”

In like manner the metal lithium before the year 1860 was
only known to exist in a few rare minerals. It is now ascer-
tained that lithium compounds are most widely distributed,
occurring not only in every mineral spring, but in river and
sea-water, in the juices of almost every plant, and even in
human blood and muscular tissue.

Again, to quote from Bunsen’s Memoir: “Minerals contain-
ing lithium, such as triphylline, triphane, petalite, and lepidolite
require only to be held in the flame in order to obtain the
bright line in the most satisfactory manner. In this way the
presence of lithium in many felspars can be directly detected
as, for instance, in the orthoclase from Baveno. The line is
only seen for a few moments, directly after the mineral is
brought into the flame. In the same way the mica from
Altenburg and Penig was found to contain lithium, whereas
micas from Miask, Aschaffenburg, Modum, Bengal, Pennsyl-
vania, &c., were found to be free from this metal. In natural
silicates which contain only small traces of lithium this
metal is not observed so readily. The examination is best
conducted as follows: A small portion of the substance is
digested and evaporated with hydrofluoric acid or fluoride of
ammonium, the residue moistened with sulphuric acid and
heated, the dry mass being dissolved in absolute alcohol. ~ The
alcoholic extract is then evaporated, the dried mass again dis-
solved in alcohol, and the extract allowed to evaporate on a
shallow glass dish. The solid pellicle which remains is scraped
off with a fine knifc, and brought into the flame by the thin
platinum wire. For one experiment ,';th of a milligram is
in general quite a sufficient quantity. Other compounds besides
the silicates, in which small traces of lithium require to be
detected, are transformed into sulphates by evaporation with
sulphuric acid or otherwise, and then treated in the manner
described.

“In this way we arrive at the unexpected conclusion that
lithium is most widely distributed throughout nature, occurring
in almost all bodies. Lithium was easily detccted in forty cubic
centimeters of water of the Atlantic Ocean, collected in 41° 41’
N latitude and 39° 14" W. longitude.

“ Ashes of marine plants (kelp) driven by the Gulf Stream
on to the Scottish coasts contain evident traces of this metal.
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All the orthoclase and quartz from the granite of the Odenwald
which we have examined contains lithium. A very pure spring
water from the granite in Schleierbach, on the west side of the
valley of the Neckar, was found to contain lithium, whereas the
water from the red sandstone which supplies the Heidelberg
laboratory was shown to contain none of this metal. Mineral
waters, in a liter of which lithium could hardly be detected
according to the ordinary methods of analysis, gave the line
Lia even if only a drop of the water on a platinum wire were
brought into the flame. All the ashes of plants growing in the
Odenwald on a granite soil as well as Russian and other potashes
contain lithium.

“Even in the ashes of tobacco, in vine leaves, in the wood
of the vine and in the grapes, as well as in the ashes of the
crops grown on the Rhine plains near Wiighausel, Deidesheim,
and Heidelberg, on a non-granite soil, was lithium found. The
milk of the animals fed on these crops also contains this widely
diffused metal.”

9o Discovery of New Elements. The discovery by Bunsen of
two new alkali metals in the mineral water of Diirkheim,!
was one of the first results of the application of the spectroscope
to chemical analysis. Both of these new elements are con-
tained in the mineral water in extremely small quantities, so
that 44,000 kilos. of the water had to be evaporated in order
to obtain 165 grams of the mixed chlorides. The first of these
new metals yields a spectrum distinguished by two splendid
bright blue lines, and hence the name Cesium (casius, the blue
colour of the sky) was given to it. The second new metal is
characterised by a spectrum which contains a bright red line
less refrangible than the potassium line Ka, and also a line in
the violet. As the red line is the one by which the presence of
this metal can be most readily and certainly detected, Bunsen
gave to it the name of Rubidium (rubidus, dark-red).

Since the discovery of these two bodies by Bunsen in 1860,
chemists have recognised the presence of both these metals in
very varied situations ; one of them, rubidium, being compara-
tively widely distributed, and found in very many mineral
waters.  Thus, for example, the celebrated water of Bour-
bonne-les-Bains contains 0032 grm. of chloride of cesium,
and 0010 grm. of chloride of rubidium in one liter of water:
whilst in the well-known springs of Vichy, Gastein, Nauheim,

! An analysis of this water is found at p. 320 of Vol. I.
M 2



164 SPECTRUM ANALYSIS

Karlsbrunn, and many more, cither one or both of these new
metals have been discovered.  Rubidiun has been found to be
more widely diffused than cwsinm, occurring in animate as
well as in inanimate nature. It has been found in beetroot, in
tobacco, in the ash of the oak (Quercus pubescens), in coffee, in
tea, and in cocoa.

In their general chemical characters, as in their spectroscopic
rclations, these two new metals exhibit the closest analogy with
potassium. So much so is this the case, that without the
aid of the spectroscope and the differences which the spectra
of these threc metals present, it was absolutely impossible
to distinguish between them. Chemists had, in fact, ex-
perimented upon casium but had mistaken it for potassium.
(Sec under Cirsium.)

Soon after the discovery of the new alkali metals by Bunsen,
Crookes, in 1861, proved the presence of a third new metal in
a scleniferous deposit from a sulphuric acid chamber at Tilke-
rode in the Harz. To this new element he gave the name of
Thallium, from thallus, a young twig, owing to the bright grecn
colour which this substance and its compounds impart to the
non-luminous flame. The spectrum of thallium is a simple one,
consisting of one bright green line (T1 a), having a wave-length
of 5349. Thallium has since been shown to be frequently
contained in iron-pyrites and several other minerals, so that
it is a somewhat widely distributed element. It exhibits very
remarkable and interesting chemical properties, since in certain
respects it closely resembles the metals of the alkalis, whilst in
others it more nearly approaches the heavy metal lead. Hence
thallium was very appropriately termed by Dumas the ornitho-
rhynchus amongst the metals.

A fourth new metal was discovered in the year 1864, by Reich
and Richter, in Freiberg. They gave to this substance the name
of Indium, owing to the fact that it imparts a dark-blue or indigo
tint to the flame, and its spectrum consists of two indigo-coloured
lines. It has been found, altheugh in small quantities only, in
the zinc-blendes from Freiberg, Goslar, and a few other places.

In 1875, Lecoq de Boisbaudran found a fifth new metal in
zinc-blendes from the Pyrenees. To this substance he gave the .
name of Gelliwm. Its spectrum consists of two violet lines,
which arc best seen in the arc-spectrum. The brightest
of these lines has a wave-length of 4172, the second line
having a wave-length of 4033.
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The application of spectrum analysis to the study of the rare
earths has made us acquainted with a very large number of
new substances, among which may be mentioned scandium,
ytterbium, and samarium, although it is not yet certain that
all of these are individual substances. Of surpassing interest
is the discovery by Ramsay of helium in the gas evolved by
the action of sulphuric acid on cléveite, a rare uranate of uranyl,
lead, and the rare earths. The gas evolved in this reaction was
supposed by certain observers to be nitrogen, but an examina-
tion of its emission-spectrum showed that this differed entirely
from that of nitrogen, and was characterised by a double yellow
line of wave-length 5876 which occupies the same place in the
spectrum as a double dark line in the solar spectrum. This
solar line had been previously observed, and since it did not
coincide with a bright line of any known element had been
ascribed by Lockyer to an element which he named helium,
since it occurred in the sun but not in the earth. Further
investigations have shown that the gas in question contains
this solar element, which is also present in the atmosphere.

(Vol. I, p. 908).

ABSORPTION-SPECTRA.

o1 In accordance with the important optical law known
as the law of exchanges, every incandescent body is capable
of absorbing, at the same temperature, cxactly those kinds
of rays which it emits. Hence a glowing body which yields
a continuous spectrum exhibits, at the same temperature, a
continuous absorption, whilst those bodies whose emission-
spectra are broken or discontinuous yield, under similar con-
ditions of temperature, absorption-spectra which are in like
manner broken or discontinuous. This sclective absorptive
action of glowing gases is strikingly shown in the case of
sodium vapour. If a small piece of this metal be burnt in an .
iron cup in front of the slit of the spectroscope the bright yellow
sodium lines will at first be seen, but they will soon be replaced
by two dark lines which are exactly coincident with the bright
yellow lines, and are scen upon a background of a bright con-
tinuous spectrum (Fig. 21). The sodium spectrum has thus
been reversed, inasmuch as the yellow rays in passing through the
sodium vapour have been absorbed, whilst the particles of glowing
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oxide of the metal yield a continuous spectrum. Sodium vapour
is opaque to the yellow D rays. In a similar way the bright
lines of the emission-spectra of lithium, calcium, strontium,
barium, as well as of magnesium, copper, and several other
heavy metals, have been reversed, or the absorption-spectra of

Fic. 21.

these metals have been obtained. The numerous fine black
lines secn in the solar spectrum and known as Fraunhofer’s
lines arc produced by the reversal of the spectra of hydrogen,
sodium, calcium, iron, magnesium, and other metals which arc
present in the state of luminous gas in the solar atmosphere.

Fic. 22.

This selective absorption is exhibited by nearly all substances
in some portions of the spectrum, although in many cases it is
confined to the non-visible region. The dark absorption bands
seen when white light passes through the vapour of iodine
(No. 1, Fig. 22) and those first observed by Brewster in the red
fumes of nitrogen peroxide (No. 2, Fig. 22) are good examples
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of this selective absorptive power of gases. Even some colour-
less gases, such as aqueous vapour, possess a strong power
of selective absorption when a column of sufficient depth is
examined (Rain-band).

In addition to the production of bands and lines, there is
often a general absorption extending over a considerable extent
of the spectrum. The measurement of the exact position, extent
and character of the absorption bands is a matter of consider-
able difficulty, since they are often diffuse, with badly defined
edges. In such cases the position of maximum absorption must
be found by photometric measurement and a series of observa-
tions must be made on different thicknesses of the substance, in
order to ascertain how the bands vary in intensity and extent.

The arrangement shown in Fig. 23 is one which may be used

Fic. 23,

for examining the absorption-spectra of gases by means of a
direct-vision spectroscope.

The absorption-spectrum of a substance when examined at a
lower temperature than that at which the bright line spectrum
is obtained, is not, as a rule, identical with the emission-spectrum.
Thus the dark absorption lines seen in chlorine are not identical

with, or even analogous to, the bright lines of the emission-
spectrum of chlorine.

The dark absorption bands. of iodine on the other hand
correspond with the emission band spectrum obtained at a low
pressure in a Geissler tube and also in the flame.

Characteristic absorption spectra are also shown in the
visible region by coloured liquids and solutions, whilst many
liquids which appear perfectly colourless produce selective
absorption in the ultra-violet or infra-red. )
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92 According to the theory of electrolytic dissociation, salts in
dilute aqueous solution are almost completely ionised, and
Ostwald pointed out that it follows from this that the colour
and absorption of dilute solutions must be due to the presence
of a particular “colour producing” ion. The absorption of
dilute solutions of all salts yielding the same “coloured” ion
should therefore be the same whilst in more concentrated
solutions the absorption would be due both to the undissociated
molecules and to the ions, and would therefore be modified in
character.

The fact that the different salts of a metal may show
absorption spectra which differ in certain respects was observed
in 1866 by Bunsen in the case of didymium, and has been
confirmed for neodymium and praseodymium, the constituents
into which Bunsen’s didymium has since been resolved, and for
many other salts. Dilution of the solutions of these salts,
however, does not invariably bring about complete identity of
absorption, and a striking instance of this is atforded by the
metallic nitrates, cach of which shows a characteristic absorption
speetrumn in the ultra-violet, differing according to the metal
which is present (Hartley).

In other cases, examples of which are the bromide, chloride,
nitrate and sulphate of copper (Ewan) and the inetallic
permanganates (Vaillant), the absorption spectra of the different
salts are practically identical, but are not greatly altered by
dilution, although the dissociation is thereby much increased.

It is evident that the absorption produced by aqueous
solutions of salts is a very complex phenomenon, the complete
analysis of which has not yet been effected.

93 Solutions of metallic salts are not the only liquids which
cxhibit this power of selective absorption. Many organic
liquids possess it in a high degree, and by this mcans com-
plicated liquids of animal and vegetable origin can be easily
distinguished when no other mcthod can be employed. As an
example of selective absorption in organic liquids, the spectrum
reaction of the blood may be cited. No. 1, Fig. 24, exhibits
the two dark bands, situated between Fraunhofer’s D and E,
seen in oxidised blood and due to oxyhemoglobin. No. 2 on
the same figure shows the absorption-spectrum of deoxidised
or venous blood, consisting of one dark band. By the action of
an acid on blood the oxyhaemoglobin is converted into hamatin
yielding a different absorption-spectrum.  The hamatin, like
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the oxyhamoglobin, is capable of undergoing oxidation and
reduction. The absorption bands of hamatin are shown in

Fie. 24.

Nos. 3 and 4, Fig. 24, Another interesting fact with regard
to blood-spectra is that the blood when it contains very small

Fie. 25,

jquantities of carbon monoxide in solution cxhibits a very
characteristic set of absorption bands. Carbon monoxide acts,
however, as a very violent poison, and these bands are seen



170 SPECTRUM ANALYSIS

in the blood of animals which have been suffocated in the
fumes of burning charcoal. In the same way the peculiar
compound which hzmoglobin forms with bhydrocyanic acid -
yields a characteristic absorption-spectrum. The instrument
with which these absorption-spectra can be observed with ex-
tremely small quantities of the liquids is a spectroscope placed
in connection with a microscope, the construction of which
is shown in Fig. 25. The eyepiece contains prisms so arranged
that the refracted rays pass in a straight line from the
object into the eye. Such spectroscopes are termed direct-
vision instruments, and are very portable and useful forms of
the apparatus. This instrument, in the hands of Sorby,
has proved capable of detecting 1455 part of a grain of blood
in a blood-stain. :

The same observer states that wines of different vintages
may be distinguished by a variation in their respective
absorption-spectra.!

Many substances which are transparent to ordinary light
show very characteristic absorption bands in the ultra-violet
or infra-red portions of the spectrum. Thus Abney and
Festing 2 have ascertained the position of the bands and lines
produced in the infra-red spectrum by many elements and
groups of elements and radicals, whilst Hartley® has shown
that the aromatic compounds are characterised by well-marked
absorption bands in the ultra-violet, the position of the bands
being intimately connected with the constitution of the
substance, and he has even been able to decide between several
possible constitutional formula for a substance by the character
of its ultra-violet absorption spectrum.*

COMPOSITION OF THE SOLAR ATMOSPHERE.

94 When sunlight is allowed to fall upon the slit of a spec-
troscope, the solar spectrum thus obtained is observed to differ
essentially from the spectra which we have hitherto considercd.
A bright band is scen stretching from red to violet, but this

Y Chem. News, 1869, p. 295.

2 Proc. Roy. Soc., 1881, 81, 416 ; 1881, 32, 258.

3 Jowrn., Chem. Soc. 1885, 685 ; 1888, 641.

¢ See Hartley, ** Relation between Abgsorption and Constitution of Organic
Substances,” Kayser, Ifandbuch der Spectroxcopie, vol. ii. chap. 3 (Hirzel,
Leipzig, 1905), where a detailed account of this subject is given.
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band is cut up by a very large number of fine black lines.
These lines are always present, and always occupy the same
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relative position in the solar spectrum—they are, in fact, shadows
in the sunlight. They were first noticed by Wollaston, but first
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carefully mapped by Fraunhofer, the principal lines being de-
signated by him with the letters of the alphabet. Fig. 26 is
a reduced facsimile of Fraunhofer’s original map.

The cause of these dark solar lines was long a mystery.
Fraunhofer finding that sunlight, both direct and reflected as
moonlight, always gave the same lines, whereas the light of the
fixed stars contained different dark lines, came to the conclu-
sion in 1814 that these dark lines were produced in the solar
atmosphere, and not by the light passing through the intervening
space, or through our own atmosphere.

It was not until the year 1860 that the true cause of the
production of these lines was first clearly proved by Kirchhoff,
not, however, before the same cause had been suggested as a
possibility by Stokes.  Kirchhoff was engaged in the comparison
of the bright lines of certain metallic spectra with the dark lines
in the sun.  To his astonishment he found that all the bright
lines of such metals as iron, calcium, and magnesium have dark
representatives in the solar spectrum.  Not only has each bright
metal line a dark one coincident with it, but the breadth and
intensity of the bright metal line are as a rule reproduced in the
dark line in the solar spectrum, so that if a solar and a metal
spectrum be allowed to fall one below the other in the field of
the telescope, all the bright lines of the metal are seen to be
coincident with dark lines. Other metals, such for instance
as gold and antimony, exhibit no such coincidences. Not one
single bright line of these is found coincident with a dark solar
line. Hence it is clear that there must be some kind of con-
nection between the bright lines of these metals and the dark
solar lines.  Such coincidences cannot possibly be the result of
mere chance.  The coincidence of the dark solar lines with the
bright iron lincs is caused by the presence of iron in the sun’s
atmosphere. .

We have already seen that the spectrum of sodium can be
reversed. By passing the light from incandescent sodium
through the vapour of the metal the bright yellow double line
is changed to a dark one. If the solar atmosphere contain the
vapours of sodium, of iron, of magnesium, of calcium, &c., in
the state of glowing gas, and if white light from the incan-
descent mass beneath pass through these vapours, the cffect
produced will be exactly that which is in fact observed.

“As this is the only assignable cause, the supposition
appears to be a necessary one.  These iron vapours might be
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contained either in the atmosphere of the sun or in that of the
carth. Butit is not easy to understand how our atmosphere
can contain sush a quantity of iron vapour as would produce
the very distinct absorption-lines which we see in the solar
spectrum ; and this supposition is rendered still less probable
by the fact that these lines do not appreciably alter when the
sun approaches the horizon. It does not, on the other hand,
seem at all unlikely, owing to the high temperature which we
must suppose the sun’s atmosphere to possess, that such vapours
should be present in it. Hence the observations of the solar
spectrum appear to me to prove the presence of iron vapour in
the solar atmosphere with as great a degree of certainty as we
can attain in any question of physical science ” (Kirchhoff).

By observing the coincidences of these dark lines with the
bright lines of terrestrial metals, we arrive at a knowledge of
the occurrence of such metals in the solar atmosphere. The
elements whose existence in the sun has now been ascertained,
thanks to the labours of Kirchhoff, Angstrbm, Thalén, Lockyer,
Kayser, Runge, and Rowland, are the following :

Elements contained in the Sun’s Atmosphere.

Aluminium. Glucinium. Rhodium.
Barium. Helium. Scandium.
Cadmium. Hydrogen. Silicon.
Calcium. Iron. Silver.
Carbon. Lanthanum. Sodium.
Cerium. Lead. Strontinm.
Chromiumn. Magnesium. Tin.
Cobalt. Manganese. Titanium.
Columbium. Molybdenum. Vanadium.
Copper. Neodymium. Yttrinm,
Erbium. Nickel. Zine.
(iermanium. Palladium. Zirconium,
Presence Dovbiful.
Iridium. Platinum. Thorium.
Lithium. Potassium. Tungsten.
Nitrogen. Ruthenium. Uranium.
Osmium. Tantalum.
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STELLAR SPECTRA.

95 In a similn way W. Allen Miller and Huggins have
succeeded in proving that the elements hydrogen, sodium,
calcium, magnesium, iron, bismuth, tellurium, antimony, and
mercury occur in the atmosphere of the star Aldebaran,
whilst other stars have been shown to contain other elements.
The photographic mode of record was applied by Huggins to
the spectra of stars, and has yielded permanent pictures of the
dark lines in the stellar spectra drawn by nature herself.

From the observations of Secchi and Vogel, it appears that
the stars may be divided into three main classes according to the
general nature of the spectra which they present. In those of
the first class metallic vapours are absent from the atmosphere
of the star, or if present have only a very slight absorptive power.
The spectra of such stars are characterised by four dark lines
corresponding in position to the bright lines of hydrogen, as is
the case in Sirius, Vega, and most white stars, or by faint dark
metallic lines unaccompanied by strong hydrogen lines, or
again by bright hydrogen lines as well as the bright helium
line (a Lyra, v Cassiopeia). The second group contains the
yellow stars such as Pollux, Capella, Aldebaran, &c., the spectra
of which resemble that of the sun, containing numerous dark
lines due not only to hydrogen but also to metals. The
members of the third group, which comprises the red and
blue stars such as Betelgeux and a Hercules, in addition to
some dark lines show channelled-space spectra, which are
probably due to the presence of chemical compounds in their
atmospheres. Some of the stars of this group appear to contain
some compound of carbon in the incandescent state. Nebule
show, as a rule, very simple spectra of bright lines, among
them those of hydrogen and helium, together with others not
yet identified.

The simpler a spectrum is, the simpler must be the composi-
tion of the body which yields that spectrum. Arguing upon
these premisses, Lockyer concludes that the atmospheres of the
whiter stars contain the fewer elements and those of smaller
atomic weight, and that as the peculiar colour of the star
becomes more distinct its atmosphere becomes more com-
plicated. These results, coupled with the well-known fact that
dissociation of chemical compounds uniformly takes place if the
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temperature be only sufficiently high, have led Lockyer to
suggest that, the heat being greatest in the whitish stars,
their simple spectra can be best explained by the existence
of a temperature sufficient to dissociate the substances to
which on this earth we give the name of elementary bodies.!

! For further information see Roscoe’s Lectures on Spectrimm Analyxix, fourth
edition, }lacmillan and Co., 1885: Lockyer's Chemistry of the Sun and
Inorganic Evolution, Macwmillan and Co.; and also Proc. Roy. Sor. 1887,
p- 37 1888, p. 117,
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CRYSTALLOGRAPHY.

96 When a chemical substance passes from the gaseous or
the liquid state into tvhat of a solid, it gencrally assumes a
definite geometrical form, and is said to erystallise.

A crystal is a solid body, formed in this way, and bounded by
plane surfaces. As arule, every chemical substance in the solid
state possesses a distinct form in which it usually crystallises,
and by which it can be distinguished.

The occurrence of various mineral substances in distinct
crystalline forms was noticed by the ancients, and they gave the
name crystal (xpvaTallos, ice) to one of these, viz, to quartz or
rock-crystal, because they believed that this body owed its for-
mation to the effect of cold. The Latin Geber was aware that
crystals can be obtained artificially by the evaporation of a
solution of a salt. He describes the production of several
chemical compounds in the crystalline condition, and shows
how they may be purified by recrystallisation. Many years,
however, elapsed before this property of matter was regarded
as anything more than an unimportant one. Libavius, it is
true, asserted in the year 1597 that the nature of the saline
components of a mineral-water could be ascertained by an
examination of the crystalline forms of the salts left on the
cvaporation of the water. But so imperfect were the views
regarding the formation of crystals that Lemery classed crys-
tals simply according to their thickness, believing that this was
dependent upon the size of the ultimate particles of the acids
contained in the salts. In the year 1703, Stahl pointed out
that the compounds obtained by the action of acids upon sea-
salt crystallised in forms different from those assumed by the
corresponding compounds of potash, and hence he concluded
that sea-salt contained a peculiar alkali, distinct from the common
alkali potash. Guliclmini appears to have held much more
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rational views than Lemery concerning the formation of erystals.
In his Dissertatio de Salibus, published in 1707, he asserts that
the smallest particles possess definite crystalline forms, and
that the differences in form which we observe between the
crystals of alum, nitre, and sea-salt are caused by similar differ-
ences existing between the forms of the smallest particles.

It is, however, to Haiiy (1743—1822) that we arc indebted
for the foundations of the science of crystallography. Haiiy was
the first to point out the fact that every crystalline substance
possesses certain definite and characteristic forms in which it
crystallises, and that all these different forms can be derived from
one fundamental form which can be ascertained by measure-
ment of the angles of the crystal. Upon this principle he
founded in 1801 his celebrated system of the classification of
minerals.

General Characteristics of Crystals—A crystal of any sub-
stance is characterised, in the first place, by its special
geometrical form, and in the second place, by its physical
properties, both of which we must suppose to be due to the
special mode of arrangement of the particles of which the crys-
tal is built up. In an amorphous, or non-crystalline, substance
the physical properties are as a rule the same in every direction
throughout its mass, whilst in a crystalline substance this
cannot be the case for all of them. Thus, for example, under
ordinary conditions light travels through a piece of glass at the
same rate in whatever direction it may happen to pass, whilst
in a crystal of quartz or calc-spar the rate is different in different
directions. The physical properties are even more character-
istic of a crystalline substance than the geometrical form which
it assumes, and can be recognised in fragments of the substance
in which the characteristic crystalline form may be quite un-
recognisable.

Parts of a Crystal ; Fuces, Edges, and Angles—The plane sur-
faces by which crystals are bounded are termed fuaces. The
straight lines formed by the intersection of two contiguous
faces are termed edges.  Solid angles or corners are made by the
intersection of three or more faces at a point; they are some-
times termed summits, and are distinguished as three-faced,
four-faced, &c., according to the number of faces by which they
are formed.

Stmilar faces are those which resemble each other in form
and have a similar relative position. I¥sstmilar faces are those

VOL. 11, N
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which are unequal and occupy different positions. The crystals
represented by Figs. 27 and 28 are bounded by similar faces ;
that shown in Fig. 29 is bounded by dissimilar faces. In Fig.
29 the four-sided faces lying between four triangular faces are
similar, and these latter constitute another similar sct.

Simple and Complex Forms.—-A crystal which is bounded
entirely by similar faces is termed a simple form. A form in
which dissimilar faces occur is termed a complex form, or a
combination. Every complex form is made up of two or more
simple forms. This will be understood if we imagine one
set of its similar faces to be extended until all the other

i

Fia. 27. Fic. 28. Fic. 29.

faces have disappeared. Thus, if the triangular faces in Fig.
29 be extended until they enclose space, the form will become
that of the octahedron (Fig. 28); whereas a similar extension of
the square faces gives rise to a cube (Fig. 27).

SYMMETRY OF CRYSTALS.

97 Plane of Symmetry.— Any plane which divides a crystal
into two parts which are geometrically similar, so that one part
bears the same relation to the other as it would to its image in
a plane mirror placed in the same position as the dividing plane,
is called a plane of symmetry. Thus in Fig. 30, representing
a double pyramid with a square base, the planes ABCD, BEDF,
and AECF are all planes of symmetry, each of which divides
the figure into symmetrical halves.

Axis of Symmetry.—If the whole form (Fig. 30) be rotated
about the line EF through an angle of 90°, the line AC will
take the position BD, and the figure presents precisely the
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same appearance as before. Hence EF is termed an aais of
symmetry, and, since in the course of a complete revolution
about this axis the original figure occurs four times, it is
further termed an axis of four-fold symmetry, or a tetragonal axis.
If the rotation be carried out about the axis BD, which is not
cqual to EF, but is equal to AC, the original figure is only
reproduced after a rotation of 180°, and the axis is termed one
of two-fold symmetry, or a digonal axis. In the same way there
may be axes of three-fold symmetry (trigonal axes) and of six-
fold symmetry (hexagonal axes).

Centre of Symmetry—When each face of a crystal is
accompanied by a parallel face, the crystal is said to possess a
centre of symmetry. Thus in
Fig. 30 the faces occurin parallel
pairs, e.9., ABE and DCF, about the
point of intersection of the dotted
axes, which point is therefore the
centre of symmetry of the crystal.

The symmetry of all crystals is
made up of these three elements,
the centre, the axis, and the plane
of symmetry, each-of which may
occur alone or in combination with
either or both of the two others.
Thus, for example, the cube pos-
sesses a centre of symmetry, nine
planes of symmetry, and no fewer
than thirteen axes of symmetry.
An axis of symmetry which is the
only one of its kind possessed by a crystal is termed a principal
aris of symmetry. Thus in Fig. 30 the axis EF, which is the
only axis of four-fold symmetry, is a principal axis. When a
principal axis is perpendicular to a horizontal plane of
symmetry, the symmetry of the crystal is said to be equatorial ;
thus the crystal represented in Fig. 30, in which the principal
axis EF is perpendicular to the plane of symmetry ABCD, is
characterised by equatorial symmetry. On the other hand,
when a crystal possesses an axis of symmetry, without either a
centre of symmetry or a plane of symmetry perpendicular to the
axis, it is said to be polar, since the arrangement of faces at one
end of the axis is independent of that at the other (Fig. 115,

p- 212). When a four-fold axis of symmetry is also the inter-
N 2
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section of four planes of symmetry, it is termed a di-tetragonal
axis ; and in the same way we have the di-trigonal axis, which
is onc of three-fold symmetry and at the same time forms
the intersection of three planes of symmetry; or again, the
di-digonal and the di-hexagonal axis.

A crystal is said to be holowrial when it possesses no planes
of symmetry but has an axis of n-fold symmetry perpendicular
to n digonal axes. This is exemplified in a form (Fig. 31), which
contains no plane of symmetry, but has a digonal axis (Z) per-
pendicular to two digonal axes (X and Y). Such crystals have
no centre of symmetry, and can exist in two modifications which
have the same relation to each other as an object to its image
in a plane mirror, but cannot be brought into coincidence. These

Fic. 31. Fia. 32

arc termed enantiomorphous forms. (See Figs. 76, 77, p. 200.)
In some cases in which an axis of symmetry exists without a
plane of symmetry at right angles to it, the faces at the lower
end of the axis can be derived from thosc at the upper
by rotating the latter through a certain angle about the axis
and imagining them reflected in a horizontal mirror. In such
a case the axis is termed an axis of alternating symmetry. The
vertical axis of the rhombohedron (Fig. 32) is of this kind,
and it will be seen that the three lower faces can be derived
from the three upper by rotating the latter about the vertical
axis through 60” and then reflecting the resulting form in a
horizontal mirror.

98 The symmetry of a crystal is physical as well as geometrical,
the two halves into which a crystal is divided by a plane of
symmetry being physical, as well as geometrical, counterparts.
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The faces, moreover, which are crystallographically symmetrical
are also similar in physical -properties. Thus the eight faces of
a simple octahedron of the regular system, such as a crystal of
alum (Fig. 28), are all of the same degree of brightness and
arc all attacked by solvents in a similar manner, the figures
produced in this way on the surface, known as etck figures, being
similar in shape and position on each face. On the other hand,
zinc blende occurs in octahedral crystals which are in reality
combinations of two tetrahedra (p. 186), and in this case four
of the faces can be distinguished from the other four, either by
the different character of the surface or by the action of a
solvent, such as hot hydrochloric acid, showing that thesc
crystals have a less degree of symmetry than those of alum, and
are not simple octahedra, but complex forms.

The degree of symmetry of a crystal can often be ascertained
directly from the study of the etch figures produced on its faces,
since these correspond in symmetry of shape and position with
the symmetry of the crystal.

99 Crystallographic Axes and Symbols.—For the sake of con-
venience it is usual to select three (or in the hexagonal system
four) lines intersecting in a point as axes to which the faces of the
crystal may be referred. ‘Whenever possible, axes of symmectry
are chosen for this purpose, and are termed the crystallographic
axes, but any three lines parallel to possible edges of faces of
the crystal may be chosen. Thus in the regular system the
three axes of four-fold symmetry, which are parallel to the
edges of the cube, are taken as the crystallographic axes, these
being all at right angles to each other; whilst in the ortho-
rhombic system the three axes of two-fold symmetry, which are
also at right angles, are chosen.

In order to express briefly the position of any face with refer-
ence to these axes, the lengths cut off by this face from the
three axes are expressed in terms of the lengths cut off by a
face of one of the simple forms of the crystal, the simplest
pyramid, each face of which cuts all the three axes, being
generally taken. The ratio of the lengths thus cut off from
the axes by this fundamental face is known as the axial
ratio.

In the regular system each face of the simplest pyramid, the
regular octahedron (Fig. 33), cuts all the axes at cqual dis-
tances from their point of intersection, since the three axes arce
interchangeable, and hence the crystal made up of such faces
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may be known by the formula a:a:a (Weiss), or still more
shortly O (contracted from octahedron ; Naumann). A crystal
of which each face cuts one of these equal axes at the distance
a,asecond at 4a,and the third at 2a, is similarly known as a: 4a :
2a or more shortly 402, the numbers 4 and 2 being known as
the parameters of the face.

Another system of symbols, known as Miller’s index system,
is now universally employed. The fundamental face is repre-
sented by the formula (111), whilst the position of any other
face is given by ¢ndices which are the reciprocals of the para-
meters. Thus in the case of the face a : 4a : 2a, the parameters are
1:4:2, and the indices therefore 1:1/4:1/2, or removing
fractions (412). In the rhombic system the face of the simplest
pyramid cuts the three axes at different distances a: b : ¢ and
is known by the symbol (111); a face cutting the axis a at the
distance 2a, the axis b as before, and
the axis ¢ at 2¢c, would be expressed
by the symbol (121).

If a face is parallel to one of the
axes its parameter is infinity ( oc),
and its index the reciprocal of this or
zero.

Each face of a simple form has a
distinct symbol ; each axis is divided
into a positive and negative half,

Fic. 33. and the negative sign is placed over

that index which refers to a negative

axis. In the case of the axes of the regular system, directions

forward, to the right and upward are taken as positive, and the

three axes are always enumerated in this order. Thus as shown

in Fig. 33 the facc B has the symbol (111), whilst the face

parallel to this would be (I1I). When the positive indices

are placed within a double bracket, the symbol thus formed

stands for the whole form; thus the symbol for a regular
octahedron is {111}.

It has been found experimentally that only faces of which the
indices may be expressed by rational numbers occur on any
crystal.

Zones. The faces of a crystal which intersect in parallel lines
are said to form a zone. Thus the vertical faces of the cube
(Fig. 27) or of the hexagonal prism (Fig. 80, p. 202) all belong
to a zone. The faces of a crystal usually belong to only a
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small number of zones, and the determination of these is of great
assistance in studying the geometrical properties of the crystal.

Projection of Crystals. The study of the symmetry and geo-
metrical properties of a crystal is much facilitated by the use of
a projection of the form on a plane surface. The projection
mainly employed by crystallographers is known as the stereo-
graphic or spherical projection, and was introduced by Miller.
The crystal is supposed to be placed with one axis vertical with
the intersection of its axes at the centre of a sphere, and lines
are then drawn at right angles to the various faces and pro-
duced until they cut the surface of the sphere at points termed
the poles of the faces. Each face is thus represented by a point
on the surface of the sphere, whilst each plane of symmetry cuts

X
Fic. 34.

the sphere in a great circle. A projection on to a horizontal
plane passing through the centre of the sphere is then
constructed by drawing lines from the poles to that point of
intersection of the vertical axis with the sphere which lies on
the further side of the horizontal plane. These lines pass
through this horizontal plane, and the points of intersection
with it are taken to be the projections of the poles of the faces.
All great circles of the sphere are projected as diameters of the
projection circle or as arcs of circles passing through the ends of
diameters, and hence the planes of symmetry are shown on the
projection in this form. The accompanying figure (Fig. 34) is
the projection of the regular octahedron (Fig. 33) constructed
in this way. The plane of projection is the plane of symmectry
passing through the horizontal axes. The points X, Y, Z
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represent the points in which the crystallographic axes cut the
sphere, and the lines and circles are the projections of the inter-
sections of the nine planes of symmetry of the octahedron with
the sphere. The points A, B, C, D are the poles of the faces of
the octahedron.  When, as in this case, the planc of projection
is a plane of symmetry, the poles of the faces of the upper and
lower halves of the crystal are identical. In other cases the
projection of the lower half must be constructed in a similar
manner to that of the upper.

All the faces of a single crystallographic zone of the crystal
yield poles which fall on a great circle of the sphere and hence
are projected on diameters of the projection circle or on arcs of
circies passing through the ends of diameters.

100 Classification of Crystals.—The classification of crystals is
based on the degree of symmetry which they possess, this being
determined in accordance with the principles already laid down.
It has been found that all crystals may be arranged in 32 classes
according to the various degrees of symmetry which they possess,
and that no other classes are possible. These may be again
divided into six larger groups or systems, all the classes of each
system being referred to the same crystallographic axes. As
the various classes belonging to a system have different degrees
of symmetry it is not possible to ascribe any special degree of
symmetry to the system as a whole, but each system may be
characterised either by the maximum or minimum degree of
symmetry belonging to its classes.

The following table (p. 185) gives a complete list of the thirty-
two classes of crystals, showing the degree of symmetry, the name
of the general form of each class, the arrangement of the classes
in the six systems, and the name of a substance crystallising in
each of the classes.

The classes here considered as belonging to the hexagonal
system are sometimes divided betwecen two systems—The
Trigonal System (classes 9,10, 11, 12, 13, 15, 19), having an
axis of trigonal symmetry ; and the Hexagonal System (classes
14,16, 17, 18, 20), having an axis of hexagonal symmetry.2

A list of the six systems under which these numerous classes

! Quoted with some verbal alterations from Miers’ Mineralogy, p. 280
(London : Macmillan, 1902).

* See Groth, Physikalische Krystallographie, 4th Edition, p. 441 (Leipzig,
1905), and Baumhauer, Die neucre Entwickelung der Kristallographie, p. 26
(Braunsghweig : Vieweg, 1905),
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System. Symmetry of the Class. Nume "lf‘fll:ﬁ general Example.
Triclinic 1. No symmetry Pedion Calcium  thiosul-
phate.
2. Centre of symmetry Pinacoid . Copper sulphate.
Monoclinic 3. Plane of symmetry  Dome . | Potassium  tetra-
i | _ thionate.
4. Digonal polar Sphenoid Cane sugar.
3. Digonal equatorial | Prism . . " Gypsum.
Rbombic . 6. Digonal holoaxial | Rhombic bisphenoid Mahgnesium sul-
phate.
| 7. Di-digonal polar Rhombic pyramid Hemimorphite.
8. Di-digonal  equa- | Rhombic bipyramid ' Barium sulphate.
! torial !
Hexagonal 9. Trigonal polar . . ' Trigonal pyramid Sodium periodate.
. 10. Trigonal holoaxial | 'l‘riigonnl trapezohe- Quartz.
dron '
" 11. Trigonal equatorial Trigonal bipyrawmid —
12. Ditrigonal polar Ditrigonal pyramid  Tourmaline.
13. Dit-rif;onal equato- « Ditrigonal bipyramid —
ria
. 14. Hexagonal polar . ! Hexagonal pyramid ' Potassium  lith-
! ium sulphate.
15. Hexagonal alter- | T'rigonal rhombohe- | Dioptase.
nating ron
16. Hexagonal, holo- Hexagonal trapezo- Doublesalt of pot-
axial ! hedron | assium nitrate
[ and lead stibio-
l tartrate.
17. Hexagonal equa- | Hexagonal bipyramid' Apatite.
l torial i
18. Dihexagonal polar | Dihexagonal pyramid; Silver iodide.
19. Dihexagonal alter- | Ditrigonal scaleno- | Calcite.
nating i hedron
20. Dihexagonal equa- | Dihexagonal bipyra- I Beryl.
torial | mid |
i I
Tetragonal | 21. Tetragonal polar . | Tetragonal pyramid ' Barium  stibio-
| tartrate.
22. Tetragonal alter- Tetragonal bisphe- | —
nating noid !
23. Tetragonal  holo- | Tetragonal trapezo- | Nickel sulphate.
axial hedron i
24. Tetragonal ecqua- | Tetragonal bipyra- | Calcium  tungs-
torial " mid tate.
25. Ditetragonal po]m-I Ditet(tl'agonnl pyra- | Iodosuccinimide.
mi
26. Ditetragonal alter- | Tetragonal scaleno- | Copper pyrites.
nating edron
27. Ditetragonal equa- | Ditetragonal bipyra- ' Zircon.
torial mid
Regular 28, Tesseral polar . |Tetrahedral pentagon- Sodium chlorate.
1 al dodecahedron
29. Tesscral holoaxial . | Pentagonal icosite- Potassium  chlo-
i trahedron ride.
30. Tesseral central Dyakis dodecahedron Iron pyrites.
31. Ditesseral polar Hexakis tetrahedron  Diamond.

. Ditesseral central

- Hexakis octahedron.  Fluorspar.
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are all arranged with the crystallographic axes usually employed
is given below :—

System. Crystallographic axes.

1. Regular, Cubic, or Tesseral . Three equal axes, all at right angles.

2. Tetragonal or Quadratic . . Three axes, two of which are equal ; all at
right angles.

3. Hexugonal . . . . . . .. Three equal axes, meeting each other at
120°, and a fourth axis at right angles to
the others.

4. Orthorhombic or Rhombic . Three unequal axes, all at right angles.

5. Monoclinic or Monosymmetric Three unegual axes, one perpendicular to

the other two.
6. Triclinic, -Anorthic or Asym- Three unequal axes, none of them at right
metric angles to either of the others.

ror The forms of cach system which belong to the class pos-
sessing the highest degree of symmetry are known as holohedral or
holosymmetric forms. Thus in the regular system the octahedron,
the cube, etc., are holosymmetric forms. The forms belonging

Fia. 35.

to the less symmetric classes of each system may in some cases
be derived geometrically from these holosymmetric forms by the
suppression of one half or one quarter of the faces and the
development of the remainder, and are then sometimes known
as hemihedral and tetartohedral forms.

Thus in the regular system, the octahedron is a holohedral
form, because, starting with one face cutting all three axes at
equal distances, the symmetry of the system requires seven
other faces fulfilling the same condition, making in all the
cight faces of the octahedron. If now the four faces asd, fbc, bga,
and ged of the octahedron in Fig. 35 be extended, a closed form
(Fig. 35 hikl, Fig. 36), known as the regular tetrahedron, is
obtained, whilst the extension of the remaining four faces gives
rise to a similar figure (Fig. 37). These two forms, although
identical in shape, are distinguished as positive and negative,
and 1nay occur in combination with other forms cither alone or
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together. Figs. 38 and 39 represcnt combinations of the cube
with a positive tetrahedron.

When the two tetrahedra are equally developed on the same
crystal the form produced is identical with the original octa-
hedron, but, as already mentioned (p. 181), the two sets of
faces can usually be distinguished by their physical propertics.

Fiu. 37.

102 Deiermination of Crystalline Forms and Axial Ratios.—
The angles which the faces of a crystal make with one another
serve as the data from which the crystalline form is determined,
for it is by the measurement of these angles that the relative
length and the mutual inclination of the axes may be ascertained
by calculation.

The instruments used for this purpose are the hand gonio-
meter (Fig. 40) and the reflecting goniometer (Figs. 42 and

Fic. 38. Fic. 39.

43). The first of these instruments was made in the eighteenth
century by Carangeot, of Paris, for the use of the French
crystallographer Romé de I'Isle. It can only be used for the
measurement of tolerably large crystals, and consists of a divided
semicircle, a, b, d, to which two metallic rules are adapted.
One of these (k m) is fixed, the other (g &) is movable round
an axis (c) placed at the centre of the semicircle. The crystal
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to be measured is placed between the rules (g k) and (& m), so
that the edges of these rules may both be at right angles to the
line of intersection of the two faces whose angular distance is to
be measured. The angle is then rcad off on the divided circle.

This instrument, though very useful, and indced necessary for
large crystals, is quite inapplicable to small ones, and in any
case cannot yield very accurate measurements.

To obviate these difficulties the reflecting goniometer was

Fic. 41.

invented by Wollaston in the year 1809. It is arranged on the
following principle. The divided circle gk (Fig. 41) carries a
movable axis or arm upon which the crystal to be examined is
fixed. This crystal, shown in section in a b ¢ d, fixed on the arm
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by means of some wax, must now be placed in such a position
that the edge (c), the angle over which (b ¢ d) has to be measured,
is placed exactly parallel with the axis of the instrument.
Having placed the goniometer opposite a window, the eye of
the observer being at (o), the reflection of x,a distant slit, in one
bright face of the crystal is noticed in the direction of a distant
mark 3. The divided circle is now moved round, the crystal
moving with it. until the second face (dc) of the crystal comes

Fic. 42,

round to the position formerly occupied by the first (cb), as
ascertained by the reappearance of the reflected image of the
<lit in same direction (oy). The angle through which the crystal
has been turned is evidently the supplement of the required
angle, so that if the pointer (p) stood at 0° to begin with,
and after the circle was turned at a°, the angle of the crystal
18 180°—z°. A simple form of reflecting goniometer is seen
in Fig. 42. The crystal (a) is fastened with wax upon the
end of the movable rod (00), which can be bent so as to
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enable the crystal to be properly adjusted. The screw (:)
serves to turn the divided circle (E), so that 180" on the cirele
is made to coincide with the zero point on the vernier (R).
When this is done the screw (U) is tightened, and thus the
circle is held fast.

A more accurate form of instrument is shown in Fig. 43, in

Fic. 43,

which the divided circle is horizontal and the reflection is
observed by means of a telescope.

The angle between the normals to two faces, which is the
angle directly measured, is usually quoted instead of the angle
between the faces themselves.

103 Perfect Crystals and Imperfect or Distorted Crystals.—It
generally happens that crystals found in nature are distorted
or irregularly develvped. For instance, crystals of quartz
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usually occur in the forms shown in Figs. 44, 45, and 46,
which apparently bear no relation to the regular and much rarer
form of quartz seen in Fig. 47. There is, however, no difficulty
in ascertaining the simple form of these crystals in spite of
this apparent want of conformity due to the increase of certain

faces and the decrease of others, and in spite even of the fact
that only half of the complete crystal is often seen,as in Fig. 45.

If the angles which the similar faces in the perfect and the
imperfect crystals make with one another be carefully measured,
we find that the corresponding angles in the distorted forms

Fia. 46. Fic. 47.

are always identical with those in the perfect crystal. Thus,
for instance, the contiguous faces of the prism cut each other
at a constant angle of 120°, whilst each face of the pyramid cuts
the next face at an angle of 130° 44",

Similar distorted growths are observed in the case of many




192 CRYSTALLOGRAPHY

artificially preparced erystals. These are produced by the undue
development in some special direction, owing to the alteration of
external circumstances, of the perfect crystal which is first
formed. Thus crystals of alum, which are octahedral, appear
not unfrequently in the form shown in Fig. 48, which is
derived, as is seen in Fig. 49, by an irregular growth of the
octahedron.

In describing or drawing the crystalline form of any chemical
substance, the ideal forms only are considered. All irregulari-
ties and distortions are ignored, and the corresponding faces of
the crystal are supposed to be placed at equal distances from
the centre.

Single Crystals and Twin Crystals, or Macles.—Single crystals
having their faces symmetrically arranged about one set of

-
Fic. 48.

axes are to be distinguished from those which must be
referred to two scts of axes, related to one another according
to a certain law. Thosc of the latter class are called twin
erystals. In one portion of such crystals the axes lie in a
different position from that which they occupy in another
portion, and the twin may bc supposed to be derived from
the single or normal ecrystal by the latter having been cut
into two portions parallel to a certain plane, usually parallel to
a possible face of the crystal, and one part having been turned
round on the other through a given angle. Fig. 50 represents
such a twin crystal or Aemitrope, often found in magnetic iron
ore, and obtained by turning one half of an octahedron (Fig.
51) through an angle of 180° on the other half. Fig. 52
exhibits a twin form often observed in gypsum.

These twin forms are distinguished from single crystals by
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the occurrence in them of 7e-entering angles, as shown in the
figures.  Intersecting twin crystals, as opposed to twins by
contact, such as that shown in Fig. 53, frequently occur in
fluorspar and in sal-ammoniac.

Cleavage of Crystals—The cohesion of a crystal is as a rule
less in one direction than in another. This direction is de-

pendent upon the special form of the crystal, and is termed
the cleavage. This facility of breaking more readily in one
direction than another is well seen when calc-spar or rock salt
is broken. The planes of cleavage in a crystal can be ascertained
by means of a chisel and hammer, or by the help of a strong
knife.

Fic. 52. Fic. 53.

Artificial Growth of Crystals.—The small crystals which are
first deposited from a solution are usually perfect. If these
are placed in a concentrated solution of the substance, and
carefully turned every day so that all the faces of the crystal
are equally exposed to the action of the solution, large and
perfectly developed crystals can be obtained. The same end

VOL. IL o
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is attained by hanging a small and perfect crystal in the
saturated solution suspended by a fine hair. The solution
gradually evaporates, and the crystal grows symmetrically.
Perfect crystals of alum of large dimensions can in this way
readily be grown.

1. THE REGULAR, CUBIC OR TESSERAL SYSTEM.

104 This system includes five classes of crystals all of which
possess at least four axes of three-fold symmetry. When these
four axes are all ditrigonal axes, the symmetry is said to be
ditesseral ; when they are simply trigonal axes, the symmetry is
termed tesseral (sec Table, p. 185, classes 28-32). The crystals
of the holosymmetric class possess, in addition to these, three
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Fia. 54. ‘ Fia. 55.

axes of four-fold symmetry and six axes of two-fold symmetry
(Fig. 54) and have also nine planes of symmetry, three at
right angles to the tetragonal axes and six at right angles to
the digonal axes. The three axes of four-fold symmetry are
chosen as the crystallographic axes, which are therefore all equal
and at right angles.

The simplest form of the system is the regular octahedron
(Fig 55). Each of its eight faces cuts the three axes at
an equal distance from the origin. This distance being a, the
intercepts are a/l, a/l, a/1, and the symbol of the form is
therefore {111}.

Many substances crystallise in octahedra, amongst others

spinelle, mercury, magnetic oxide of iron, alum and lead
nitrate.
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The next simple form is the cube (Fig 27, p. 178). Each
facc of the cube cuts the axis at the distance a and lies parallel
to the other two axes. The intercepts are therefore a/1, a/0
a/0, and the symbol therefore {100}. Combinations of the
cube and octahedron are shown in Figs. 56 and 57. Sodium
chloride, potassium iodide and fluor-spar are substances which

Q

Fia. 56. Fic. 57.

crystallise in cubes, whilst galena, silver sulphide and lead
nitrate occur in various combinations of octahedron and cube.
The third simple form is the rhombic dodecahedron (Fig. 58).
The symbol for this form is {110} as each face of the crystal
cuts two of the axes at the same distance from the origin, whilst
it is parallel to the third axis. The rhombic dodecahedron
combines with the octahedron by replacing each of its twelve
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Fia. 58. Fia. 59.

edges. Fig. 59 indicates the form obtained by the combina-
tion of cube and dodecahedron (D). The following substances
crystallise in dodecahedra and its combinations: garnet,
phosphorus, cuprous oxide, magnetic oxide of iron, and alum
when deposited from an alkaline solution.

Each of the simple crystals which we have described is in-
capable of assuming more than one form. Other crystalline

02
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forms, belonging to the regular system, occur which can exist in
several modifications. The first of this class of forms is the
Tcositetrahedron (Fig. 60).

Each face of this form cuts one axis at a distance a/k and the
other two at distances a/k,a/k so that the general symbol is {h %%}
The mest commen form is {211} but others such as {311} are

‘H&

Fia. 60. Fia. 61. Fia. 62.

also known. Fig. 60 represents the form {211} which occurs
in silver glance and in analcite. The combination with the
rhombic dodecahedron (Fig. 61) is often noticed in garnet, and
that with the cube (Fig. 62) in analcite, 4 {100}, » {211}.

The Triakis octahedron or pyramid octahedron (Fig. 63), is
represented by the symbol {& A k}, when % is greater than Z.
The value of & is generally 2. The simple form does not occur

Ao

Fia, 64. Fia. 65.

frequently, but it is often seen in combination. If a four-sided
pyramid replace each side of the cube we obtain the
Tetrakis hexahedron (Fig. 64). Each face of this form cuts one
axis at the distance a/k from the centre; the second axis at the
greater distance a/k; and the third axis at the distance @/O.
Hence the general symbol for this is {4 % 0}. The more
common forms are {210} and {310}. The first of these occurs
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in gold and copper (Fig. 64), whilst the second form is found
in fluor-spar, when it usually occurs with the cube, as seen in
Fig. 65.

The last holosymmetric form of the regular system is the
Herakis octahedron (Fig. 66), or the forty-eight sided figure.
This form is represented by {k & l}. Of these, the forms {321}

and {421} most frequently occur, although generally met with
in combinations. The form {321} is found in garnet; {421} is
present in fluor-spar.

The remaining classes which are included in the regular
system can only be very shortly mentioned. The tetrahedral
or tetrahedrite class (Class 31, p. 185) has, as its simplest
form, the tetrahedron (Fig. 67) which as already mentioned

z
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Fie. 67. Fic. 68.

may be regarded as a hemihedral form derived geometric-
ally from the octahedron by the suppression of the alternate
faces and the development of the others. The elements of
the symmetry which remain are three di-digonal axes corre-
sponding in direction with the crystallographic axes, four
ditrigonal axes, which are polar, and six planes of symmetry.
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The two forms of the tetrahedron may be distinguished as
{111} and {111} or positive and negative; Figs. 68 and 69
are combinations of the tetrahedron and cube. The following
substances crystallise in tetrahedra: sodium sulphantimon-

Veomomscsccacasss

Fi1c. 69. Fia. 70.

ate, zinc blende, cuprous chloride, and fahl-ore. Combina-
tions of a cube with two tetrahedra are frequently seen in
boracite. In this case the two tetrahedra are equally developed,
so that they appear to belong to an octahedron, but can be
distinguished from this by the fact that four of their faces

Fic. 71. Fic. 72.

are bright, whilst the other four are dull. The triakis tetrahedron
is derived from the icositetrahedron, and therefore exists in
several modifications. The general formula is {k % 2} and each
form can have a positive or negative position. These occur as
complete forms and also in combination, as in the case of
fahl-ore (Fig. 70).

The form derived from the triakis octahedron is termed the
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deltoid-dodecahedron (Fig. 71), and may be either positive or
negative.

The hexakis octahedron in like manner yields forms, termed
hexakis tetrahedra (Fig. 72). These forms are found in com-
bination in fahl-ore and boracite, and alone in diamond.

Fia. 73. Fro. 74.

The remaining holosymmetric forms of the regular system
yield forms which only possess the symmetry of the tetrahedrite
class, but are geometrically identical with the original forms,
Thus, for example, if the faces of the cube be treated as those
of the octahedron in Fig. 35, p. 186, and the portions contained
in alternate octants be suppressed and
the others developed the result is
again a cube.

The pyrites class (Class 30, p. 185)
has as its most general form the dyakis
dodecahedron (Fig. 73), a 24-faced figure,
which may be regarded as a hemi-
hedral form derived from the hexakis
tetrahedron. The only other form Fic. 75.
which differs geometrically from the
holosymmetric form is the pentagonal dodecahedron (Fig. T4)
derived from the tectrakis hexahedron. These forms occur
in cobalt glance and in iron pyrites, and Fig. 75 shows
a crystal of the latter substance which is a combination of
the octahedron {111}, the cube {100}, and the pentagonal
dodecahedron {210}. The only characteristic form of the
cuprite class (Class 29, p. 185), in which crystallise cuprite,
CuO, and potassium chloride, is the pentagonal icositetrahedron
which occurs in two enantiomorphous forms (Figs. 76 and 77).
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Finally the last class of this system (Class 28, p. 185) is also
characterised by a single form which differs geometrically from

F1a. 77.

thosc of the other classes. This is the tetrakedral pentagon-
dodecahedron (Fig. 78), which exists in four different modi-
fications, there being two enantiomorphous, right and left,
forms of both the positive and negative crystal. It may be

Fic. 78.

regarded as a tetartohedral form derived from the hexakis
octahedron, by the development of only one quarter of the
faces. Sodium chlorate belongs to this class,
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II.—THE HEXAGONAL SYSTEM.

105 This system embraces no less than twelve classes of
crystals (Classes 9-20, p. 185. See also p. 184),all of which can
be referred to a system of crystallographic axes consisting of a
vertical axis and three horizontal axes at right angles to this.
These three are equal to each other but not equal to the
vertical axis in length, and meet in a point making angles
of 120°!

Since there are four axes, each face of a crystal of this system
has four indices, and, in determining these, those directions of
the horizontal axes which meet at an angle of 120° are con-
sidered to be positive (2, y, 2, Fig. 79) and their continua-

F1a. 79.

tions to be negative (-z, -y, -2, Fig. 79). The three axes
are always cited in this order followed by the vertical axis.
Each face of the simplest bipyramid of the holosymmetric class
(Fig. 79) cuts one of these axes at the unit distance q,
is parallel to the second, cuts the third at the distance -a,
and the vertical axis at a different distance ¢. The parameters
of such a face are therefore @, «a, -a, ¢, and hence the indices
are 1011, the last of these numbers referring to the vertical
axis, for which the unit is ¢, as a is for the horizontal axes.
The general symbol for the hexagonal bipyramid is therefore
{1011} (Fig. 79).

! The forins of this system are sometimes also referred to three equal
axes parallel tq the edges of a rhombohedron, and therefore not at right
angles,
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The ratio a:c is characteristic of the crystal and is known as
the axial ratio. The vertical axis of an acute pyramid is longer
than the horizontal axes, whilst that of an obtuse pyramid is
shorter. Thus the relative length of the axes of the acute
pyramid of quartz is 1:1'1, whilst in the case of the obtuse
pyramid of beryl it is 1:0499.

If in the pyramid the iength of the vertical axis be increased
indefinitely, the pyramid becomes an open six-sided prism, the
symbol of which is {1010}. On the other hand a plane cutting
the vertical axis at unit distance and parallel to the plane of
the horizontal axes gives a form consisting of two parallel
planes, known as the basal planes or basal pinacoid {0001}

-w w
Fi1c. 80. Fic. 81.

These two forms, {1010} and {0001} arc shown in combination
as a closed hexagonal prism in Fig. 80.

The prisms and pyramids, of which each face cuts two of the
horizontal axes at equal distances, and is parallel to the third,
so that the horizontal axes pass through the angles (Fig. 79),
are termed forms of the first order. A second series of similar
forms occurs in this system, which may be derived from the
forms of the first order by replacing their edges, so that the
horizontal axes cut the centre of the six sides of the base
of the pyramid (Fig. 81). Such prisms and pyramids are
termed forms of the second order. Fig. 82 exhibits the
relation between these two series of forms. It will be seen
that in the pyramid of the second order which is there repre-
sented in section, cach face cuts one of the horizontal axes at
the distance @, and the other two axes at the distance — 2a.
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The symbol of the bipyramid of the second order (Fig. 81) is
accordingly {1121}, whilst that of the prism of the second
order (Fig. 83) is {1120}.

Faces may also occur which cut the vertical axes at a greater
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or less distance than ¢ from the centre, and these values, in
accordance with the general law (p. 182) exhibit a simple ratio
suchas1:2,1:3,1:5, ete.

The most general form of the holosymmetric class is the
dihezagonal bipyramid, {h k! m}, to which corresponds the

Fic. 84. Fia. 85.

prism {& % { O} of which Figs. 84 and 85 show the speccial forms
11231} and {1230}.

The holosymmetric forms of the hexagonal system do not
occur frequently, beryl being the most important substance
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belonging to this class. Fig. 86 represents a crystal of this
substance showing the combination of the basal plane (o) the
prism of the first order (m), the correspond-
ing bipyramid (p) and the bipyramid of the
second order (38).

Only three of the remaining eleven classes
of the hexagonal system can be mentioned
here. The first of these, often known as the
calcite class (Class 19, p. 185) is characterised
by a ditrigonal axis of symmetry and a centre
of symmetry and contains forms which may

Fic. 86. be regarded as hemihedral forms derived
from those of the holosymmetric class. Thus

the hexagonal bipyramid yields in this way the rhombohe-
dron {hOh!l} (Figs. 87, 88) and just as in the case of the

Fic. 87. Fic. 88.

tetrahedron (p. 186) two forms are possible, distinguished
as positive or direct (Fig. 89) and negative or inverse (Fig.

Fia. 89. Fic¢. 90.

90), the combination of which produces a form resembling
the original hexagonal bipyranid.
The forms of this class may also be described as having o
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dihexagonal axis of alternating symmetry (p. 180). Thus in the
rhombohedron the lower faces may be imagined as derived from
the upper ones by rotating these through
60° about the vertical axis and then reflect-
ing them in a horizontal mirror.

A sccond form of this class is the scaleno-
hedron (Fig. 91). This may be obtained
geometrically from the dihexagonal bi-
pyramid, by extending the alternate pairs
of planes, thus giving rise to a positive
(+) or direct, and negative (—) or inverse
scalenohedron. If we suppose a rhombo-
hedron to be placed within a scalenohedron,
it is termed the inscribed rhombohedron, and
the lateral edges of both forms will be seen
to coincide. It is clear that the scalenohedron
may be supposed to be derived from such a
rhombohedron by an elongation of the axis
to the distance =, lines being drawn from
the end of this axis to the lateral solid
angles of the rhombohedron, as seen in Fia. 91.
Fig. 91. The general symbol of the scale-
nohedron is {k &k ! m}, the one which occurs most commonly in
calcite being {2131}.

Combinations of the rhombohedron also frequently occur.
Thus Fig. 92 represents a combination of two rhombohedra which

Fia. 94.

are both positive, but differ in axial ratio, a form which occurs
in calespar. A combination of the rhombohedron with a prism
of the first order is seen in Fig. 93, and with a prisin of the
second order in Fig. 94, in which ¢ = rhombohedron {0112};
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m = prism of the first order {1010} ; @ = prism of the second
order {1120} ; both of these combinations occur in calcite.

In several of the classes of this system the vertical axis is
polar, z.e. is not perpendicular to a plane of symmetry, so that
the faces of distinct forms occur at the two ends of the axis,
This phenomenon, which is sometimes termed hemimorphism, is
specially well marked in the case of tourmaline (Class 12, p. 185).
a characteristic crystal of which is seen in Fig. 95, where R
¢ and s are pyramids, and m and @ are prisms.

The class to which quartz belongs (Class 10, p. 185) is charac-
terised by a trigonal axis which has three digonal axes at right
angles to it, there being neither a plane nora centre of symmetry.

Fi1c. 95. Fic. 96.

The most characteristic form is the ¢rigonal trapezohedron
{h © k 1} (Fig. 96) which may be regarded as a tetarto-
hedral form derived from the dihexagonal bipyramid (Fig. 84)
This may occur as a positive or negative form, and each of these
is found in two enantiomorphous modifications (p. 180) termed
right and left forms, as in the case of the tctrahedral penta-
gondodecahedron (p. 200). These forms are frequently found
on crystals of quartz. Thus Fig. 97 shows a crystal of this
substance in which the combination of the prism (m) and two
rhombohedra, direct (») and inverse (+’), is modified by the right
positive trapezohedron (z) ; whilst Fig. 98 shows the occurrence
of the left positive trapezohedron (x). In thesc figures (s) is
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the trigonal bipyramid, the simplest form of this class, the right
form occurring in Fig. 97, which represents a dextro-rotatory
crystal, and the left form in Fig. 98, which represents a laevo-
rotatory crystal.

III. THE TETRAGONAL OR QUADRATIC SYSTEM.

106 The holosymmetric class of this system (Class 27, p. 185)
possesses one ditetragonal axis, and four di-digonal axes of
symmetry. The axis of fourfold symmetry is chosen as the
vertical crystallographic axis, and two of the twofold axes,

z
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Fic. 99. Fia. 100.

which are at right angles to each other and to the vertical axis,
as the horizontal axes, thesc being equal to each other, but not
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to the vertical axis. The most general form of the system is
the ditetragonal bipyramid (Fig. 99) from which all the other
forms may be derived geometrically. It has an octagonal base,
and is bounded by 16 triangular faces.

The various forms of the system are related much in the same
way as those of the hexagonal system. The simplest are the
tetragonal bipyramid of the first order, {111}, (Fig. 100) and the
corresponding prism {110} ; the bipyramid of the second order,
{101}, (Fig. 101) and the corresponding prism {100}, (Fig. 102)
and the basal plane {001} (C, Fig. 102). When several
pyramids of the same order occur together in a combination,
the lengths of the various vertical axes, in accordance with
the general law, stand in a simple commensurable ratio to
each other. This is seen in Fig. 103 in which the intercepts
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on the vertical axis made by the pyramid faces v, 7 and z are
respectively 1/7,1/6 and 1/3 of that made by p. A combination
of a pyramid of the second order (¢) with a series of the first
order (p, 2, © and v) is seen in the same figure in which ¢ is {101},
p {111}, z {118}, 7 {116}, and v {117}. Another combination
belonging to the tetragonal system, which is found in zircon,
ZrSiO,, is seen in Fig. 104,in which the forms are the bipyramid
of the first order {111}, the prism of the second order {100}, and
the ditetragonal bipyramid {311}.

Of the various forms belonging to the classes of lower
symmetry of this system (Classes 26-21, p. 185) the only
one which can be mentioned is the tetragonal bisphenoid,
which belongs to class 26, and may be derived from the
tetragonal bipyramid (Figs. 105 and 106) in precisely the
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same manner as the regular tetrahedron from the octahedron
(p. 186).
The bisphenoid exists in two forms, direct or positive (Fig.

Fic. 103. Fra. 104.

105) and inverse or negative (Fig. 106), and differs from the
regular tetrahedron inasmuch as each face is an isosceles
triangle and not an equilateral triangle. TFig. 107 shows a

Fic. 106. Fic. 107.

combination of the direct bisphenoid {111}, with the prism
1110}, the bipyramid of the second order {101}, and the basal
plane {001},which occurs in copper pyrites.

IV. THE RHOMBIC OR ORTHORHOMBIC SYSTEM.

107 The forms of this system are all referred to three unequal
rectangular crystallographic axes, Three classes of symmetry
are comprised within the system, and each of these is charac-

VOL. 1L P
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terised by an axis of twofold symmetry, which is either the
intersection of two planes of symmetry or is perpendicular to
two axes of symmetry, or both.

In the holosymmetric class (Class 8, p. 185), there are there-
fore three axes of di-digonal sym-
metry involving three rectangular
planes of symmetry. The three axes
of symmetry are chosen as the
crystallographic axes, and it is usual
to take as the vertical axis that
direction in which the crystal is
most fully developed. The longer
of the two remaining axes, termed
the macro-diagonal, b, runs from left
to right of the observer and the
shorter, the brachy-diagonal, a, from
back to front. The fundamental
form of this system is the rhombic
bipyramid which consists of 8 faces Fc. 108.
and is shown in Fig. 108. Secondary
pyramids also occur, the general symbol of which is {hkl}
and these are sometimes distinguished as proto-, macro- and
brachy-pyramids according to the axis along which the intercept
is increased. ~Corresponding series of prisms are also known,

Fia. 109. Fia. 110.

and these are termed the prism, {110}, the macro-prism or
macro-dome, {101} (Fig. 109), and the bracky-prism or brachy-
dome, {011} (Fig. 110), according to the axis to which the
faces are parallel.
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Faces which are parallel to two axes but cut the third are
known as terminal planes or pinacoids. Of these there are three
pairs, the basal plane, {001}, parallel to the macro- and brachy-
diagonals; the macropinacoid, {100}, parallel to the vertical
and macro-axes; and the brachypinacoid, {010}, parallel to the
vertical and brachy-axes. The form composed of these three
pairs of planes occurs in crystals of anhydrite (Fig. 111).

Other examples of this class are marcasite, FeS,, aragonite,
CaCO,, and barytes, BaSO,. Fig. 112 represents a crystal
of marcasite in which C is the basal plane {001}, m is the prism
{110}, ¢ the brachydome {011}, and » a second brachydome
{013}; and Fig. 113 shows a crystal of aragonite, in which p

\
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is the prism, b the brachypinacoid, ¢ the brachydome, and o the
pyramid.

The second or hemimorphite class of the rhombic system
(Class 7, p. 185) possesses only one axis of twofold symmetry,
which is the intersection of two rectangular planes of symmetry
but is not itself perpendicular to a plane of symmetry, and hence
is polar. There is thus no centre of symmetry, and hence the
forms of this class are hemimorphous, the pyramid (Fig. 114),
the brachy- and macro-prisms and the basal plane only possess-
ing one half of the faces of the corresponding forms in the holo-
symmetric class. An excellent example of this class is
hemimorphite, Zn,(OH),,SiO,, which is shown in Fig. 115.

The third class belonging to this system (Class 6, p. 185) is
known as the holoaxial or sulphur class, and possesses only
three rectangular axes of symmetry, without any planes of

P2
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symmetry. The fundamental form is a bisphenoid {111}, which
oceurs in + and — forms (see Fig. 31, p. 180). Sulphur

i
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Fic. 114. Fia. 115. Fia. 116.

crystallises in this form, the crystals usually exhibiting a
combination of the two bisphenoids (Fig. 116). Another
example is afforded by Epsom salts, MgSO,,7H,0.

V.—THE MONOCLINIC SYSTEM.

108 In thissystem the three crystallographic axes are unequal,
two at right angles and the third inclined. The crystals possess

Fia. 117. Fia. 118.

either an axis of twofold symmetry, or a plane of symmetry,
or both.

The axis of symmetry (Y, Fig. 117) is placed from right
to left and is known as the orthodiagonal, b; the plane of
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symmetry is vertical and at right angles to this. It contains
the vertical axis, ¢ (Z, Fig. 117), and the clino-diagonal,
(X, Fig. 117), which is inclined to the vertical axis at the
angle 8. The fundamental crystallographic data therefore
comprise the axial ratio, in which b=1, and the angle 8. Thus
the data for orthoclase are a:b:c=0658:1:0555; 8=63"5T7".
In the holosymmetric class (Class 5, p. 185) there is an axis of
twofold symmetry with a plane of symmetry at right angles
to it, and hence the fundamental form consists of a hemi-
pyramid made up of four faces. Thus in Fig. 117, the two
faces marked Q together with the two parallel faces make up
one hemipyramid {111} (termed positive, because the faces
subtend the acute angle between axes @ and ¢), whilst the
remaining four faces make up a second, negative hemipyramid,
{111}. The complete bipyramid therefore represents these two
forms in combination. The pinacoids and prisms are derived
from the pyramids in precisely the same way as in the rhombic
system, the various prisms being distinguished as prism {110},
clino-prism {011}, and ortho-prism {101}. The prism and clino-
prism consist of four faces, whilst the ortho-prism, owing to
the presence of only one plane of symmetry, falls into two
hemiprisms or orthodomes, each consisting of two parallel
faces which are shown as L (negative), N (positive) in Fig.
118.

A very large number of substances crystallises in this class,
among which may be mentioned ferrous sulphate, magnesium
potassium sulphate, and the other salts of the same series,
sodium sulphate, orthoclase, etc. Fig. 119 represents a crystal
of gypsum, CaSO,2H,0, in which & is the clino-pinacoid
{010}, o the negative hemipyramid {111}, and p the prism.
Fig. 120 is g crystal of hornblende, the faces of which are b
the clino-pinacoid, p the prism, o the positive hemipyramid
{T11}, and ¢ the basal pinacoid {001}.

The second class of crystals belonging to this system (Class
4, p. 185) possesses an axis of symmetry, but no plane of
symmetry, and hence the crystals are polar about the ortho-
diagonal, the faces at one end of this axis being independent
of those at the other. The pyramid and prisms are thus
reduced to forms consisting of only two faces, whilst tho
clino-pinacoid is reduced to a single face. There being no plane
of symmetry, enantiomorphous forms (p. 180) are possible and
many substances are known which cxhibit these. Among
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these are a number which are optically active, i.e. rotate the
plane of polarisation of polarised light, examples of this being
levo- and dextro-tartaric acids. Cane-sugar also belongs to
this class (Fig. 121) and exhibits the faces a the ortho-
pinacoid, ¢ the basal pinacoid, » the orthodome {101}, p the
positive prism {110}, ' the negative prism {I10}, g the clino-
dome, and o the negative pyramid.

Finally crystals also occur which possess only a plane of
symmetry (Class 3, p. 185), and hence, as in the foregoing

Fic. 119. Fic. 120. Fia. 121.

class, the pyramid consists of only two faces (¢.g. P and P in
Fig. 117, p. 212) and the other forms are correspondingly
affected. Potassium tctrathionate affords an example of this
class.

VI.—TRICLINIC, ANORTHIC OR ASYMMETRIC SYSTEM.

109 This system is entirely without any plane or axis of sym-
metry and the crystallographic axes may be chosen parallel to
any three edges. Any one face of the crystal is chosen as the
pyramid face, and three unequal axes cutting one another at
angles (a, B, v) are thus determined. Thus in Fig. 122 ¢¢’ is the
vertical axis, b'b the macro-diagonal, and a’a the brachy-diagonal.
Five values have to be found in order completely to determine
a triclinic form, viz. a:b:c the relative length of the axes, and
the three angles (a, 8, 4) which they form with each other.

In the holosymmetric (Class 2, p. 185), which possesses
a centre of symmetry, each form consists simply of a pair of
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parallel faces. The pyramid shown in Fig. 122 therefore in
reality consists of four of these pairs in combination; thus the
two parallel faces abe, a’t’c’ constitute the form {111}, ab’c and
a’bc’ the form {111}, etc. The prism, the faces of which are
parallel to the vertical axis, is similarly made up of two
independent forms, {110} and {110}, and the same is true of the
macro- and brachy-domes, ete. Fig. 123 represents a crystal
of copper sulphate, CuSO,,5H,0, in which the face a is taken
as the macro-pinacoid {100}, pp’ is the prism, o one face of the
“ pyramid.”

Crystals are also known which are quite devoid of symmetry,

Fi1c. 122, Fic. 123.

(Class 1, p. 185), each crvstallographxc form consisting of a
single face. An example of this is afforded by caleium
thiosulphate.

THERMAL, ELECTRICAL AND OPTICAL RELATIONS OF CRYSTALS.

110 Crystals which belong to the regular system expand
when heated equally in every direction. On the other hand,
crystals belonging to the hexagonal and tetragonal systems
expand differently in the directions of the vertical and of the
horizontal axes. This is clearly seen in the following table,
which gives the coefficients of expansion of substances crystal-
lising in these two systems.!

1 Pfaff, Pogg. Ann, 1858, 104, 171.
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Vertical axis.  Horizontal axis.
Tetragonal System.—Tinstone . 00004860 00004526
Zircon . . 00006264 00011054

Hexagonal System.—Quartz . . 000008073 00015147
Tourmaline . 0°0009369 00007732

Crystals belonging to the other systems possess coefficients
of expansion which differ for each of the three directions of the
axes. Hence, whilst the angles of substances crystallising in the
regular system remain constant under change of temperature,
those of crystals belonging to the other systems undergo small
deviations with alterations of temperature.

The same relation is exhibited by crystals with regard to the
conduction of heat as holds good in the case of expansion. The
conducting power of crystals of the regular system is the same
in all directions. Those belonging to the quadratic and hexa-
gonal systems conduct equally in two directions, and unequally
in the third, whilst crystals belonging to the other systems con-
duct differently in every direction. The conducting power of
crystals can be studied by covering a face of the crystal
with a thin coating of wax, allowing the wax to solidify and
then bringing the point of a hot needle or other pointed hot
body against the wax coating. Ifthe crystal conduct equally in all
directions in the plane of the face the wax will melt in a circle of
which the hot point is the centre. If the conduction be unequal,
the melted wax will be seen to assume the form of an ellipse.

Pyro-electric Action of Crystals.—Certain crystals when heated
exhibit a peculiar development of electricity, one end of the
crystal, or fragment of crystal, becoming negatively electrified,
whilst the other end exhibits positive electricity.

This phenomenon only occurs in crystals which have no centre
of symmetry. When a polar axis of symmetry is present the
oppositely clectrified poles are developed at either end of it and
indicate its direction within the crystal. The examination of
the pyro-electric properties of a crystal or crystalline fragment
therefore supplies valuable information as to its true symmetry.
Tourmaline exhibits this property in a very high degree, and
boracite, cane-sugar, topaz, and silicate of zinc are also crystals
which exhibit pyro-electrical reactions.

111 Optical Properties of Crystals.—The relations of crystals to
light are of great importance, as enabling us to determine crys-
talline symmetry in cases in which the usual methods either give
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uncertain results or fail entirely. Transparent crystals belong-
ing to the regular system exert no peculiar action on a ray of
light ; they behave in this respect like glass or any other amor-
phous substance. The incident ray gives rise to one refracted
ray, and the crystal possesses one refractive index.!

All other crystals are doubly refractive, and they are further
subdivided into uniaxial and biaxial crystals.

The uniaxial crystals comprisc those of the hexagonal and
tetragonal systems. In one direction, termed the optic axis,
which is parallel to the vertical crystallographic axis, no double
refraction occurs, but in all others the incident ray is doubly
refracted, forming two plane-polarised rays, one of which, the
ordinary ray, follows the ordinary law of refraction, whilst
the other, the extraordinary ray, does not follow this law.

The biaxial crystals comprise those of the rhombic, monoclinic
and triclinic systems. In general, incident light is doubly
refracted yielding two extraordinary plane-polarised rays.
They possess, however, two directions in which this is not the
case, and these are called the optic axes. The angle between
the optic axes of a biaxial crystal is an important constant of
the crystal. Thus, for example, it is 69° 5" for rhombic sulphur,
47° 54’ for the monoclinic potassium magnesium sulphate, and
76° 36’ for the triclinic albite, in all cases for sodium light.
Many crystals possess the power of producing circular polarisa-
tion, i.e. of rotating the plane of polarisation of polarised light
through a certain angle. Crystals which exhibit this property
belong to classes in which enantiomorphous forms are possible,
and the two corresponding forms produce the rotation in
opposite directions. An example of this is afforded by
quartz.

CHEMICAL CRYSTALLOGRAPHY.

112 The study of the correlation of chemical composition and
crystalline structure is a subject of great interest, which is
termed chemical crystallography.? We are still far from a

1 Cases have indeed been observed by Brewster and others in which a
crystal belonging to the cubic system exhibits double refraction, but this is
due to unequal tension in the mass of the crystal and resembles the case of
double refraction by unequally heated or compressed glass.

2 For further information on this subjcct see Fock, An Introduction to
Chemical Crystallography, translatel by W. J. Pope (Oxford, Clarendon
Press, 1895); and Groth, Einleitung in die chemische Krystallographie (Leipzig,
Engelmann, 1904 : English Translation by H. Marshall, London, Gurney and
Jackson, 1906).
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comprehensive theory connecting these two properties, although
the subject is one which has engaged the attention of inves-
tigators since comparatively early times.

In his celebrated system of classifying minerals devised in
1801, Haiiy propounded the principle that a difference in the
primary form of two crystals invariably indicates a difference of
chemical composition, whilst identity of form, except in crystals
of the regular system, equally implies identity of composition.
It was, however, soon found that his principle could not be
applied in all its generality, for exceptions to both of these
statements were known even at that time, and many more were
soon discovered and established by careful investigation.

113 Polymorphism.—Even before Haiiy promulgated the idea
that bodies which crystallise in different forms differ also in
chemical composition, Vauquelin had noticed that titanic acid
occurs as rutile and anatase, two minerals possessing distinct
crystalline forms. In like manner, Klaproth pointed out that
hexagonal calc-spar is the same chemical compound as rhombic
aragonite. These cxceptions to Haiiy’s law were then explained
by the presence in the compound of some impurity which had
the power of altering the crystalline form. Thus,aragonite was
found to contain small quantities of strontium carbonate, a
mineral which is found crystallised in the same form, and this
small proportion was supposed to exert so powerful an action
as to compel the calcium carbonate to assume a rhombic form.

In 1821 Mitscherlich proved that this property of crystallising
in two distinet forms is common to many bodies both elementary
and compound, and he termed such bodies dimorphous.

Other substances, again, are capable of existing in three
distinct crystalline forms. These are termed ¢rimorphous, whilst
the general term polymorphous is applied to all substances which
possess more than one crystalline form.

The different forms of polymorphous substances are not only
distinguished by their crystalline structure, but also differ in
their other physical properties, such as specific gravity, hardness,
refractive power, etc.  In fact they behave physically like
distinct substances. Each form is only stable under definite
conditions of temperature and pressure, and, as soon as the
temperature reaches the transition point (p. 114), changes into
the other form, the conversion taking place most rapidly when
a fragment of the second form, which is now the more stable, is
brought into contact with the mass.
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Sulphur, which has been very carefully studied, in this
respect, forms an excellent example of a dimorphous substance.
One form yields crystals belonging to the holohedral class of the
monoclinic system, having the crystallographic constants
a:b:c = 09958:1: 09998; B = 95° 46’; and the specific
gravity 1°96. The second form yields crystals of the holoaxial
class of the rhombic system (Class 6, p. 185), having the constants
a:b:c = 08130:1 :1'9030, and the specific gravity 2:07. The
second of these is stable at the ordinary temperature, but at
956° changes with absorption of heat into the monoclinic variety,
which is stable from this temperature up to the melting point.
The reverse change, accompanied by evolution of heat, occurs
when the monoclinic crystals are cooled below 956.° A very
large number of similar instances is known, examples being
mercuric iodide (dimorphous), titanium dioxide (trimorphous),
ammonium nitrate (tetramorphous), ete.

114 Morphotropy.—When one element or group of elements
is substituted for another in a compound, a change is as a rule
produced in the crystalline structure. Such changes are known
as morphotropic (Groth, 1870), and their exact nature is
ascertained by a careful comparison of the crystals of the two
compounds. If either of the two substances be polymorphous,
it will be found that the simplest relations exist between the
corresponding forms. For the purposes of such a comparison
each crystal is imagined divided into a number of structural
units, the volume of each of which, known as the equivalent or
molecular volume, is proportional to the molecular weight
divided by the specific gravity and represents the volume in
cc. occupied by the molecular weight of the substance in grams.
The shape of the units is determined from a study of the
symmetry and constants of the crystal, and when these are
known the parameters of the structural umit, known as the
topic parameters or topic axes' ( x, ¥, o), can be calculated.

These represent the relative distances apart of the centres of
contiguous structural units along the directions of the three
morphological axes. In simple cases they further represent the
relative lengths of the edges of the elementary parallelepipedon,
of which the volume is represented by the molecular volume,
and the mutual relations of the edges are represented by the
crystallographical axial ratios (Tutton). A comparison of these

! Muthmann, Zeit. Kryst. Min. 1894, 22, 497 ; Tutton, Journ. Chem. Soc.
1894, 628 ; Becke, Anzeiger. d. K. Akad. d. Wiss. Wien, 1893, 80, 304.
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constants for the two crystals shows at once what changes in
structure have accompanied the change in composition.
Ammonium iodide, for example, crystallises in cubes and the
structural units of its crystals are also cubes. The molecular
weight is 143:83 and the specific gravity 2501, so that the
molecular volumeis 143:83/2:501 =57'51. Since the structural
units are cubes, the three topic axes are equal to each other and
to the cube root of the volume, so that x=¢=0= YV=
Y/ 5751 =3:860.

When the four hydrogen atoms of the ammonium group,
NH,, are replaced by the methyl group, CH,, yielding the
iodide, N(CHj,),I, it is found that this new substance crystallises
in the tetragonal system. The structural units of these crystals
have a molecular volume of 10870, considerably greater than
that of ammonium iodide, and are no longer cubes. Calculation
shows that in this case the topic axes have the values given
below :

NH,I N(CH,),I
V... .5751 10870
X - 3860 5319
v. ... 3860 5319
e 3860 3860

This shows that the dimensions of the structural unit
parallel to the vertical axis (o) have remained unchanged,
whilst parallel to the two horizontal axes (x and ¥) they have
increased considerably. Comparisons of this kind have been
chiefly instituted between organic substances containing
various substituted groups. Among inorganic substances the
best known cases are those in which the substitution of
one element for another only produces a very small change
in crystalline structure; and we pass on to the study of this
phenomenon.

115 Isomorphism.—Haiiy’s second principle that identity of
crystalline form implies identity of composition was soon found
to be inconsistent with facts. As long ago as 1784 Leblanc
had shown that crystals of an identical form could be obtained
from solutions containing sulphate of copper and sulphate of
iron mixed in very different proportions. He likewise states
that crystals of alum, a sulphate of aluminium and potassium,
may frequently be found to contain a considerable quantity
of iron, although no alteration in the crystalline form can be
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noticed. Vauquelin, too, showed in 1797 that common potash
alum may contain large quantities of ammonia, and yet the
crystalline form of the substance does not undergo any change.
It was also well known that many minerals which are identical
in crystalline form may possess a very different chemical com-
position. Thus in certain specimens of red silver ore, arsenic is
present as an essential constituent, whilst in others antimony
takes its place. In like manner, the common garnet, crystallis-
ing in the regular system, sometimes contains much iron and
little aluminium, and sometimes large quantities of aluminium
and little iron. Berthollet considered facts like these to be
in accordance with his views on chemical combination, but
Proust explained them by supposing that we have here to
deal not with chemical compounds but rather with mechanical
mixtures.

In the year 1816 Gay-Lussac made the remarkable observa-
tion that when a crystal of common potash alum is hung up in
a saturated solution of ammonia alum it grows exactly as if it
had been placed in the solution from which it was originally
obtained. From this fact he drew the conclusion that the
molecules of these two alums possess the same form. Later on,
in 1819, Beudant noticed that if solutions containing two of the
following salts, sulphate of zinc, sulphate of iron, or sulphate of
copper, be crystallised, the crystals which are deposited always
possess the form of one of these salts, although they contain a
considerable quantity of the other salt, which, when crystallised
by itself, possesses a totally different form.

In order to explain these and similar well-recognised facts
Haiiy threw out the notion that certain bodies possess the power
of crystallisation to such a degree that even when present in
small quantities they compel other bodies to adopt their crystal-
line form.

Clear light was thrown on this subject by the researches of
Mitscherlich, the results of which were communicated to the
Berlin Academy in 1819. Mitscherlich showed that the com-
pounds of various elements possessing a similar constitution
have also identical crystalline form, as ascertained by the
measurement of their angles. The first substances examined
by Mitscherlich were the arsenates and phosphates of sodium
potassium, and ammonium. He showed that the crystals of the
phosphate and arsenate of the same metal not only contain the
same quantity of water of crystallisation, and crystallise in the
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same form, but that when the two salts are mixed in varying
quantities the crystals which such a solution deposits are of the
same form as those obtained from solutions of the pure salts,
whilst the proportion of each ingredient found in the crystal
deposited from the mixed solution varies according to the propor-
tions in which the ingredients were mixed. Hence Mitscherlich
concluded that analogous elements or groups of elements can
replace one another in compounds without any alteration of
crystalline form. Such substances are said to be isomorphous
(ioos, equal to, wopg7, shape). A large number of other
compounds were shown by Mitscherlich to conform to the
above law. ’

Subsequent investigations have, however, proved that the
angles of isomorphous crystals are not absolutely identical, but
that each substance differs slightly from the other in this
respect. This is well shown by the isomorphous sulphates and
selenates of the alkali metals potassinm, rubidium, and caesium
(and ammonium), which together with the corresponding
isomorphous selenates and the series of isomorphous double
salts formed with the sulphates and selenates of magnesium,
zine, etc., have been investigated with great care by Tutton.!

The sulphates of potassium, rubidium, caesium, and am-
monium crystallise in forms of the rhombic system, and it has
been found that the substitution of Rb for K and of Cs for Rb
produces a small progressive change both in the crystallographic
constants and in all the physical properties of the crystals.
When the molecular volumes and topic axes are calculated,
similar relations are found to hold, the substitution causing a
slight increase both in the molecular volume and in all the
topic axes.

Topic Axcs.
Crystallographic axes, a : b : c. Density. {lgll.
X v ®
O, . ... O05727:1:07418 | 2666 | 6491 38810 | 3-8574 | 4-9964
Rb,SO,. . . . 05723:1:07485 | 3615 | 7334 4:0304 : 4-0039 | 5-2366
Ce,S04. . . . 05712:1:07531 | 4246 | 8458 42187 | 4°1849 | 55173
(I‘{IH,.),SO‘ .. 05635:1:07319 | 1-772 | 7404  4°0792 l 40051 | 5-2020

It is interesting to note that the effect on the structure of
the crystal of replacing the potassium atom in potassium

v Journ. Chem. Soc. 1903, 1123, 1183 : where refcrences to the preceding
papers of the series will be found.
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sulphate by the ammonium radical, NH,, is almost exactly the
same as that produced by the substitution of rubidium.

It was at first thought that identity or very close resem-
blance of the crystalline forms of two substances was sufficient _
to stamp them as isomorphous. It has, however, been found
that substances often crystallise in very similar forms, although
they have no similarity in chemical composition. Substances
are therefore not considered as truly isomorphous unless they
are capable of crystallising together in mized crystals in which
the two substances occur in relative proportions which may be
gradually varied. Such crystals are characterised by the fact
that their physical properties, such as specific gravity, index of
refraction, etc., are strictly the mean of the corresponding
properties of their constituents. It is, however, rarely possible
to obtain an unbroken series of mixed crystals of two
isomorphous substances, this being probably due to the fact
that the two substances are polymorphic and that the corre-
sponding forms differ considerably in stability. Thus the
sulphates of potassium and ammonium form a complete series
of mixed crystals, whereas the corresponding chlorides only
form very limited series, containing either a large proportion of
potassium chloride with a small admixture of ammonium
chloride or wvice versa. Such mixed crystals of isomorphous
substances are best regarded as solid solutions of one of the
substances in the other.

In the absence of mixed crystals two substances are not usually
regarded as strictly isomorphous. This is the case, for example,
with sodium nitrate, which was formerly supposed to be
isomorphous with calcite, because the two have ncarly the
same crystallographic constants, and pieces of calcite when
suspended in a saturated solution of sodium nitrate, which is
allowed to evaporate, become uniformly covered with sodium
nitrate, just as would a crystal of the latter salt itself. This
relation appears only to exist when the two substances have
nearly the same molecular volume, and some investigators
regard pairs of substances of this kind as truly isomorphous.!
In the same way all substances which crystallise in the regular
system have the same crystallographic constants, but are not
looked upon as strictly isomorphous unless, like the alums, they
belong to the same crystallographic class and are capable of
forming mixed crystals.

1 Barker, Journ. Chem. Soc. 1906, 1120.
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Substances which are truly isomorphous, as just defined, are
found in all cases to have analogous chemical composition and
this may, therefore, be taken as a confirmation of the atomic
~ weights in use, on which the analogous formula depend (p. 25).

116 Cases of isomorphous mixtures are very common among
minerals, and the following serve as an excellent illustration of
isomorphous replacement.

Apatite, Cay(PO,), + Ca, { 2O
Pyromorphite, Pby(PO,), + Pb, { Ié?*
Mimetesite, Pby(AsO,), + Pb,{g%
Vanadinite, ~ Pby(VO,), + pbz{(‘)’f)4

The isomorphous chemical elements in these minerals are :—

(1) Phosphorus, Arsenic, Vanadium; (2) Calcium and Lead ;
(3) Chlorine and Fluorine.

They all crystallise in hexagonal prisms, the form of apatite
being seen in Fig. 124. The values of the angle a, between

the normals to the faces C and x, and the length of the vertical
axis (c), that of the horizontal axes being taken as the unit,
are found to be :—

C. a.
Apatite . . . . . . .. 0735 40° 18’
Pyromorphite . . . . . . 0736 40° 22
Mimetesite . . . . . . . 0722 40° 54’
Vanadinite . . . . . . . 0712 39° 26'

Not unfrequently both chlorine and fluorine occur in the
same specimen of apatite, and phosphorus and arsenic often
replace one another in pyromorphite.

Another well-marked case is that of the rhombohedral



ISOMORPHISM 225
carbonates of the metals calcium, magnesium, iron, zinc, and
wmanganese. These minerals all crystallise in similar rhombo-
hedra, and the several metals can replace one another in
varying proportions without any change of form occurring.
It has, however, been observed that the angles of the different
rhombohedra are not exactly equal, but that the different
members of the series vary in this respect by one or two
degrees; thus:—

Angle on
terminal edge.

Calcium carbonate, or calc-spar, CaCO, . 105° 5’
Magnesium carbonate, or magnesite, MgCO,. . 107° 25’
Ferrous carbonate, or spathic iron ore. FeCO,. . 107" 0’
Zinc carbonate, or calamine, . ZnCO,. . 107" 40
Manganese carbonate, or diallogite, MnCO,. . 106~ 5’

117 The replacement in minerals of varying proportions of
the different isomorphous compounds is well illustrated by
the following percentage analysis of spathic iron ore : —

Ferrous oxide, FeO . . . . . 4555
Manganous oxide, MnO. . . . . 1250
Lime, CaO. . . . . 157
Magnesia, MgO. . . . . 180
Carbonic acid, Co, . . . . . 3858

10000

If we now divide the percentage of oxide by its combining
45'55
71-38
following numbers respecting the proportion between the number
of equivalents of the several constituents present :—
FeO=06372, MnO=01773, CaO =00282, MgO = 00448, or
summing these we have 0:8875. This is, however, very nearly
the proportion which must be present in order to unite with
38-58
4367
errors of experiment. In other words, the number of molecules
of the basic oxides present is the same as that of the carbon
dioxide ; hence the formula for this spathic iron ore is (Fe, Mn,
CaMg)CO,, signifying that the relative quantities of the
metals in question present are indeterminate, but are in the
VOIL. IL. Q

weight, thus for ferrous oxide, etc., etc., we obtain the

=0-8833 equivalents of CO,, the difference being owing to



226 CRYSTALLOGRAPHY

aggregate such as are needed to combine with CO,. Hence we
have the following as the composition of the mineral :—

Ferrous carbonate, FeCO, . . . 7339
Manganese carbonate, MnCO, . . . 2024
Calcium carbonate, CaCO; . . . 280
Magnesium carbonate, MgCO, . . . 395

100-38

118 Isodimorphism.— When two substances are isomorphous
and one of them is dimorphous, crystallising in two distinct
forms, it is often found that the second substance is also dimor-
phous and that each of its two forms corresponds with one of
the forms of the first substance, a double isomorphism being
thus exhibited. Such substances are said to be isodimorphous,
and cases of usotrimorphism are also known. The trioxides of
arsenic and antimony serve as a striking example of isodimor-
phism. For a long time these compounds were only known to
occur in two forms which were not isomorphous, and this was
the more remarkable as their elementary constituents exhibit
such a close analogy. It was afterwards found that arsenious
oxide, As,O4, which usually crystallises in regular octahedra
(arsenolite), is occasionally met with in rhombic crystals
(claudetite), exactly identical in form with those in which
antimonious oxide, Sb,O,. commonly occurs in nature (valentin-
ite). A mineral consisting of this latter oxide, and called
senarmontite, was next discovered. The crystals of this are
octahedral, so that the isodimorphism of these substances is
now completely proved, especially since it has been found
possible to produce the octahedral crystals of antimonious oxide
artificially.

An important addition to our knowledge of the correlation of
chemical and crystalline structure has been made by Barlow
and Pope,! who substitute for the molecular volume (p. 219)
the valency volume, which is numerically equal to the sum of
the valencies of the atoms contained in the molecule. They
have thus arrived at extremely important and interesting con-
clusions, for which reference must be made to the original
paper.

Y Journ. Chem. Soc., 1908, 1675.
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SYSTEMATIC DESCRIPTION OF THE METALS
AND THEIR DERIVATIVES.

119 In the following systematic description of the metals, the
latter arc classified in groups according to the periodic system,
each of these groups being further divided into two or more
sub-groups. The members of cach sub-group are described in
order of their atomic weight.

GROUP I.
Sub-group (a).—The Alkali-Metals.

Lithium
Sodium
Potassium
Rubidium
Cesium

Suh-group (b).—The Copper Group.

Copper
Silver
Gold

The metals of this group all form characteristic series of salts
in which the metal is apparently monovalent, and except in the
case of copper and gold this series of salts is by far the most
important. The division into sub-groups is more sharply defined
than is usually the case, the metals copper, silver and gold,
which as already pointed out fall near the centre of the “ double
periods” (p. 55), only showing a limited resemblance to the
alkali-metals. The resemblance is most prominent in the case

Q 2
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of the two typical elements, lithium and sodium, the salts of
which are frequently isomorphous with the corresponding silver
salts. In the exact classification according to the periodic classi-
fication, sodium belongs to the sub-group (b), as like copper,
silver and gold it is a member of one of the “odd” periods;
in its properties, however, it so closely resembles the metals of
the sub-group (a) that it is always described together with
these.

THE ALKALI-METALS.

120 The above name is given to this group because the two
most important members, sodium and potassium,are constituents
of the substances which have been long known by the name of
alkalis. The name alkali is first found in the works of the
Latin Geber, and is the name there given to the soluble salt
obtained by the lixiviation of the ashes of sea-plants. We
also find the same word employed to designate the carbonate
of potash obtained by a similar treatment of the ashes of
land-plants. The difference between the alkalis potash and
soda was at that time not understood, and in order to distin-
guish them from the carbonate of ammonia, the volatile alkali,
they were both termed the fixed alkali. The distinction be-
tween the mild and caustic alkalis had long been known, and
the mode of converting the former into the latter by boiling
their solutions with lime was a well-recognised process. In the
Historical Introduction (see Vol. I. p. 16) we have seen that
Black, in the year 1755, was the first to explain this change,
as he proved that the mild alkalis contain fixed air or carbon
dioxide.

The first clear distinction between the two alkalis, potash
and soda, appears to have been made by Duhamel in the year
1736, although Stahl pointed out that the alkali contained in
common salt is different from that contained in wood-ashes,
and this difference was indicated by the first being termed the
mineral and the second the vegetable alkali. Marggraf showed
in 1759 that the salts of the two alkalis possess totally distinct
properties,and that whilst those of the common alkali tinge the
flame of a spirit-lamp violet, those containing the base of com-
mon salt impart to the flame a yellow colour. It was, however,
soon afterwards pointed out by Klaproth that the vegetable
alkali potash was contained in several minerals, such as leucite,
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and then the special name potash in English, potasse in French,
and Zali in German was given to this particular alkali. Klap-
roth suggested for the mineral-alkali the name natron, the
English equivalent for which is soda, and the French soude. All
these names had formerly been used indiscriminately for any
alkali.

Up to the year 1807 the alkalis were considered to be simple
substances. Lavoisier had indeed expressed a view that these
bodies probably contained oxygen, owing to their analogy with
other well-known metallic oxides, but Davy was the first to
isolate the metals.

A few years later (1817), the lithium compounds were dis-
covered by Arfvedson, and in 1860 the two remaining metals,
rubidium and cesium, were isolated by Bunsen and Kirchhoff.

The alkali metals are all soft silvery metals, which may be
readily fused and volatilised, the melting and boiling points
becoming lower with increasing atomic weight. The specific
gravity increases with the atomic weight but less rapidly than
the latter, the atomic volume therefore becoming greater as we
ascend the series. They are the most strongly electro-positive
of the metals, their hydroxides being the most powerful bases
known, and within the group itself the basicity increases with
the atomic weight, that of cwsium hydroxide being the
greatest.

The alkali metals form only one series of stable salts, and in
these they are monovalent ; a few halogen derivatives are known
in which they have a valency of 3, 5, 7, or even 9, but these
readily decompose into the free halogens and the monovalent
haloid compound of the metal. With very few exceptions the
whole of the salts are soluble in water, those of lithium being
the least soluble.

They combine with oxygen to form oxides of the general
formula M,O, which correspond to the monovalent salts; these
are, however, as a rule difficult to prepare in the free state, as
they combine very readily with oxygen forming higher oxides
and with water forming the characteristic hydroxides MOH,
which are also produced by the direct action of the metals on
water.

These metals all unite directly with hydrogen, forming
crystalline hydrides, (MH),, which are decomposed by water.
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LITHIUM, Li=6'98 (H=1).
=7'03 (O =16).

121 Lithium was discovered in 1817 by Aug. Arfvedson
whilst he was working in the laboratory of Berzelius! He
obtained a new alkali, and Berzelius gave to it the name
lithia. Tt was first found in several minerals from the iron
mines of Uts in Sweden, especially petalite and spodumene.

Lithium is derived from A{feos, stony, as it was then believed
to be an alkali whose presence was confined to mineral matter
in contradistinction to the other alkalis which were found in
vegetable and animal bodies. Since that time, however, lithium
has been shown to be very generally distributed throughout the
animal and vegetable kingdoms, this fact having been first
ascertained by Bunsen and Kirchhoff in their earliest research
on spectrum analysis in 1860 (p. 162).2

Sources of Lithium.—The most important minerals containing
this element are ¢riphylite, (LiNa),PO,+(FeMn),(PO,), or
(LiNa)FeMn)PO,, containing from 16 to 37 per cent. of
lithium ; petalite, LiAl(Si,0;),, containing 27 to 37 per cent.
of lithium; lepidolite or lithie-mice 13 to 57 per cent.;
spodumene or triphane, LiAl(SiOy),, 38 to 5°6 per cent. Smaller
quantities of lithium, whose presence can be ascertained by the
spectroscope, are found in a large number of minerals. The
water of certain mineral springs also contains large quantitics
of dissolved lithium salts. Thus Berzelius® so long ago as 1822
detected this element in the water of Egger-Franzensbad, and
in 1825 in the springs at Karlsbad and Marienbad. The
spectroscope has since shown that lithium occurs in most
mineral waters, in sea-water, and in that of almost every river*
and surface spring. Some mineral springs contain lithium in
considerable quantity. Thus Bunsen found 2952 mgrm. of
lithium chloride in one liter of the water of the Murspring at
Baden-Baden.® and W. A. Miller ¢ found 372 mgrm. in one liter
of water from a spring in the Wheal Clifford mine at Redruth
in Cornwall.

1 Schw. 1817, 22, 93 ; Ann. Chim. Phys. 1819, 10, 82.

2 Phil. Mag. 1860 (4), 20, 97.

3 Poyy. Ann. 1825, 4, 245.

4 On Thames Water. A. and F. Dupré. Phil. May. 1860 (4), 20, 373.

5 Jahresh. 1861, 1091, 6 Chem. News, 1864, 10, 181.
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By the decomposition of rocks containing lithium this metal
finds its way into the soil. It has been detected in that of the
Limagne d’'Auvergne, and can be traced in the ashes of the
plants which grow in that district (Truchot)! It is widely
distributed throughout the vegetable kingdom, occurring in the
ash of the vine, in that of many cereals, in sea-weed and in
tobacco (Bunsen and Kirchhoff). It has been found especially
in the leaves of many plants, in cacao, coffee, and sugar-cane
as well as in the residues from the extraction of beet-sugar.?
It appears, however, that lithium salts cannot replace
potassium salts in plants; indeed, when added in quantity they
generally seem to act as a poison. In certain plants, however,
such as for instance the Samolus Valerandi, lithium appears to
act beneficially, inasmuch as the stronger plants contain most
lithium. :

From the vegetable world lithium finds its way into the
animal kingdom; thus Bunsen and Kirchhoff observed its
presence in the ashes of milk and in human blood and muscular
tissue® Nor is lithium a metal which is confined to terrestrial
matter, for Bunsen ¢ detected it in two meteoric masses, one
of which fell at Juvenas in France on May 15th, 1821, and the
other at Parnallee in Southern India on February 28th, 1857,
and Engelbach & observed lithium in a meteorite from the Cape.
The presence of lithium in the atmosphere of the sun is at
present doubtful. .

122 Eztraction of Lithium Salts.—1. From petalite and lepi-
dolite. The first method of extraction, proposed by Berzelius8
consists in fusing the powdered mineral with double its weight
of lime. On dissolving the fused mass in hydrochloric acid, and
evaporating with sulphuric acid, the lithium is obtained in solu-
tion as sulphate, together with some aluminium sulphate and
gypsum. The first salt is precipitated by addition of chalk, and
the second by oxalate of ammonium. This method was improved
by Regnault and again much simplified by Troost.” This latter
chemist fuses the following mixture at a very high temperature
in a wind furnace: finely powdered lepidolite, 10 parts ; barium

! Ber. 1874, 7, 6563 ; Compt. Rend. 1874, 18, 1022,

2 Lippmann, Ber. 1897, 80, 3037. See also Tschermak, Journ. Chem. Soc.
1900, Abst. ii. 235.

3 See also Hermann, Pfliger's Archiv. 1905, 109, 26.

$ Annalen, 1861, 120, 253. 5 Pogg. Ann. 1862, 116, 512,

¢ Traité, 2, 89, 7 Compt. Rend. 1856, 43, 921,
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carbonate, 10 parts; barium sulphate, 5 parts; potassium sul-
phate, 3 parts. The heavy silicate and sulphate of barium sink
to the bottom, and a layer of the sulphates of potassium and
lithium is found at the top of the fused mass. These can be
extracted by simple lixiviation. The sulphates are then con-
verted into chlorides by the addition of barium chloride, the
chlorides evaporated to dryness, and the lithium -chloride
extracted by treatment with a mixture of absolute alcohol and
ether.

2. For the purpose of extracting lithinm salts from triphylite,
a process proposed by Hugo Miiller ! is the best. This consists
in dissolving the mineral in hydrochloric acid, oxidising with
nitric acid, precipitating the phosphoric acid with a ferric salt,
evaporating to dryness and extracting with hot water. Chlorides
of manganese and lithium are thus dissolved. The manganese
is precipitated by sulphide of barium, and the excess of barium
removed by sulphuric acid. The oxalate of lithium is obtained
by evaporating with oxalic acid, and this on ignition is converted
into the carbonate.

123 Preparation of Lithium.—The attempts made by Arfved-
son and Gmelin to prepare metallic lithium were fruitless. They
cndeavoured to separate the metal by the electrolysis of its salts,
but the battery they used was not powerful enough. Later on,
the decomposition of lithia was tried by heating it with iron, and
carbon; these experiments also proved abortive. Then Davy
succeeded in obtaining a small quantity of the metal by elec-
trolysis, but was unable to cxamine its properties. In 1858
Bunsen and Matthiessen were the first to obtain lithium by
electrolysis in quantity, and to examine its properties care-
fully. The following is Bunsen’s description of the process:?2
“Pure chloride of lithium is fused over a Berzelius" spirit-
lamp (or Bunsen’s gas-lamp), in a small thick porcelain
crucible, and is decomposed by a zinc-carbon battery consisting
of four to six cells. The positive pole is a small splinter of
gas-coke, and the negative an iron wire about the thinness
of a knitting-needle. After a few seconds, a small silver-
white regulus is formed under the fused chloride round the
iron wire and adhering to it, which after two or three minutes
attains the size of a small pea: to obtain the metal the wire
pole and the regulus are lifted out of the fused mass by a
small flat spoon-shaped iron spatula. The wire can then be

1 Awnalen, 1853, 85, 251. % Journ. Chem. Soc. 1856, 143.
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withdrawn from the still melted metal, which is protected
from ignition by the chloride of lithium, with which it is
coated. The metal may now be easily taken off the spatula
with a pen-knife, after having been cooled under rock oil.
As this operation can be repeated every three minutes, an
ounce of chloride of lithium may be reduced in a very short
time.”

For the preparation of the metal on a somewhat larger scale
it has been found advisable to employ a mixture of the
chlorides of potassium and lithium in equal weights,! or lithium
bromide, to which 10—15 per cent. of the chloride has been
added.? The metal can also be obtained by the electrolysis of
solutions of the chloride in pyridine? and in various alcohols.*

Lithium cannot be obtained in a similar manner to that by
which sodium and potassium are prepared, viz., by heating
the carbonate with charcoal, or the hydroxide with iron (Troost),
but distils over when pieces of magnesium are added to lithium
hydroxide heated in an iron retort.>

Properties.—Lithium is a solid, possessing a silver-like lustre,
but tarnishes on exposure to the air. It is much less oxidisable
than potassium or sodium. It is not so soft as these metals, but
is softer than lcad, and makes a grey streak on paper. Lithium
can be pressed into wire, and can be welded at ordinary tem-
peratures. It melts at 180° (Bunsen), 186° (Kahlbaum), and
if the melted metal be pressed between two sheets of glass, a
surface is obtained which exhibits the colour and brilliancy
of polished silver. Lithium floats on petroleum, and is the
lightest of all known bodies which are solid at the ordinary
temperature, its specific gravity varying from 05891 to 0'5983
(Bunsen).

Heated in the air lithium ignites at a temperature above its
fusing point, burning tranquilly with a bright white light. It
also burns when heated in hydrogen, chlorine, bromine, iodine,
dry carbon dioxide, or sulphur vapour, and combines readily
with nitrogen on heating and slowly absorbs the gas even at

! (Guntz, L’Electrochimie, 1896, October.

* Ruffand Johannsen, Zeit. Elektrochem. 1906, 12, 186.

2 Kahlenberg, J. Physical Chem. 1899, 8, 6(r2.

4 Patten and Mott, J. Physical Chem. 1904, 8, 153.

% Warren, Chem. News, 1896, 74, 6.

% Kahlbaum, Zeit, anory. Chem. 1900, 28, 220; compare Ruff and
Johaunsen, Zeit. Elektrochem. 1906, 12, 186; Bernini, Physikal. Zeit. 1905,
6, 74.
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the ordinary temperature forming the nitride. When thrown
on to water it oxidises, but does not fuse like sodium. Nitric
acid acts on it so violently, that it fuses and often ignites.
Concentrated sulphuric acid attacks it slowly, but dilute
sulphuric and hydrochloric acids quickly. Silica, glass, and
porcelain are attacked by lithium at a temperature below 200°
(Bunsen and Matthiessen). Lithium is more electro-negative
than sodium,

COMPOUNDS OF LITHIUM

124 Lithium Ouside, Li O, and Lithium Hydroside, LiOH.—
Dry oxygen does not act upon lithium at the ordinary tempera-
ture. Indeed the metal may be melted in dry air without
losing its brilliancy. Heated much above 180° lithium takes
fire and burns brilliantly in the air with the formation of
lithium oxide or lithia which is coloured yellow by a small
quantity of a higher oxide and volatilises slowly at 600°! It
may be prepared in a purer state by heating nitrate of lithium
in a silver basin. It forms a white crystalline mass which
dissolves slowly in water with the formation of the hydroxide,
LiOH. This latter compound is also obtained by boiling
carbonate of lithium for some hours with milk of lime, and
evaporating the clear liquid to dryness in a silver basin. It
forms a white caustic crystalline mass resembling caustic
soda which melts at a red-heat, does not vola