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PREFACE

g

TaE following work on Chemical Staties reproduces the
lectures given by me in the winter and summer semesters,
1897-g8, at the University of Berlin, under the title
‘Selected Chapters in Physical Chemistry.” It is a second
part to the ‘Chemical Dynamies,” but at the same time is
as far independent as possible, and deals with the methods
which yield conclusions as to molecular magnitude, strue-
ture, and grouping, and consequently bring into life our
present conceptions on the structure of matter. The theory
of solutions and stereochemistry are treated especially fully,
in accordance with the present interest attaching to them.
That Part I of the * Lectures on Theoretical and Physieal
Chemistry * has already been translated into French and
English may perhaps be regarded as a recommendation
of the present Second Part.

J. H. vax 't HOFF.

CHARLOTTENBURG,
March, 18g9.
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THE DIVISION OF THE WORK AND
THE TREATMENT CHOSEN

Ix the inevitably arbitrary division of any subject it is
well to choose so that it may easily be seen where each part
belongs. For this reason the treatment adopted by Lothar
Meyer in the later editions of his Modern Theories of Chemistry
seemed to me appropriate for my lectures: in it the whole
is divided into Staties and Dynamies. Staties then deals with
single substances, 1.e. with views on the structure of matter,
the conception of atoms and molecules, and on constitution so
far as the determining of molecular configuration. Dynamies
is devoted to the mutual actions of several substances, i.e. to
chemical change, affinity, velocity of reaction, and chemiecal
equilibrium.

To these I have added a third section, in which the chief
object is the comparison of one substance with another, and
consequently the relations between properties—both chemieal
and physical—and composition.

In preparing for the press I have preserved this arrange-
ment, only making a change in the order in accordance with
the development of chemical science in the last ten years.
Until then Dynamies, that is the study of reactions and of
equilibrium, took a secondary place. But lately, and espe-
cially since the study of chemical equilibrium has been related
to thermo-dynamics, and so has steadily gained a broader and
safer foundation, it has come into the foreground of the
chemical system, and seems more and more to belong there,
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The following arrangement is therefore chosen as an experi-
ment :—
First Part: Chemical Dynamies.
Second Part: Chemiecal Staties.
Third Part: Relations hetween Properties and Con-
stitution.

The logical advantage gained in this way is essentially that
in the First Part it is possible to proceed without any hypo-
thesis on the nature of matter, only the molecular conception
being made use of. Not till the Second Part does the atomic
hypothesis come to the front, and with it problems of con-
figuration, Finally comes the still very obscure problem of
the relation of one body to another.

There are two points, however, that should be referred to.
From the logical side it may be objected that Statics is con-
cerned with the simpler problem, sinece it deals with single
substances at rest, whereas Dynamies deals with a complex of
substances in action. This objection, however, has less force
when one remembers that the single substance corresponds to
the state of equilibrium following a completed reaction—and
indeed the simplest form of equilibrium—and accordingly
Part II is devoted to the more detailed study of this final
state.

From the paedagogic point of view, placing Dynamies first
can be dubious only to those chemists who are not well pre-
pared in Physiecs, and consequently have not mastery over the
chief lines of their own subject.

The treatment chosen ecorresponds with that I have followed
in teaching. It consists essentially in developing each generali-
zation from a specially chosen concrete experimental ease. On
this follow an exhibition—as far as possible graphic—of the
leading results, the conclusions drawn, and, lastly, theoretical
remarks on the generality and applicability of the conclusions.



PART II

CHEMICAL STATICS

—_— e —— —

Contents and arrangement. As explained in the intro-
duction, chemical statics treats a single substance as a case
of equilibrium of the simplest kind, oceurring on eompletion
of a reaction. It is, in the first instance, defined by its
qualitative and quantitative composition. But as, for the
same composition, it is possible to have different states
of eqguilibrium, e, g. polymerism and isomerism, a closer
characterization is necessary. The external features, apart
from hypothesis, whether physical, such as heat of forma-
tion, density, optical rotation, erystalline form, and so on,
or chemical, as affinity, veloeity of reaection, and so on, have
not up to the present afforded any means of predicting
the conditions of such polymerism or isomerism. The case
is different if molecular and atomistic theory be taken as
the starting-point. We must therefore treat chemical
statics in this sense too, 1.e. we must develop the views
as to the internal structure of matter, after saying a word
on the basis of the molecular and atomistic treatment.

The atomic hypothesis, it is well known, is an attempt
at explaining the peculiar relationships observed in the
quantitative composition of compounds. Three funda-
mental laws have proved to be strictly true:—

1. The law of constant composition, which amounts to
saying that a compound, however prepared, has always
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the same composition, e.g. silver chloride always contains
" 7526°% Ag.

2. The law of multiple proportions, according to which
two elements that come together in several compounds
oceur in the same ratio, or in ratios that are related by
means of whole numbers; e.g. compare

Silver chloride (with 24-74°/, Cl and 75-26°/, Ag) and

Silver chlorate (with 18-54 °/, Cl and 56-40 %/ Ag);
the ratio of chlorine to silver is the same in the two,
Viz.:

2474 : 75:26=0-329 and 18-54 : 56:-40=0-320.
On the other hand, compare
Chlorine iodide (21-84 °/, Cl and 78-16 °/, iodine) and
Chlorine tri-iodide (8-52 °/, Cl and g1-48 °/ iodine);
the two ratios of chlorine to iodine are in a whole number
proportion, for

21-84 : 78-16 =0-279 and 8-52 : g1-48 =0-0g3=1% x 0-279.

3. The law of equivalents, which expresses that two
elements combine with equal quantities of a third, in
a ratio equal to that in which they combine with one
another, or in a ratio related to the latter by a whole
number, If, e.g. we compare

Silver chloride (24-74 °/, Cl and 75-26 °/, Ag),
Silver iodide (5404 °/, I and 45-96 %/, Ag), with
Chlorine iodide (21-84 °/, Cl and 78-16 °/, I),
the ratio of the amounts of the elements combined with
equal amounts—say 75-26 parts—of silver is:

7526
4596

24°74 : 5404 X = 0270,

i.e. the same as in the direct combination of chlorine
and iodine,

If we had chosen chlorine tri-iodide (with ratio o-0y3)
as instance, then obviously the integral ratio g:1 would
have been found.
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These three fundamental laws are explained on the
atomistic hypothesis. Assuming that the elements chlorine,
silver, and iodine occur in diserete particles of fixed mass
—atoms (chlorine = Cl = 355, silver = Ag=108, iodine =1
=125)—we have :—

1. In the symbol Ag(Cl for the particles of which silver
chloride consists, the expression for its econstant composition.
- 2. In the symbol AgClO, for silver chlorate the expression
that here chlorine and silver combine in the same pro-
portion as in silver chloride; whilst the formulae ICI and
ICl, or generally I,Cl, and I,Cl, refer directly to the in-
tegral relation between the proportions in which iodine
and chlorine occur in the later example:

ml pl m p
nCl gCl™ a'q

2. The constant or multiple ratio of combination between
chlorine and iodine indirectly (combined with equal
amounts of silver) and directly is equally expressed by
the three general symbols

Ag,Cl, AgT, 1.ClL,
since the ratios of the halogens combined with the same
amount of silver and the direct ratio of combination are
given by

= Mq : np.

qCl s8I _ ¢rCl d 7 Cl
pAg rAg = psl i i
whilst
grCl «aCl
m - "-‘H = qrm :psn.

It may be added that the assumption of the invariability
of these atoms in quantity and quality is a simple expres-
sion of the empirical law of the conservation of mass and
of the invariability of the elements.

The molecular hypothesis is a dirvect consequence of the
assumption of atoms, and so rests also on a chemical basis.
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I. MOLECULAR WEIGHT AND
POLYMERISM

As mentioned above, the molecular hypothesis rests upon
a basis both chemical and physical. Accordingly the
methods for the determination of molecular weight belong
partly to chemistry, partly to physics.

Molecular weight determinations by chemical methods
start from the atomistic hypothesis, according to which the
molecule is built up of atoms; e.g. if a compound contain
p, q, and 7 per cent. of earbon (C=12), hydrogen (H=1),
and oxygen (O=16) respectively, the ratio of the number
of atoms a, b, and ¢ is given by

W B
fs.b.r:_m.g.lﬁ,

in which a, b, and ¢ must be whole numbers, This does

not, however, allow of fixing a, b, and ¢, for if the least

integral relation has been caleulated all the formulae
(Ou Hi.l Uﬂ:}ﬂ!

in which # is unity, or some other integer, would satisfy
the conditions,

To determine # therefore requires a second eriterion,
which in the region of chemistry mostly leads with suf-
ficient probability to a decision, but so far not with absolute
certainty. It is supplied by the chemiecal behaviour—ecom-
bination and reaction—which renders certain molecular
weights probable. Thus taking acetie acid

(CH,0),,

and remembering that it arises by oxidation of aleohol, for
which the simplest possible formula is C,H O, and forms
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a silver salt C,H,AgO, containing at least two carbon
atoms in the molecule, n=1 for acetic acid is practically
excluded, and n=2 rendered very probable.

These chemical methods, though mostly sufficient in
practice, are exposed to the logical objection that they
depend on products of reaction, and that during the reaction
a total transformation of the molecular complex might
oceur; e.g. the formation of acetic acid might be

C,HO+20=2CH,0 + H,0,

and on the other hand ean at most only give a probable
minimum size for the molecule; it is therefore fortunate
that the physical methods are suitable for directly testing
the molecular weight of the bodies in question,

In the following collection of physical methods for
determination of molecular weight, a selection has been
made in accordance with the plan of the work. On the
one hand are the methods based on Avogadro’s law, and
applicable to gases and solutions ; on the other are methods
applicable to liquids, of which that of Eotvis, Ramsay, and
Shields, based on the change of surface tension with tem-
perature, is an example; on account of the empirical
character of the latter they will be found in Part III,
which is concerned with the relations between properties
(e. g. capillary constant) and composition (and therefore
molecular weight). We shall therefore confine ourselves
here to:—

§ 1. Molecular weight determination in dilute gases.

2, = o o 5 s ' 5 8olutions.
3 ’ 4 o = ,» solid solutions.

§ 1. MoLEcuLAR WEIGHT DETERMINATION IN DILUTE
GAsEs.

A. Avogadro’s Law.

Tt is well known that the law on Which the determination
of molecular weights in gases is based, as stated by Avogadro,
is to the effect that equal volumes of dilute gases, measured
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under the same temperature and pressure, contain equal
numbers of molecules, and therefore the molecular weights
of the gases are in proportion to the weights of those
volumes.

The law in question, which, when first stated, was a happy
combination of known faets, received confirmation in that
it allowed of predicting new ones, such as the dissociation
of ammonium chloride on volatilization. But it may also
be deduced from the kinetic theory. As we shall bring
forward the confirmations of the law later, under the head
of ‘results, we will here begin with its theoretical
deduction.

The kinetic theory of gases, treating gases as consisting
of small, perfectly elastic spheres, involves Avogadro’s law
as the limiting case of extreme dilution. When the
dilution is sufficiently great, the attractions between the
molecules cease to be of aecount, and the veolume of
the molecules may be neglected in comparison with the
total volume occupied by the gas. The deduction of
Avogadro’s law from the kinetic theory in the general
case is complicated, and for the purpose of this work it
is suflicient to follow it out under special simplifying
circumstances,

In the first place, for simplicity it may be assumed that
the velocity of all the molecules is the same, viz. (' metres
per second. Secondly, that the
movement inside the cubical T
vessel of V cub. metres ca- 5 e
pacity (Fig. 1) that we shall d
consider, 18 so distributed that i
the molecules move only at
right angles to the bounding -
planes, and equally so, there D
being always one-sixth of the
N molecules moving forwards,
backwards, right, left, up, or down. Hence there strike
unit surface (one sq. metre) in unit time (one second), one-

B

Fig. 1.
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sixth of the molecules contained in a parallelopiped at
right angles to the surface, and €' metres long; i.e.

NC

e
They are repelled with equal velocity; so that the whole
have in the second suffered a change of velocity of 2C
metres per second. The force needed for that (P kilo-
grams pressure per sq. metre) may, according to the law

foree = mass x acceleration,
be caleulated as

NC . - MOE N s

where M is the mass of a molecule.
For two gases at the same temperature and pressure we
have consequently :

(1) N, M0 = N M e
The third condition, equality of temperature, includes,
however, a further relation, for it may be shown that

equality of temperature corresponds to equality of mean
kinetic energy of the molecules, or

(2) 1,02 = 3 M0,
from which by combination with (1) we get
N =,

that is an equal number of molecules for equal volume,
pressure, and temperature.

Before we describe the methods in which Avogadro’s law
may be applied, we may conveniently put it in a single
mathematical form which expresses also the laws of Boyle
and Gay-Lussae. It is well known that the last two may
be represented by

PV =R
If the molecular quantity of different gases be taken, then
according to Avogadro's law, as just stated, for equal
pressure (F) and temperature (7'), the volumes (V) will
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also be equal, which amounts to saying that R referred to

the molecular quantity has the same value for all gases,
Taking 2 kilograms of hydrogen as basis for caleulating

this value of R, we have for atmospheric pressure and

o (.

P=1gog3a kg /sqm. T=273 F= cub. m.

c-08g56
since one litre of hydrogen at o® and atmospherie pressure
weighs 0.08g56 gm. Therefore
R = 345-2.
Since this number happens to be approximately twice
the value of the ealorie in kilogrammetres (A; = 423) the

expression for the laws of Boyle, Gay-Lussac, and Avogadro
simplifies, approximately, to

APV =2alT

B. Methods for Molecular Weight Determination in
Gases.

1. Ordinary Process.

The application of Avogadro’s law, formerly the only
means of determining molecular weights, has, since the
introduction of the simple methods based on the theory
of solutions, been practically confined to Vietor Meyer’s
process 1,

As in all such methods, the procedure consists essentially
in measuring the volume (V') of a known weight (&) as gas
or vapour under a definite pressure (P) and temperature
(T'). An equal volume of hydrogen would, under these
cirenmstances, weigh

| ok
oo8956 PV x T = 2445 7

if weight, volume, pressure, and temperature are given in

1 Berl, Ber. 30, 1926,
B g

£
A’
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grams, litres, atmospheres, and in absolute centigrade
measure respectively. Since under the specified cireum-
stances there is, according to Avogadro, proportionality
between total weight and molecular
weight, we get:

G 24'45%1’:: M:a2,

where M is the desired molecular weight,
and 2 that of hydrogen (see p. 24).

In Vietor Meyer’s method a cylindrical
vessel b (Fig. 2) of about 200 c.c. capacity,
ending in a long neck with a side tube af,
is filled with air or nitrogen, and brought
to a convenient constant temperature. If
now the weighed quantity of substance
be introduced into the cylinder by means
of the dropping arrangement d, the vapour
produced expels an equal volume of air
which passes through the side tube af
and is collected in the graduated tube g
over water,

The great advantage of this process is
that it allows of the evaporation being
performed at a very high temperature,
which need not be exactly determined.
Ignorance of this temperature has no in-
fluence on the result, as it is the tempera-
ture of the graduated tube, not that of
the eylinder, that is needed to calculate
the molecular weight.

2. Determination of Vapour Density by means of the
Second Law of Thermo-dynamics.

We will mention here a second method which, though,
so far, of no consequence in the practical measurement
of molecular weights of gases and vapours, may be of



MOLECULAR WEIGHT OF GASES 21

interest at the present time in its special application to
solutions,

The method is based on the application of the second
law, which, as applied to the process of evaporation, was
given (Part I, p. 19) as

AVaP = 457,

where 4 is the thermal equivalent of work = ;14, V the
inerease in volume on evaporation, in cub. metres, of
a quantity (say 1 kilogram) that absorbs g calories, P the
pressure of the saturated vapour in kilograms per sq. metre.
A vapour density—and therefore a molecular weight
determination—may be obtained from this equation, sinece
the volume of the vapour itself may be taken as V" when
the dilution of the saturated vapour is sufficiently great,
so that the measurement of volume is based upon that of
the change of vapour pressure with temperature, and the
latent heat of evaporation. Taking water as an example,
with the data:

Py, = 914 mm., P, = 17363, ¢y = 584cal,
we get, without integration, using the formula

V_ gAL 584 % 10 3
=~ ATAP ™ 288x8223x136x4 '

where 13:6 is the density of mercury. Now 77 cub. metres

of hydrogen at 13-2515 mm, and 15 weigh

LPabks - 373
760 288

So that the molecular weight of water vapour according to
Avogadro is

77 x 008956 x

= o114 kg.

Mia=1:0114.
M= 176,
which is close to the known value H,0 = 18.
In the same way the observations for acetie acid show

an abnormal molecular. weight. We may perform the
calculation in a simpler way by using, instead of the
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kilogram as before, the molecular weight M as obtained
trom the vapour density. Then

dP  MgdT 2 T*dF

AVP = 2T, so that 5= 0T M= W

Introduecing the values

P,=6:6 mm, P,,= 11-6 mm., q= 85 cal,
we have
2 x 2882 x5

M=
85 X g1 X 10

— [D?

instead of 6o (= C,H,0,),in acecordance with the conclusion
from direct vapour density measurements, that saturated
vapour of acetic acid has a nearly double molecular weight,
and consists mainly of double molecules,

C. Results.
1. Connexion with the Atomistic Hypothesis.

The fundamental secientific interest of the results
obtained by application of Avogadro’s law lies in the
complete connexion that can be established between the
chemically determined atomic weights and the molecular
weights arrived at physically.

The necessary conclusion from atomistic reasoning, that
in reactions the molecules concerned must be in whole
number relationship, as e.g. when methane (CH,) is burnt
in nitrous oxide (N,O)

CH, +4N,0 = CO,+2H,0+4N,,

agrees with Gay-Lussac’s law that in reactions the volumes
of gases concerned are in such a relationship. Aeceording
to Avogadro the ratios in question may be read off the
equation directly, in the form of the coefficients oceurring
in it, as each molecular symbol corresponds to the same
volume, so that
Vol. CH, : Vol. N,O : Yol.CO, : Vol. H,O : Vol. N
=1 pdadn i
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This relation occurs most simply in the ecase of the
elements. The ratio of their molecular weights, i.e. of
their gas densities, must either be the same as that of their
atomic weights, or, if the molecules are built up out of
different numbers of atoms, be in integral relation to those.
Exact proof of this is rendered difficult by the fact that
Avogadro’s law is only exactly true for infinite dilution.
A recent extrapolation! in that direction leads to the
conclusion that the densities of hydrogen, nitrogen, and
oxygen on infinite dilution are in the ratio

1:0074 @ 14-007 : 16,
whilst Ostwald gives for the atomic weights:
1:0032 : 14-041I : 16.

2. Confirmation and Testing of Atomic Weights.

The determination of atomic weights by purely chemical
means is attended with an uncertainty, which may be
noticed in the history of the atomie weights, and may
be illustrated in the following way. Choosing as unity
H = 1, or rather O = 16 as better suited for analytical
purposes, the analysis of e.g. beryllium oxide with 36-3
per cent. beryllium is not conclusive as to the atomic
weight of beryllium, but leaves it dependent on the formula
of the oxide. If it is regarded as BeO we get

Be:0=36.g:637=m:16;
&r= QgI;
whilst if Be,O, is chosen—and both formulae have had their
supporters—it follows that
2Be: 30 = 36:3:637 =22:3x%x106;
x= §XQ-l.
The decision here and in corresponding cases has in the end

rested on determinations of molecular weight, The deter-
mination is not possible for the oxide on account of its

! I, Berthelot, Compl. Rend. 126. 954.
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non-volatility, but can be made with the chloride. The
molecular weight of the latter, according to the respective
assumptions, would be

Myear, = 914+ 71 = 801, Mpyey, = 2 X QI + 106-5=120.

The former number was found by Nilson and Petterson!
and the atomic weight g-1 so finally settled. The only
change possible would be a halving, &e., of this atomie
weight, so that the method gives a maximum value, below
which there is neither chemical nor physical reason for
going, and which has, moreover, received confirmation in
another way (p. 26).

3. Nature of the Elementary Molecules, and Polymerisni.

Polyatomicity. Hydrogen. One of the leading results
of molecular study of the elements is the fact that their
molecules usually consist of more than one atom. Thus,
the two facts that prove this for hydrogen are:

The density of hydrochlorie acid is 18-25 referred to
hydrogen, and it contains 2-74 per cent. of hydrogen.

Since the densities, according to Avogadro’s law, are in
the ratio of the molecular weights, we conclude from these
data that the ratio between the amounts of hydrogen
present in the hydrogen and hydrochlorie acid molecules is

1 :18-25:-:%: i
100

Thus there is twice as much hydrogen in a hydrogen
molecule as in one of hydrochlorie acid, and as the latter
cannot contain less than one atom of hydrogen, there must
be at least two in the hydrogen molecule. Such reasoning
has in no case, so far, led to the necessity of assuming more
than two atoms in the hydrogen molecule, so it may be
regarded as diatomie, with the symbol H,. For that reason
hydrogen, with M= 2, is usually chosen as unit for molecular

weight determinations.

I See also Rosenheim and Woge, Zeitschr. f. anorg, Chem. 15. 283,
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Most of the elements studied are, like hydrogen, diatomic;
only a few have more atoms, as phosphorus P, arsenic As,,
sulphur S,.

Monatomic elements. Mercury. Especially interesting
are the ecases in which the elementary molecule is, according
to the above reasoning, to be regarded as monatomie. This
was first shown to be probable for mercury; since then
other metals (zine, cadmium, potassium, sodium) have been
studied in the state of vapour, and appear to behave
similarly ; and the newly discovered elements, argon and
helium, belong to the same category. Mercury, moreover,
was the subject of an important experiment by Kundt and
Warburg, which, by the aid of a deduction from the kinetie
theory, confirms the conclusion of monatomicity. The
experiment refers to the ratio between the specific heats
at constant pressure and constant volume. The latter has
obviously the smaller value, and in the case of monatomie
gases represents the inerease in kinetic energy of the
molecular movement ; in polyatomic gases it includes also
an increase in the atomic movements, more difficult to
calculate. According to the previous equation

PV = 3 NMC?
the kinetic energy
ANMC? =3PV,
so that its increase per degree is
ta PV,
where a = .
2 LS
If free expansion (at constant pressure) takes place, we
are concerned with the speeific heat at constant pressure,

and additional heat is required to perform external work.
which obviously amounts, per degree, to

aPV.

The ratio of the two specific heats is therefore
2aPV+aPV: 3aPV =5:3 =167,
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whilst for polyatomic gases it is less, since the term 2a PV
will be greater on account of the kinetic energy of the
atomic movements. It is well known that measurements
of the velocity of sound gave the expected value 1-67 for
mercury vapour, and lower values for polyatomic gases.

As according to p. 24 the atomic weights so far found
are strietly to be regarded as maxima, we have now an
indication from thermal reasoning that, at least for
mereury, the maximum has not been placed too high.

Allotropy of the elements. Ozone and oxygen. A third
important result of molecular weight measurements of the
elements has been to show, on grounds of the molecular-
atomistic hypothesis, the existence of the same element in
different, so-called allotropie, forms. Oxygen and ozone
form the most striking example. Soret proved that ozone,
on conversion into oxygen, inereased in volume by one-half,
so that oxygen being diatomic, ozone is to be regarded as
0,, the equation

203 — 303
indicating the inerease in the number of molecules by one-
half, and according to Avogadro, increase of volume in
the same ratio.

Dissociation of the elements at kigh temperature. The
halogens. A very welcome confirmation of the above views
on the polyatomicity of the elements is given in the proof
of the possibility of decomposing those molecules. Even
sulphur, which at low temperatures appears as S, shows an
abnormal expansion up to 1,000°, leading by then to a
density corresponding to S,. A further step in this
direction was accomplished by Victor Meyer for the
halogens, since he showed that iodine, which under 6oc”
has a density corresponding to the diatomic molecule I,
becomes halved in density above 1,400°, with formation of
monatomic molecules or free atoms,

It may be added that in this direction lies the possibility,
if any, of decomposing the elements themselves: the mona-
tomic molecule constitutes the last stage towards the
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undecomposed fundamental material ; if the structure can
be still further simplified, then a further decomposition is
attainable. This is exactly the point of view adopted by
Vietor Meyer in his latest researches. In his Liibeck
address on ‘ Problems of Atomisties’ (18g6) he referred to
this aim. After that, and until the end of his life, he
occupied himself with experiments in this direction!, and
had in view molecular weight determinations up to 2,000"
The glass vessels had long been replaced by others of
poreelain, and this material by platinum or the still more
infusible alloy with 25 per cent. iridinm. Finally vessels
of magnesia were prepared, which, in a lime oven, stood the
temperature of 2,000° obtained by burning graphite in
oxygen. But no further decomposition than that into
monatomic elements was reached in the case of any
element,

Polymerism. The difference in molecular weight assoei-
ated in the elements with differences of properties oecurs
also, it is well known, in compounds of the same composi-
tions, especially in organic chemistry, and is then called
polymerism. Whole series of similarly composed bodies,

such as (O'H]
ainy

are known, in which n varies from 2 to 30, accompanied by
a corresponding change in vapour density and chemical
behaviour, as e. g. in combination with bromines, the bodies

(CH,).Br,,

of different composition, arise.

§ 2. MoLECcULAR WEIGHT DETERMINATION IN DILUTE
SOLUTIONS.

Sinee the possibility of molecular weight determinations
of gases and vapours was shown by Avogadro, the modern
development of the theory of solutions rendered the same

v Berl, Ber, g0. 1926,
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thing possible for these latter substances. We will therefore
next develop that theory, and then, in connexion with it,
give the methods for determination of molecular weight,
with their results and applications,

A. The Theory of Dilute Eolutions.

Whilst for the determination of molecular weight in
dilute gas Avogadro’s law can be applied directly, for dilute
solutions the most varied methods, based on measurements
of freezing points. boiling points, and vapour pressures, are
in use. All these methods, however, may be brought into
connexion with, and regarded as deduetions from a law
exactly corresponding to that of Avogadro, but which refers
to osmotic instead of gas pressure; the law states,in fact, that
solutions that exert the same osmotie pressure at the same
temperature contain equal numbers of dissolved molecules in
unit volume. This law may be arrived at in various ways.
We shall here start from the molecular properties of known
gases, and follow the deduction through gaseous solutions.

1. Henry's Law and the Constitution of the Dissolved Gas.

Take any gas of known molecular constitution, e.g.
nitrogen (N,) and a liquid, water, in which it is capable of
solution, and consider the question whether

— 1 the dissolved nitrogen corresponds to the
x| formula N, or possibly is present as N or
| N , or as a hydrate. We have then to con-

i l sider the equilibrium that is set up when the

water B (Fig. 3) is saturated with the nitrogen
Fig- 3. A under the existing conditions of tempera-

ture and pressure. Kinetically considered,
this equilibrium is based on the fact that, in unit time, as
many gaseous molecules enter the solution i as leave the
latter 1,

I Tn the following considerations the vapour of the solvent, present
in A, may be supposed absent, by covering B with a membrane permeable
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" But from this a conclusion may be drawn if the nitrogen
present in B consist entirely of molecules N, i. e. is of the
same constitution as in the gas. For if the quantity per
unit volume in A is doubled, that in 3 must be so too, for,
with sufficient dilution, this change would double both the
number of gaseous molecules passing from a into B and
the number of dissolved molecules passing from e into A.
So that in this case the concentration (' in the solution is
proportional to the pressure P of the gas

=kP

—a law that, under the name of Henry's law, is known to
be applicable to the majority of gaseous solutions.

Let us now suppose a different case: first, that nitrogen
1s present in water as N, not as N, ; then the law of absorp-
tion becomes different also. In order to deduce this modified
law, let us assume that in the gas too a certain quantity,
even though vanishingly small, of nitrogen occurs as N;
then between that and the nitrogen in the water there
must be an equilibrium as in the preceding case, and pro-
portionality as before—

C =k Py,

where Py 1s the very small partial pressure of the gaseous
nitrogen in the form N. This partial pressure is not,
however, proportional to the total pressure P, since the
equilibrium in the gas between the two forms of nitrogen,
according to the equation

2w =4

is subject, according to the laws of chemical equilibrium
(ef. Part I, p. 109), to the relation

PN: = H.PEN,
where Py and Py are the partial pressures of the nitrogen

in the forms N, and N respectively, and consequently Py,

to mitrogen, but not to water vapour; although if the vapour were
present the reasoning would still hold.
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differs only by a vanishingly small amount from the total
pressure P. Hence

P=KP% and C =k Py = kv/P,

where k is a constant, equal to £, / VK.

In this case, then, the concentration of the dissolved
substance would not be proportional to the pressure of the
gas, but to its square root, which would imply a very wide
departure from Henry's law: quadruple pressure would
not involve a quadrupling of the concentration, but only
a doubling.

A different molecular constitution, such as N, or N, would
introduce a corresponding change in the law, so that there
only remains to consider the case of hydrate formation,
such as N,.H,0. This case may be treated in a similar
manner, by assuming the presence in the gas of an
extremely small quantity of the hydrate, or in the solution
of, besides hydrate, an extremely small quantity of nitrogen
not combined with water. Both assumptions lead to the
same result; by assuming a small amount of hydrate in
the gas, we bring into play the equilibrium

Ny HO =N, + HO;
with the condition
Pyn.mo = KPx,

in which Py _u,o and Py, are the partial pressures of the
hydrate and of free nitrogen respectively. Since obviously

P'ﬂi B 'P_PHQ-]]EO
the equation may be replaced by

Py, uo= K, P,
where
K
ST
Since according to what preceded, the partial pressure of
the hydrate is proportional to the concentration of the
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dissolved nitrogen, we get a ratio between pressure and
concentration

(=P,

exactly as if the nitrogen were dissolved in the form N,
instead of N,.H,0. Hence the presence of a hydrate has
no influence on the law of absorption; and generally that
of any hydrate N,(H,0), does not differ from solution of
the water-free molecule N,

We may therefore conclude that gases which on solution
follow Henry’s law, possess the same molecular weight in
the solution as in the gaseous state, with only the possible
exception that hydrate formation, always without change
in size of the gaseous molecule, may oceur. As already
remarked, nearly all the gases whose absorption has
been studied belong to this category: N, H,, O, CO,,
COo, N,O, CH,, C,H, H.S, NO, CH,, C,H; in water and
alecohol ; CO, in carbon disulphide and chloroform; C,H,
in acetone!, Indications of a different behaviour occur
with NH; and SO, in water, while HCI in water departs
so far from Henry’s law that an entirely altered molecular
magnitude on solution is to be concluded.

2. Avogadro’s Law for Dissolved Substances.

What for our purpose is essential in the preceding
argument is not that the molecular weight of some ten or
twelve gases in solution is known, but the principle that
if Henry's law of absorption answers to the facts, then
a gas does not change its molecular magnitude on going
into solution. On account of the limited data available on
absorption, and especially on account of the fact that most
substances are too involatile to give gases or vapours of
measurable density, the principle discussed is of minor
importance in its direct application. We have rather to
consider the question—without assuming any experimental
data on absorption—what property must any dissolved

1 Compt. Rend. 124, gBB,
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body possess as gas or vapour, in order that it may, on
absorption, follow Henry's law ? and the answer is that the
gas or vapour must, at equal temperature and concentration,
exercise a pressure equal to the osmotic pressure of the
same substance in the dissolved state.

The proof of this may be given in a form due partly to
me !, partly to Lord Rayleigh * and partly given in a private
correspondence with Dr. Donnan.

Before entering on the proof, which deals with osmotic
pressure and semipermeable membranes, i.e. membranes
that only allow the solvent to pass, it may be remarked
that any notion one may form as to the mechanism
producing osmotic pressure, or the action of semipermeable
membranes, 18 without influence on the reasoning. Thus
the question whether the pressure is produced by the

solvent or by the dissolved body can

be left out of consideration; so too,

whether it is dependent on eollisions

or by attractive forces. The action

of the membrane too, whether it is as

a sieve, or by means of absorption,

is indifferent. All this is the case

because the proof to be given is based

Fig. 4. on thermo-dynamies, and is conse-

quently free from assumptions on the

mechanism. Moreover it is plain that two semipermeable

membranes eannot give different osmotic pressures, for that

would allow of a perpetuwm mobile; thus let the ring

(Fig. 4) be supposed filled with solution on the right, and

solvent on the left, separated by two semipermeable mem-

hranes above and below, which give osmotic pressures

amounting to p, and p, respectively. Such a difference of

pressure p, —p, would then give rise to a flow, which, as
all the conditions remain unchanged, would never cease.

After these remarks, let us proceed to the actual proof.
By means of a reversible eyclic process carried out at

¥ Zeitschr. f. Phys. Chem. 1. 488. ¥ Nature, 55. 253.
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a constant temperature 7, a kilogram of dissolved
substance X is to be removed from, say, an aqueous
solution in the form of gas or vapour, and restored to it
again,

The removal of the dissolved body X is to take place
by means of semipermeable membranes: the solution is
separated from the undissolved gaseous X by the partition
he (Fig. 5), which only allows the gas to pass, whilst the
pure solvent may be supplied through the walls ab and ed,
on the outside of which is solvent.

(Gas or vapour pressure and os- 1=
motic pressure are to be kept in
equilibrium by means of two
pistons, above and below. Now b
1 kilogram of the dissolved body X %/‘
oeccupies under temperature 1" and %//
pressure P (kg. /sq. m.) a volume %
of V cub. metres. The ratio of a

absorption is such that this vapour Fig. 5.

is in equilibrium with a solution

that contains 1 kilogram of X in v cub. metres, which solution
exercises an osmotic pressure p (kg /sq.m.). If now
both pistons be moved upwards, 1 kilogram of X may
be removed reversibly from the solution, an amount of
work being done by it

-
o]

75

P

PIF=RE . & & o v )
whilst an amount of work is performed against the osmotic
pressure, which we will express with the negative sign as

S s s s e ()

A second process now, will restore the vapour of X to the
solution. First let the vapour expand to a very great
volume ¥ and in so doing perform work

V

The so diluted vapour may now be brought into contact
C

b Feo 114
I PdV:ﬂTf eV _ piigg= .0 (B
¥ F V
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with a volume v of water, a process which, in the limiting
case in which V_ is infinite, is reversible, for under those
circumstances the water would not absorb any of the
infinitely dilute vapour X. Now let the piston be lowered
and so X be brought into solution, with an expenditure of

work
-me@E_
Jo
Here, however, P, has not the value given by
ER T

but a smaller value, because a part of the vapour has gone
into solution, This part is exactly 1 kilogram when the
pressure has risen to I°, and consequently, if Henry’'s law of
absorption is true, when the pressure is P, amounts to
P, /P kilograms ; the undissolved part remaining is there-
fore 1 — P, /P, and the pressure I’ may be caleulated from

PV, = (1— %)RT = RT—P.V,

so that :
R T
Ei= P
Consequently the work done is
Vo o L dVl ) s V -+ -5:'
= PdV, = -.RTfu T —RTlog —3—= »

which, if V_ is infinitely great, becomes
Rl = B

Since the total work done in a reversible eyelie process
at constant temperature must be zero

V. 14
(1)+(2)+(3)+(4) = RT'—pv+ RT log T,'EﬁRTlog 7 =0

or
By comparison with
PV = RT,
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since T'is constant, we see that for equal values of V and v
we must have P=p.
This is the result originally referred to, that any dissolved
body which obeys Henry's law, must have such properties
that for equal temperature and concentration, the gas
pressure and the osmotie pressure must be equal.

But we know, by what precedes, that a vapour dis-
solving according to Henry's law must have the same
molecular character in the solution and the vapour, and
consequently we may draw all the conclusions as to
the osmotic pressure of dissolved bodies that have been
drawn as to gas or vapour pressure, i.e. we may apply
Avogadro's law to solutions, making use of the osmotie
pressure instead of the gas pressure.

From this necessary equality of gas and osmotic pressure
for similarity of molecular constitution in solution, it
follows that the osmotic pressure obeys the gaseous laws,
1. e. the laws of Boyle and Gay-Lussac. A remark on the
nature of the osmotic pressure may be made here; if it
follows Gay-Lussac’s law, and is so proportional to the
absolute temperature, it, like gas pressure, becomes zero
at the absolute zero of temperature, and consequently
vanishes when the molecular movements come to rest.
It 1s, therefore, natural to look for the cause of osmotie
pressure in kinetic grounds, and not in attractions,

A second general remark may be made in connexion
with the gaseous laws as applied here. In this case too
they are to be regarded as limiting approximations, only
strictly true for infinite dilution. They refer, on account
of the kinetic nature of the osmotic pressure, to that part
of it which prevails on inerease of dilution ; whilst, when
the concentration is greater, the attraction of the solvent
becomes of more consequence, and eventually must prevail,
since it increases in proportion to the square of the con-
centration, while the number of molecular collisions is only
proportional to the first power.

C 2
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B. Methods for Molecular Weight Determination
of Dissolved Bodies!,

As in gases a measurement of moleeular weight involves
a knowledge of the weight, volume, pressure, and tempera-
ture in the gaseous or vaporous condition, so in solutions
the same four data suffice, the osmotie pressure replacing
the ordinary pressure.

From the theoretical point of view, the first thing to
consider is the osmotic pressure itself; but in practice
indirect methods involving quantities related to that
pressure occur; we shall therefore discuss in turn the
direet and indirect methods of molecular weight deter-
mination for dissolved bodies.

1. Divect Methods for Molecular Weight Deter-
mination of Dissolved Bodies.

(a) Comparison of the osmotic pressuve of diffevent
solutions (Isotony). Whilst for gases the determination
of molecular weight is an easy operation, for solutions
a direct application of the corresponding laws meets with
the difficulty of measuring osmotic pressure—a difficulty
due to the necessary use of a semipermeable membrane,
i.e. a wall or boundary permeable to the solvent but not
to the dissolved body. If the absolute value of the osmotie
pressure is to be measured, the ‘ membrane " has, in addition,
to stand a mechanical pressure which may be great, which
makes the experiment still more difficult; we shall, there-
fore, first deseribe the methods in which this difficulty,
due to pressure, is avoided by observing, instead of the
actual osmotie pressure of a solution, equality between
two solutions of equal osmotic pressure; afterwards the

1 Verschaffelt, Le poids moléculaire de U'eaw el do Uiode ; Acad. des Sciences de
Relgigve. Bruxelles, 1896, Biltz, Praxis der Mo'shu'argewichisbestimmung,
Berlin, 18g8.
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few direct measurements that have been earried out will
be mentioned.

First, as to the semipermeable membrane. The peculiar
property of allowing one substance to pass, and not the
other, seems to depend not so much on sieve-like action
as on the ability to dissolve or absorb, or loosely combine
with one substance. Such a selective action oceurs with
gases, e.g. palladium® allows the passage of hydrogen,
which is absorbed by it. Nernst® has described a semi-
permeable membrane for liquids, based upon the same
prineiple, and consisting of an animal membrane, moistened
with water, placed between (moist) ether on one side, and
(moist) ether,in which benzene was dissolved, on the other.
The ether, being slightly soluble in water, passes through
the membrane towards the side containing benzene, whilst
the benzene, insoluble in water, fails to pass through.
Quite recently the property of caoutchoue, noticed by
Graham, of transmitting certain gases, such as sulphur
dioxide and ecarbon dioxide, has been studied with regard
to liquids*: whilst e.g. methyl and ethyl alecohol eannot
permeate the caoutchoue, ether, carbon disulphide, chloro-
form, benzene, &e., can, so that if one of these liquids be
placed on one side of the membrane, and methyl aleohol
on the other, ether, &e., passes through. Moreover, it has
been shown that the rate at which the transmission takes
place is in agreement with the rate at which the liquid
in question is absorbed by caoutchoue. Finally, Tammann
discovered in the zeoliths a material permeable only for
water—not for substances dissolved in 1t; these zeoliths
are known to be hydrated silicates, which, according to
Mallard, possess the peculiar property of absorbing and
giving up water, without losing their erystalline form.

Whilst those membranes are of importance for the expla-
nation of semipermeability, an entirely different material

' Ramsay, Zeitschr. f. Phys. Chem. 15. 518 ; Hoitsema, 1. ¢. 17. 1.
? Nernst, L. ¢ 6. 38,
* Raoult, Comptes Rendus, 121, 187 ; Fusin, L. c. 121, 794.
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has been used for actual measurements, viz. so far, mostly
membranes oceurring in animal and vegetable tissues, and
the precipitate discovered by Traube,

The membranes in animal and vegetable organisms, which
offer little resistance, have proved especially useful as
semipermeable partitions, and an example of each will be
given here. In the first place we have the protoplasm
sheath of the plant cell!, an elastic membrane resting
treely against the cell-wall, being kept against it by the
osmotic pressure of the contents. If, however, the cell, or
a layer of cells, suitable for microscopic observation be
placed in a salt solution of high osmotie pressure, the sheath
contracts away from the cell-wall: the process known as
plasmolysis occurs, as may be very well seen when the
protoplasmic contents are coloured (Tradescantia discolor).
Different solutions that exercise so high an osmotic pressure
as just to produce plasmolysis, are equal in their osmotic
action, are so-called isotomic, and therefore, according to
Avogadro’s law as extended to solutions, contain equal
numbers of dissolved molecules in the same volume. Thus
e.g. a solution containing 5-g6 per cent. of raffinose (a sub-
- stance whose molecular weight was then unknown) was
found isotonic with a solution of cane-sugar (C,,H,,0,,=
342) containing o1 gm. mol. per litre (i.e. 3-42°/); hence
the molecular weight of raffinose must be approximately 596

342:596=342:2 = 596,

and as for raffinose the choice lay between C,H,,0,,
.3H,0 = 396 (Berthelot and Ritthausen), C,;H,.0,.. sH,O
= 594 (Loiseau and Scheibler), and C;Hg, 0Oy, . 10H,0=1188
(Tollens and Rischbiet), this was decisive in favour of the
second formula, a conclusion which has sinee been verified
by chemical means, since raffinose takes up water and
decomposes into three molecules of sugars, each containing
six carbon atoms (glucose, laevulose, and galactose):

C Hy 05+ 2H U =2C H, 0.

1 De Vries, Zeitschr. f. Phys. Chem. 2. 440.
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A similar determination of isotony by physiological
means, in this case, however, taken from the animal
organism, may, according to Hamburger!, be carried out
with red blood corpuscles, the solution to be studied being
shaken up in a test tube with a couple of drops of defi-
brinized blood. Two phenomena are then observed,
according as the solution exercises a great or small osmotic
pressure: in the first case the corpuscles give up their
colouring matter to the solution; in the second they sink
to the bottom of the eolourless liquid. Liguids which lie
on the margin in this respect are isotonie, and so we have
an easily available means for molecular weight determina-
tions.

Similar isotony has been observed by Tammann * without
physiological aid, by means of a precipitated membrane,
that is a colloidal skin formed by contact of two solutions.
The most available material yet found for this purpose is
copper ferrocyanide, obtained by contact of potassium
ferrocyanide and copper sulphate in layers: this was used,
and the passage of water in one or the other direction
observed by means of Tépler's interference apparatus:
where water enters, a rising stream in the specifically
heavier salt solution is observed:; where the reverse
occurs, a descending stream due to local inerease in
density.

(b) Absolute Measurement of Osmotic Pressure. As
already mentioned, absolute pressure measurements of
osmotic phenomena are rendered difficult by the fact
that it is not only necessary to prepare a semipermeable
partition, but one that has sufficient resistance to stand
the commonly great mechanical pressures involved. The
organic membranes, which were found so well adapted for
determining isotony, are for that reason useless for the
present purpose, and consequently there are only a few
isolated experiments that have been carried out with suceess,

V Zeitschr., f. Phys. Chem, 6, 319.
? Wied. Ann. 34. 209.
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but which, however, are of the highest importance in
testing the laws of osmotic action.

We may first mention a measurement of Ramsay on
gases ! which is very instructive as to the mechanism by
means of which osmotic pressure is produced. A palladium

vessel A (Fig. 6) constituted the mem-

H, brane and contained nitrogen, whose
pressure could be measured, as shown
in the figure. A was then surrounded by
a stream of hydrogen at known pressure,

0 and the pressure inside A rose, on account
of the gas passing through the palladium

\  partition, by an amount nearly equal to

1"}?:: _____ 4/ the external hydrogen pressure (would

Fig. 6. perhaps have coincided with it if the
external atmosphere had not originally
contained more hydrogen). Therefore the (osmotic) excess
of pressure of the (dissolved) nitrogen present in the
hydrogen corresponded to the pressure of the nitrogen
alone (as Avogadro’s law applied to solutions requires).
Next we have Pfeffer’s measurements of solutions. He
used a semipermeable membrane of copper ferrocyanide,
but gave it sufficient strength by depositing it inside a
small porous battery-cell, the cell (moistened) being filled
with potassium ferrocyanide, and dipped in copper sulphate.
Diffusion from both sides then brings about the formation
of the membrane. With such an apparatus the following
measurements were carried out on a one per cent. sugar
solution (1 gm. in 1006 c.c.).

Temp. () Osm, press. (P) M= oBrgx %t}l
7° 0 664 atm. 343
14 o.68r 343
22 0q3r 333
34 0.716 ,, 346
36 0746 337

v Zeitschy. f. Flys, Chem. 15. 518,
* Osmotische Unfersuchungen. Leipzig, 1877.
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From these data the molecular weight M may be
calculated on the basis of Avogadro’s law according to the
relation (p. 19)

G : 24:45 j—:.TV= g

where G is the weight in grams (= 1), V the volume in
litres (c-1006), so that
s gy T

The numbers thus caleulated are given in the last
column, and are in good accord with the number, 342,
obtained from the formula of sugar, C,,H,,0,,. Notwith-
standing this and several other researches !, direct measure-
ment of osmotic pressure has not yet led to a practicable
method for determining molecular weights.

2. Indirect Methods for Molecular Weight Determination.

Whilst direct measurement of the osmotie pressure has
so far met with diffieulties for want of a satisfactorily
resistent semipermeable membrane, so that the experiment
is diffieult or even impossible, attention has been paid to
other properties of solutions, which bear calculable relations
to the osmotic pressure, .

With regard to these methods, we may say generally,
with Nernst, that every mode of separation between solvent
and dissolved body involves a method for determination of
molecular weight. This is so because every such separation
renders possible a eyelic process in which the solvent, after
having been separated in the way in question, may be again
brought together with the separated or dissolved substance
osmotically, i.e. by means of a semipermeable membrane.
If this eyclic process be carried out reversibly—e. g. if the
osmotie action be supposed to take place in a eylinder with
piston, such that the wall of the eylinder enclosing the

! Ladenburg, Berl. Ber. 22, 1225: Adie, J. 0. 5. 1891, p. 344 ; Ponsot,
Compt. Rend. 125. 867 ; Naeecari, Rend. Adcc. Lincei, 18g7, 1. 32.
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solution is semipermeable, and the piston exercises a
pressure exactly equal to the osmotic pressure—then
a thermo-dynamic relation may be deduced which involves
the possibility of measuring the molecular weight.

Viewed from this point of view, the indirect methods for
determination of molecular weights may be divided into
two groups, according as the eyelie process underlying them
can be carried out at constant temperature or not; in
the first case the theoretical argument is simpler, and can
often be simply demonstrated without the aid of thermo-
dynamies.

(@) The cyclic process can be carvied out at constant
temperature. Molecular weight determination by vapour
prressure measurenient. The common character of methods
based on ecyclic processes which can be carried out at
constant temperature is that they can be performed at any
temperature, whether the separation be as vapour or by
shaking with a third substance. We have, however, to
distinguish as distinet methods the separation of solvent
and of dissolved substanece, and so we arrive at the following
TESUMNE 1 —

1. Separation as vapour,

(«) The dissolved substance separates out : phenomena
of absorption.

(8) The solvent separates out: lowering of vapour
pressure.

2. Separation by a solvent.

(a) The dissolved substance separates out: ratio of
partition.
(8) The solvent separates out: lowering of solubility.

With regard to the first of these methods, based upon the
phenomena of absorption, we may refer to p. 28, and only
note that when Henry's law of absorption holds (propor-
tionality between pressure of the gas and concentration in
solution) the absorbed gas in question must exist with
unchanged molecular weight in solution.

We must now deal with the second method, based on the
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lowering of vapour pressure produced by the dissolved
body.

The vapour pressure of a solution is immediately related
to its osmotie pressure. Obviously two solutions in the
same solvent, if they have the same osmotic pressure, i e.
are isotonic, must show the same
saturation pressure. Otherwise a per-
petwum mobile in the meaning of
Fig. 7 would be inevitable. The two
isotonie solutions A and B are sup-
posed separated by a semipermeable
membrane ; then if there is a difference
between their saturation vapour pres-
sures, a current of vapour will flow
in the upper part of the vessel, say
from left to right. Then the decrease and increase of
concentration produced in B and A respectively will cause
a movement of the solvent through ab from right to left,
and so the conditions for a perpetual motion are given,
which ean only be avoided if isotony goes with equality
of vapour pressure,

But further, the magnitude of the change in vapour
pressure which a solvent suffers in taking up a dissolved
body may be calculated, as will be clear from what
follows.

Deduction of the luw of diminution of vapour pressure
without thermo-dynamics. We will first give the simple
proof, due to Arrhenius, which does not
involve thermo-dynamies. Suppose os-
motic equilibrium to be established by
means of the semipermeable membrane
b (Fig. 8), above which the solution rises
to the height AB. Now the equilibrium
implies that the solvent should not pass
by distillation into or out of the solution.
But the pressure, which at  equals the saturation pressure p
of the solvent, is less at A by the pressure exerted by the

e | T,

&

Fig. 8.
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column of vapour an; accordingly, the saturation pressure
of the solution which obtains at A must be less than that of
the solvent, by—say—Ap. DBut just as the diminution
of vapour pressure corresponds to the column of vapour,
s0 the osmotic pressure corresponds to the column of liquid
resting on a b, and if both be referred to the same area, the
change of vapour pressure is to the osmotic pressure as
the weight of any volume of vapour is to that of the same
volume of liquid. Taking, for simplicity, a kilogram-
molecule M of vapour, if its volume is v litres, then by
applying Avogadro’s law to the vapour and solution we get

pv = PV, so that v = JE ¥,

P
where p and P are respectively the vapour pressure and
the osmotic pressure, and V is the volume in litres of
a kilogram-molecule of the dissolved substance. If the
composition of the solution is given as n molecules of
dissolved substance to N molecules of solvent, one dissolved

- j‘lr L] *
molecule 7 oceurs in m + = M kilograms of solution (here

the molecular weight of the solvent is taken as M, as
determined from the vapour density, but without any
assumption as to the real value of that quantity in the
liquid). If N is great, as in dilute solutions, the weight

T

may be taken aﬂ'af’r; this is accordingly the weight of the

0
volume V of solution, and that of » isf; . %{

Henece we have the relation

3 AT
Py 2N
pn
or
Ap _
F —_—

This is a somewhat modified form of Raoult’s law. The
latte: refers to the so-called molecular lowering of vapour
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pressure, i.e. the value of Ap/p obtained for a one per cent.
solution multiplied by the molecular weight of the dissolved
substance, or
Ap T
——m = —m,
P N
in which one part of dissolved substance is contained in
100 parts of solvent :

= TN
mm:NMN=r1: tc:norT = 1-01 M,

whenece
ifjnm = oo1 M;

in other words, the relative lowering of the vapour pressure
is equal to one hundredth of the molecular weight of the
solvent ; in which it must be borne in mind that the latter
quantity has the wvalue derived from wvapour density
measurements,

The following table shows results obtained for moderately
dilute solutions ' :—

Solvend M ﬂlj: ]
B

Walter 18 o185
Phosphorus trichloride 1375 I-40
Carbon disulphide 76 0.8
Carbon tetrachloride 154 1-62
Chloroform 119:5 1.3
Amylene 70 074
Benzene 78 o83
Methyl iodide 142 1-40Q
Methyl bromide 109 1-18
Ether 74 a7
Acatone 58 0-50
Methyl alechol 33 0-33
Mercury * 200 2

It may be remarked that, as with all rules derived from
the theory of solutions, it is only strictly true for infinite
dilution, For that reason we will now repeat the proof

1 Raoult, Compt. Rend, 87. 167.
* Ramsay, Zeitschr. f. Phys. Chem. 3. 359.
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with the aid of thermo-dynamies, insisting again that the
law of the lowering of vapour pressure infers nothing as
to the molecular weight of the liquid solvent.

Thermo-dynamic deduction of the law of diminution of
vapour pressure. Let the solution contain de kilograms of
dissolved substance in one kilogram of solvent, the former
possessing the molecular weight mi; withdraw from it,
osmotically and reversibly,i. e. with the aid of eylinder and
piston, so much solvent as contains one kilogram-molecule
of dissolved substance, with expenditure of work

AVdP =2 T,

where d.F is the osmotic pressure in kilograms per square
metre produced by the absorption into the solution of da
per kilogram, and ¥ the volume in cubic metres in which
one kilogram-molecule is dissolved.

The amount of solvent withdrawn is to be restored
reversibly by evaporation and condensation. In the first
place we gain a quantity of work (1) by reversible evapora-
tion at p and I'; next a second quantity by expansion of
the vapour till the pressure has fallen to p—dp, that of the
solution. This work, for the kilogram-molecule M of
vapour, is

dp
Avdp = 2 T -5 ;
= P

m_ . :
consequently, for the mass T with which we are concerned,

2Tdp m

“p Mda
Finally the vapour is to be condensed in contact with the
solution at p—dp and T, in which process the work gained
in (1) is used up. Since this eyclic process has been carried

out at constant temperature, it cannot be accompanied by
a conversion of work into heat, or vice versa, so that the
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osmotic work spent must be equal to the work of expansion
gained, 1. e.
2Tdp m
Pl
p Mda
or

d
P = Mda,
_:l!'.l
which again comes to Raoult’s law, if we remember that
the solution contains da to one or 1coda per cent. Accord-
ingly, for a one per cent. solution, assuming the proportion-
ality between concentration and lowering of vapour pressure
which is true for infinite dilution to hold, we have
A i)
ap,, _do, . m

L = g-o1 .M.
P p looda

In the same way as before we arrive at the expression

ap_
|
The meaning of this equation may be illustrated by
answering the question, * What fall of vapour pressure does
1°/. of sugar produce in water at 100°?’ Here p = 760 mm.
and

e L 100 1
" —341- IH _Igﬂﬂ,
so that
s e
aﬁp_lgm_u41nm.

Abnormal values for abnormal vapour densities. There
is another essential point to be noticed, viz. that XN,
the so-called number of molecules of solvent used in the
deduction, is not always the real number; rather N is the
fictive number of molecules obtained by taking the mole-
cular weight of the saturated vapour at the temperature
considered as unity. If the vapour, then, has an abnormal
density, the abnormal molecular weight so obtained is to
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be used in ecalculating N, as Raoult and Recoura ! showed
to be the case for acetic acid. They measured, as explained
above, the relative molecular lowering of vapour pressure,
i.e. the lowering for a one per cent. solution multiplied by the
molecular weight of the dissolved substance, or in Raoult’s
nomeneclature

F=F

7E

m,

where £ is the percentage content of solution, f — f’ the
lowering of vapour pressure. This molecular diminution,
multiplied by 100 and divided by the molecular weight Al
of the solvent, gives a number that averages unity, or

f—f m _

We get the same result from the formula already given :

I}:l—l?}*r:-b:o-m.ﬂ:ﬂ

which coincides with the former if only p, the pressure of
the solvent, is put for f’, that of the solution, which is
permissible in dealing with very dilute solutions.

On the other hand, acetic acid gave 1.61 instead of 1
when M was taken as 60, according to the formula C H,0,.
But to do so would be to choose too small a molecular
weight, for that, according to the vapour density, is g7.
Taking the correct value we again get a number close to
unity, as before, since

161 x oo T,
97

Hence, in determining the lowering of vapour pressure
lies another means of measuring the molecular weight of
the saturated vapour of the solvent, provided the molecular
weight of the dissolved body be known.

1 Zeitschr. f. Phys. Chem. 5. 423 ; Berl. Ber. 29. Ref. g41.
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Aeccuracy attainable in measuring vapour pressures.
Finally, something may be said as to carrying out the
measurement of vapour pressure, and the accuracy attain-
able in doing so. As compared with the method of
measuring the osmotic pressure directly, the vapour pressure
method stands at a considerable disadvantage. The one per
cent. sugar solution, that at ordinary temperatures exercises
% atmosphere osmotic pressure, causes a fall of only o4 mm.
in the vapour pressure at 100". But on the other hand,
the measurement of osmotie pressure has met with such diffi-
culties in practice, that several attempts
have been made recently to obtain more C D
aceurate results by the vapour pressure r
method !, An important improvement
lies in increasing the difference of level
which corresponds to the pressure differ-
ence to be measured. The substitution A B
of oil for mercury (Frowein-Bremer
tensimeter ?) is a great advantage. But
lately Smits has applied a suggestion of
Kretz (Jamin, Cours de Physique, 111,
vol. iv, p. 218) in using two liquids
differing but little in density. One—the
heavier—was aniline, which, when moist, has at 20° the
density

Fig. g.

8, = 1022
the other was water, whose density at 20° is
8, = 0-9g8.

The heavier liquid occupies the lower part of the narrow
tube AB (Fig. g) ; the water, for the most part, the reservoirs
¢ and D (and is covered with a thin layer of oil, not shown
in the diagram, to prevent evaporation). Then suppose an

! Dieterici, Wied. Ann, 62. 617; Smits, Arch. Néerl. 1897; Boldingh,
Maandll, voor Naluwrw, 21, 181,
¥ Zeitschr. f. Phys. Chem. 1. 424.
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increase of pressure of p mm. of mereury applied on the
right-hand side, and let % be the difference in level of
the aniline produced, a the ratio of the eross section of the

reservoir to that of the tube, so that i—l 18 the difference in

level produced in the reservoirs; then

13:56 p=h (1-022—0-998) + f—io-ggﬂ,
so that if @ is very large

13-56 p = c-024
or
: h = 565 p,

i.e. in the most favourable case 1 mm. of mercury will
make 565 mm. difference in level,

With such apparatus the following result was obtained
for cane sugar (C,,H,,0,,) :—

731198 grams in 1oco grams of water gave at o°, for
which p = 462 mm.,, a value of Ap = c-co178 mm.

If we determine the molecular weight of sugar from
these data we get:

ﬂ.p LR A i ';11:;-8
= s e

80 that
000178 =?-311{;3__1_§de 7311{;83:15:{461 5
462 1000 2 1:78

in exact agreement with the formula C, H,,0,,.

Molecular weight determination by lowering of solu-
bility. As previously remarked, every means of separation
between solvent and dissolved body implies a possible
measurement of molecular weight. If the separation is
effected by evaporation, then if the solvent alone is volatile
we arrive at the law already given ; if on the other hand
only the dissolved body is volatile—i.e. a gas—then
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a decision as to its molecular weight may be based on
Henry's law. But the separation may also be accomplished
by the addition of a liquid which does not mix with the
solution. Again two methods arise, according as we deal
with the solvent or dissolved body passing over into the
new liquid. In the first case we may expeet the analogue
of the law of diminution of vapour pressure, in the second
that of Henry’s law.

Let us take first the lowering of solubility, which was
first applied to determine molecular weights by
Nernst !, and afterwards carried out in a very
simple manner by Tolloczko®  The whole
measurement of molecular weight could be carried
out in a flask (Fig. 10) of volume about 18oce¢.c. with
a long narrow neck (1 em. = 0-4385 c.c.; content
13 e.e.) divided in half millimetres. As liquids,
ether and water were chosen, and the decrease of
solubility of ether in water brought about by
any substance soluble in ether measured.

To take an experiment in detail: a known quantity of
water saturated with ether at 18-3° was used, containing,
according to a previous measurement of solubility, 10.762
grams ether. This quantity of ether saturated with water
would oceupy 34-967 scale divisions of the neck. The ethereal
layer occupied 4-86 scale divisions, and so weighed 1-4958
grams; on addition of c-0g;2 gram benzene it increased to
6-11, equivalent to 1-88 grams.

As previously for the vapour pressure we get the
formula

Ap _n

p ¥
in which p and Ap are the pressure and decrease of
pressure respectively, # and N the number of dissolved

and dissolving molecules (the latter calculated from the

Y Zeitschr, f. Phys, Chem, 6. 1.
2 L. e. 2o. 3Bg.
D2
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molecular weight obtaining in the saturated vapour), so
now we have
As m

=
where s and Ag are the solubility and decrease of solubility
respectively, n and N the number of dissolved and dissolv-
ing molecules (the latter caleulated from the molecular
weight obtaining in saturated solution, here therefore 74,
the molecular weight that ether gives in saturated aqueous
solution). Thus

Ag:g= (611 —4-86): 34967 = 00358

00952 1-88
. = 0.0158,
s 74(=CH,0) © %

ni N =

The value of @« (molecular weight of benzene) so found
would be nearer to the expected value if we took into
account the solubility of water in ether, and the alteration
in that solubility brought about by addition of benzene,
Thus at the temperature of the experiment some 11 molecules
of water are dissolved in 100 of ether.

On this account the so-called molecular displacement

A
TSﬂL=U

should be determined by means of a body of known mole-
cular weight, and for a given mass of water and tempera-
ture, ¢ being the mass of substance dissolved always in the
same mass of ether. Then a molecular weight desired may
be deduced from the value of C.

Example: o-0655 gram of benzene effected a displacement
of ©-45 em,; the molecular weight of benzene is 78 (C,H,),
s0 that

= 2l
BE—i] xa-oﬁjj = 536.

Then o-1266 gram of naphthalene was taken, giving the
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displacement o-55 cm., and hence for the molecular weight

of naphthalene

0:55
01266
= 123

L=

which for practical purposes agrees sufficiently with the
formula C, H; = 128.

Ratio of partition. As remarked on p. 43 a measure-
ment of molecular weight may be based on the ratio of
partition, and the law with regard to this may be most
simply arrived at by considering the equilibrium of the
vapour of the dissolved body, the mutual solubility of
the two liquids being neglected. If the molecular weights
in the vapour and in the two liquid phases be m, (M), and
(m),, respectively, and the concentrations ¢, ¢, ¢,, then on the
one hand

afty

=k

& s
and on the other

c™

=

CE-

s0 that
[ o Pl

0o M P |
:::—ﬁ;i’;=k antl({;-l-] =(t‘i) s

where ¢, ¢,, €}, (', are the concentrations as found in two
experiments.

Hence if =, is known, i.e. the molecular magnitude in
one liquid, then two measurements of partition will give w,,
the magnitude in the other solvent.

As a rule the molecular magnitude is the same in both
solvents, being simple in each, and so we have

M, = M, and -,
Cg
1. e. constant ratio of partition, as found in certain cases by
Berthelot and Jungfleisch ', But as hydroxylie substances

v Ann. de Chim. et de Phys. (4) 26. 396, 408.
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in hydroxyl-free solvents mostly occur with double mole-
cular magnitude (p. 60) an inconstant ratio of partition is
found, e. g. for acetic acid in water and benzene 1:

% 2 (r i
(gm. acetic acid (gm., acetic acid = xl
in 31.5 gm. benzene) in 5:075 gm. waler) C' “
0043 o245 37 L4

Q071 0314 44 1.30

0004 0375 4 I-49

0149 o5 34 1-67

2
The fair agreement of the values of 2—2 as compared with
2

the decided falling off in the values of 2 agrees with the
1

conclusion arrived at also from other sources, that acetic
acid in water exists as C,H,0O,, but in benzene practically
as (C,H,0,)..

b)Y The Cyclic Process cannot be carried out at Constant
( Y
Ten@em-tuﬁ:.

Whilst in the foregoing methods the underlying eyelic
process can be carried out at constant temperature, we
have now to consider methods in which that is not
the case.

Molecular weight defermination by lowering of the freez-
ing point. Separation of the solvent in the solid state,
i. e. freezing of the solution, affords, as is well known, the
oldest method for molecular weight measurement, which
was developed on an empirical basis by Raoult before the
theory of solutions was established.

The eyclic process which again leads to the rule to be
applied, eannot be carried out at constant temperature, and
so involves the use of the second law of thermo-dynamies.
The solution is to be cooled by At below the freezing point
of the solvent (7' absolute), and at that temperature
a certain quantity of ice separated, a process which ean be

1 Nernst, Zeitschr, f. Phys. Chem, 6, 121,
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effected at the constant temperature 7'— At if the mass of
solution is so great that the separation in question makes
but an inappreciable change in the concentration. Then the
solution and solid solvent are to be separated and warmed
to T, the solvent melted and mixed with the solution in
an osmotic reversible manner (with cylinder, piston, and
semipermeable membrane), a eertain amount of work being
gained. If At is very small (df) a quantity of heat () has
in the eyclic process fallen in temperature by A¢, which
implies a production of work

At
Q 7 -

If the solution contains a per cent. and so much of the
solvent is frozen out as contains one kilogram-molecule m of
100M

the dissolved body, i.e. - — then
_ Toom o
===,

where W is the latent heat of fusion of the solvent
per kilogram. The work gained is, aecording to the
previous argument,
APV = 2T,
so that
1I00M AL

W

2l = 5 T

or
A tm _ 002 m
. ER R

Here, however, the first term is the so-called molecular
lowering of the freezing point ¢, i.e. the lowering for

a one per cent. solution %E, multiplied by the molecular

weight m.
Thus for water, from T =273 and W = 8o we may

caleulate
i = 186
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(18-5 if instead of 27 the more exact value 1-g87 is
taken), so that a one per cent. solution of methyl aleohol
(CH,OH = 32) would show a melting point z = o-58°
below zero, since

xx32 =186 or &= o058

Vice versa, from a known depression of the freezing
point the molecular weight may be caleulated, and since in
determining molecular weights the choice always rests
between values differing widely from one another, un-
ambiguous results may be obtained by the use of the
process worked out by Beckmann and Eykman. If, how-
ever, the object is to test strietly the formula deduced
above, measurement of the freezing point is found to be
not altogether easy. Sugar again has been the subject of
many experiments, and the following table shows that only
of late years has satisfactory agreement been reached : —

1885 Raoult? i 5 = . I8:5 (1 per cent.)
1866 Raoult? ; : . . 259 (very dilute)
1888 Arrhenius? . : £ . 204 (1} per cent.)
1893 Loomis* : . : . 171 (} per cent.)

1893 Jones?® . & . : . 237 [0.08 per cent.)
18g4 Ponsot® : - : . 18.77 (infinitely dilute)
1896 Abegg’ . : . : . 18.6 (infinitely dilute)
1897 Wildermann * - : . 18.7 (o017 per cent.)
1897 Raoult® . ; . . 182 (very dilute)

It is especially noteworthy that Raoult, in 18¢7, withdrew
the opinion expressed by him in 1885 in favour of abnor-
mally great depression for sugar in very dilute solution,
and so fell into line with the theory of solutions.

It should always be remembered that the formula

At = c-02 12
ARG
1 Compt. Rend. 94. 1517, 2 Ann, de Chim. ef de Phys. (6) 8. 313.
3 Zeitschr. f. Phys. Chem. 2. 497. * Berl. Ber. 26, Boo.,
8 Feitschr. f. Phys, Chem. 12, 642, 8 Compt. Rend. 118. 977.
T Zeitschr. f. Phys. Chem, 20. 230. * Jowrn, Chem. Sec. Trans. 1897, p. 796.

¥ Ann, de Chim, et de Phys. (7) 10. 79.
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is only strictly true for infinite dilution, so that the form

di  c-03l? o-0198 1%
G- .

is to be preferred, where da is the dissolved substance in
100 parts.

Molecular weight determination by the rise of boiling
point. Just as the solvent can be removed by freezing, so it
can be separated from the dissolved body by boeiling, and the
lowering of vapour pressure already dealt with corresponds
to a rise in the boiling point. This may be determined in
magnitude by means of a eyelie process similar to that
referring to the freezing point, and amounts to

i = cﬂ%fl or exactly

o-o1gh 7%
e

. : = : . dE
where ¢ is the molecular rise of boiling point (i. e. =
p. 56), T' the absolute temperature of the boiling point,
W the latent heat of evaporation. The method of molecular
weight determinations based on this has also been worked
out by Beckmann. It is usually not so good as the freezing-
point method, because the molecular rise of boiling point
is, on account of the great latent heat of evaporation,
relatively small,

This will be plain from the following table, which gives
the freezing point (Fp), latent heat of fusion (W), boil-
ing point (Sp), and latent heat of evaporation at the
boiling point ( W,), together with the molecular change in
freezing point (M,), and boiling point (M), caleulated from
the formula

n,

’ ]
B o-0198 1

S
Substance. Fp Wy M, Sp W, M,
Water . . . o° Ho 18.5 100° 536 514

Aceticacid. . 17° 44 37-8 118° 85 35:6
Benzene. . . 3° jo 50-3 Bo” 93 334
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It may be added that recently the boiling-point method
has been applied in a simpler form by Landsberger® and
Walker? by passing e.g. ether vapour, generated in a
flask, through the ethereal solution of the substance investi-
cated, till the thermometer no longer rises, and indicates
the boiling point of the solution.

Molecular weight determination by means of the change
of solubility with temperature® If no third substance is
employed to effeet the separation between dissolved body
and solvent, and we omit that in the list of methods, it is
in the first place difference in state of aggregation which
allows of the separation. Thus molecular weight determina-
tion by means of vapour pressure and boiling point is
possible on account of the separation of solvent as vapour;
determination by means of the absorption coefficient is
possible on account of the separation of the dissolved body
as gas. Separation of the solvent in the solid form leads
to the method of the lowering of the freezing point, and
finally the account may be completed with the possibility
of separating the dissolved body in the solid form. The
method so indicated may now be taken,

The method is similar to that applied on p. 21 to gas and
vapours, involving the well-known formula

AVdP = q %i:—? .

Here V is the increase of volume due to evaporation of
a definite quantity, and ¢, the heat absorbed, refers to the
same.

With regard to solutions this equation may be trans-
formed, according to Part I, p. 36, into

dloglC _ @ crﬂf———g—
TRl T A=l s

! Berl. Ber. 31. 458. * Journ. Chem. Soc. 73. 502.
* YVerschaffelt, Zeitschr. f. Phys. Chem. 15. 449; Van Laar, L ¢, 15. 473;
17. 545; 27. 337; Goldschmidt, 1. ¢. 17. 145; 25. 91 ; Noyes, L. ¢. 26. 6g9.
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in which @ is the heat absorbed on snluta-::-n of one kilogram-
molecule, €' the concentration.

This formula allows of a molecular weight determination
of the dissolved substance, by caleulating L from the data
on solubility, and dividing by the observed heat of solution
per kilogram ; thus for succinie acid (C,H,0,) the amounts
dissolved in 100 parts of water at o° and 8.5° respectively
are 2:88 and 4-22; hence we get from

A0 = T

gAaT T g0
e zFﬂG 2 X 257725
CAT ~— 355x85

The heat of solution per kilogram is 55, and therefore the

= 6330.

molecular weight {5_:_:;_.:: = p24 (G H 0, = 118

C. Results.
1. Simple Molecular Magnitude of Dissolved Bodies.

Putting together the results of the numerous determina-
tions of the molecular w'eights of dissolved bodies, the
leading conclusion arrived at appears to be that the mole-
cular magnitude is usually that ecorresponding to the
simplest formula that answers to the quantitative composi-
tion, and the chemiecal relations of formation and transforma-
tion. This conclusion has helped not a little towards the
favourable reception of the theory of solutions, and to
the working out of the molecular weight methods based
on it.

Larger molecules. Agreement with the results of gas
density measwrements, In the first place, departures from
the simplest possible molecular formula are found in cases
in which the gas density indicates the same thing. The
molecular magnitude of the elements, already referred to,
may be mentioned in this regard. Most are diatomic: so
also are oxygen, nitrogen, and hydrogen in aqueous solution,
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since Henry's law of absorption applies to them (p. 31);
for iodine the same has been shown by measurements of
the freezing point'. Again, the monatomicity of the metals
(p. 25), deduced from their vapour densities, is found to
be true for solution in mercury 2, whilst phosphorus and
sulphur appear as tetr- and oct-atomic respectively, as in
the form of vapour.

Researches on the molecular weights of the elements can
thus be earried much further, since the non-volatility of the
metals is here of no consequence, and so nearly all the
metals have been studied in solution in tin, and have mostly
proved monatomie,

As to compounds, the tendency of acetic and formie
acids to form double molecules, shown by the vapour
density, recurs in many (hydroxyl-free) solvents ®,

Larger molecules in hydroxylic compounds. What does
not appear from the investigation of gases and vapours is
the tendency of nearly all hydroxylic compounds to form
double molecules when in somewhat concentrated solution,
as was mentioned for formie and acetic acids. This is found
to be the case in general for organic acids, for the alechols,
and for water., The presence of double molecules, however,
depends on the solvent, being found only in hydroxyl-free
liquids, such as the hydrocarbons, chloroform, and carbon
disulphide. In hydroxylic solvents, phenol, acetic acid,
water, the reduplication does not appear, either because
of a dissociating action of the solvent, or because the dis-
solved body forms molecular complexes with the solvent,
in which only one molecule of dissolved oceurs. Hence in
practice, as the smallest molecular weight answering to the
chemical behaviour is sought, it appears that hydroxylic
solvents such as acetic acid are to be preferred, especially
when dealing with hydroxylic bodies,

1 Beckmann, Zeitschr. f. Phys. Chem. 5. 76; 17. 107; 22. 614 ; Helff, 1. c.
12. 219 ; Aronstein and Meihuizen, Ferh. Kon. Akad. Amsterdam, 18g8.

* Ramsay, Zeitschr. f. Phys. Chem. 3. 359 ; Tammann, L c. 3. 441.

3 Beckmann, 1. ¢. 2. 743,
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2. Development of the Steveochemical Conceptions,

Molecularweight measurements playa specially important
part in studying the cause of the isomerism between two
bodies of the same composition. For it is then possible
to decide whether there is a difference in molecular magni-
tude, i. e. polymerism, or a difference in construetion between
two molecules of the same size, 1.e. 1somerism in the
narrower sense. It may be remarked here, that with
regard to the development of stereo-isomerism, which is
a special kind of isomerism attributed to the arrangement
of the molecule in space, molecular weight determinations
form an indispensable aid, since it is necessary first to
prove that differences between equally composed molecules
are in question, Hence it was a fortunate coincidence that
just at the time the theory of stereochemistry was dis-
covered, the new methods for the measurement of molecular
weights in solution, based on the theory of solutions, were
introduced. The interesting cases of isomerism in the
truxillic acids, the benzoinoximes, and many other com-
pounds important for stereochemistry, could hardly have
been so quickly and certainly brought into light without
the new methods for molecular weight determination.

3. Almormal Results for Isomorphous Compounds.

A very striking exception appears when a substance is
dissolved in another isomorphous with it, as thiophene in
benzene. The lowering of the freezing point is then
decidedly less; in the case mentioned only about two-thirds
of the normal amount. In such cases, as has actually been
shown ', the dissolved substance separates out in an iso-
morphous mixture with the solvent when the latter

1 Van Bylert, Zeitschr. f. Phys. Chem. 8, 343 ; Beckmann, L e 17. 107;
22. 6og.
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freezes; hence we have a departure from the assumptions
made in determining the formula

o.02 T
W 3
and it will appear later that for that reason the lowering
of the freezing point should be smaller.

The phenomenon in question has been applied by
Ciamician and Garelli' to settle doubtful cases of iso-
morphism, and by that means the constitutional formula,
since it is known that isomorphism goes hand in hand
with similarity of constitution.

4. Abnormal Results for Electrolytes.

Lastly we must consider the great exceptions which
occur in electrolytes, i.e. especially solutions of salts,
strong acids, and bases in water, where the lowering of
the freezing point often amounts to twice or more times
the normal amount? It was just this phenomenon that
so long stood in the way of the discovery of the simple
laws applicable to dilute solutions, which first came to
light when Raoult made his freezing-point measurements
on non-electrolytic solutions, i.e. on solutions in solvents
other than water, and solutions in water of organic
substances not of a salt character. It is well known
that the phenomenon in question led to the theory of
electrolytic dissociation, which now requires special
treatment.

The Theory of Electrolytic Dissociation. Arrhenius
attributed the abnormally large change of freezing point
just mentioned, and the abnormally high osmotic pressure
deduced from it, to a decomposition into ions, i.e. electri-
cally charged portions of molecules. The extensive data

1 Zeitschr. f. Phys. Chem, 13. I, 1B, 51, a1, I.
2 The greatest deviation has lately been found by Crum Brown for the

salts of sex-basic mellitie acid,
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accumulated in support of this view will only be partly
mentioned here. In the Third Part of these lectures, in
which the relations between constitution and properties
are to be discussed, many opportunities will arise to draw
qualitative and quantitative conclusions from the idea of
Arrhenius, as was the case in the First Part (p. 117), in
dealing with the conditions of equilibrium in electrolytes.
Here we are specially concerned with the question, on
which the decisive proof turns, whether the degree of
decomposition deduced from the theory of solutions agrees
with that arrived at independently on the basis of the
electrolytic dissociation theory,

The form in which the departure of electrolytes from
Avogadro’s law, as applied to solutions, is to be given, may
conveniently follow on the so-called isotonic coefficients
introduced by de Vries (p. 38); these give how many
times more effective a molecule of salt in an isotonic
solution is, with regard to plasmolytic or osmotie action,
than a sugar molecule, the latter being, for special reasons,
taken as =2. We have modified this mode of expression
by taking sugar and other substances following Avogadro’s
law as unity, and writing the halved isotonic coefficients
so arrived at with the letter .. If then, for a certain con-
centration, .= 1-7 5 for nitre, that means that if each molecule
of nitre were replaced by 1-7 5 molecules of sugar, a solution
isotonie with that of nitre would be obtained. Hence the
osmotic pressure of the nitre solution is 1-75 times the
normal amount, so that the quantity . may also be
obtained as the ratio between the molecular depression
of the freezing point ¢ proportional to the osmotic pressure,
and the normal value 18:5 found for sugar and other
non-electrolytes, or

R
[ — TET_'; .

For the same temperature and concentration, the same
value of ¢ should be obtained, whichever of the methods
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already mentioned is adopted—whether based on the law
of absorption, on the freezing point, or on direct measure-
ment of osmotic pressure; and the confirmation that
Arrhenius’ conception has received lies in the agreement
between the value of « so obtained and that independently
reached on the basis of that conception.

In the first place then we must consider the relation
between ¢ and the conductivity.

Electrolytes have, it is known, a eonductivity which,
referred always to the same—say normal—concentration,
increases with inereasing dilution, Calling this the mole-
cular conduectivity p—the conductivity of mercury at o
being taken as unity, and the number multiplied by 107
for convenience—we have for KNO, at 18° according to
Kohlrausch :

I I I I I
Ity = I - — — e =
Normalily 3 = = o 333 100
i =572 752 0889 10397 1067 IIZ22 114
I I I I I I I I

T 41- i S=lEs e Aplak,
SRS 1669 500 1ooo 1667 Sooo Ieopo 16667 Soooo

e = 1173 11B 119 1199 IZ07 122 1198 1215

1.e. a number which increases asymptotically as the dilution
becomes greater. The explanation of this fact on Arrhenius’
theory is that with the dilution comes an inereasing ionie
decomposition according to the equation

ENO; = (K) +(NOy),

+ =
where (K)and (NO,) represent the positively and negatively
charged ions respectively. This decomposition is practically
complete for the limiting value

K, = I22.

Theoretically it would only be reached on infinite dilution,
and is therefore represented by p_.
If the conductivity depends, as we have assumed, only on
the ions present, the quotient
[

a= —

Fes
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represents the fraction decomposed, and the total number
of molecules, counting each ion as such, exceeds the
normal amount in the ratio

I:l:l—a.:}+2a= 111~|La,
so that we have

i=T4+a=1I+ —Iu-
(™)

Comparing a special case directly with de Vries' experi-
ments in which urea was chosen as normal substance, we
find for the concentrations mentioned the following results
(plasmolysis p, no plasmolysis », intermediate state np) :

Normoality Uired Nitve
N = 0-285 0.3 0315 033 0345 | N = 016 017 018 0.19 050
n nnp n P n 7 np p P

so that o-315 normal urea is isotonic with o-18 normal
nitre. Accordingly for a o-18 normal nitre solution

_ogih
T e

By the conductivity we get, interpolating for the same
solution,

W= gg'?,sntlmt =" +i =1+ %E = 1.81.
The agreement is here satisfactory., Unfortunately it has
not in all cases remained equally so on application of the
more exact procedure of the freezing point.

It would be very desirable to form a collection of results
obtained by the freezing-point method, to serve as a test
of Arrhenius’ law by eomparison with the collection of data
on conductivity 1.

Under these circumstances it seems desirable to choose
Ostwald’s ‘law of dilution’ as a second characteristic, and
divide electrolytes into two groups according as they follow
it or not.

! Das Leitvermigen der Elekivolyte, insbesondere der Lisungen, Kohlrausch and
Holborn., Leipzig, 1898,

E
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Llectrolytes which follow Ostwald's law of dilution. For
a dissoeiation in a dissolved electrolyte in the sense of the
equation

-+ —_
KNO, = (K) +(NO,),
i. e. an equilibrium symbolized by

KNO, = (K) +(NO,),

if the 1ons are treated as molecules it seems an inevitable
consequence of the equation of equilibrium already ar-
rived at,

2 n log C = const.,
that

log C 5, +1og Cy—log Cixo, = const.,

the concentration of the two systems being taken with
opposite signs ; this may be written

G{\TM G{KU —

KNOy

or if V" be the volume in litres of one gram-molecule (reci-
procal of the normality),

I a—
whence §
o3 u?
= K or = K.
(1—a) V™ Mo (e —p) V'

However, for salts, e. g. nitre, this relation does not hold,
as we shall see later, but only for a definite though very
numerous group of electrolytes, viz. acids and bases in
aqueous solution, that decompose in the manner

ZH = (Z)+(H) and MOH = (M) +(0H),

and of these only the weak acids and bases. The law
seems to be restricted to cases in which the dissociation
yields 1ons of the solvent water, and then only when their
concentration is small.
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As an example, the data for chloracetic acid at 14" are

as follows !, the caleulated values of gl being derived from

Feo
the equation
S SE s Ny
Poo(tte —11) V
1}
14 ,u B v | T
Feo g K=72—10
20 SI.6 o166 o0.163
205 * 133 0-423 0.43
408 170 0:547 0543
2060 251 o.Bob o-Bor
4080 274 o.881 o-88
10100 2g5 o-g48 o-944
20700 300 o.gb3 97l
@ gIL I I

Clearly here the decomposition as measured electrically
follows the course anticipated on the theory of dissociation.
Accordingly we find, e. g. for dichloracetic acid, which also
follows Ostwald’s law, that the values of ¢ obtained from
the molecular depression of the freezing point (), and
those from the conductivity, agree %

Normality *"xtTj.I;- :'=r+%
0-CO2500 1.0566 1056
0005177 I.QrI I.913
0-0I033 1-8B52 1843
00I447 1-763 1-8B06
o-0z048 I.717 I.73%
002778 1.69 1703

The agreement is satisfactory, and might well be complete
if we remember that the freezing-point measurement—
always the more difficult—refers to o°, while the electrical
is for 18°

Electrolytes which do not follow Ostwald’s law of dilution.
The case is quite different for salts and strong acids and

! Van 't Hoff and Reicher, Zeitschr, f. Phys. Chem. 2. 781.
* Wildermann, 1. e. 19. 242.
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Evidently, then, dissolved salts, strong acids and bases,
must be treated with caution as electrolytes, for though
there is undoubtedly dissociation, and the assumption of
dissociation into ions appears to be indispensable, yet the
exact amount of that dissociation, and the mechanism of it,
are insufficiently explained. In these cases it is necessary
to hold by the thermo-dynamic relations based on vapour
and osmotie pressures, &e., and to treat the caleulations
made from conduectivity data as rough estimates, whose
exact value is yet to be determined, although the commonly
close agreement indicates a most valuable conclusion, as
will appear better in the Third Part.

It is otherwise as regards high dilutions, at which,
especially for strong monobasie acids, monacid bases, and
their salts, the dissociation found osmotically and electrically
18 practically complete, and so ignorance of the law of
dissociation does not stand in the way; caleulations then,
with the assumption of eomplete dissociation, recover striet
applicability.

To give a motion of the case, we quote the degrees of
dissociation found for decinormal solutions at 18" from
conductivity measurements :

Strong monobasic acids and monacid bases:

HCl 94°/, KOH 93°/. NaOH go°/,

Salts of the above acids and bases:

KCl 86°/, ENO; 85°/, NaCl 84°/, NaNO, 84°/,

Salts of strong dibasie acids or diacid bases:

Na,S0, 69°/, BaCl, 75°%/,

Salts of dibasic acids and diacid bases :

MgSO, 45°/, CuS0; 30°%/,

Already in the copper salt we are dealing with a weak
base; if further a weak acid be chosen, as in copper acetate,
the ionization is further reduced; then, however, quite
a different dissociation appears—the hydrolytie—which
results in formation of free acetic acid and free base or
basie salt, an effect that does not come into consideration
with the salts mentioned above.
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§ 3. SoLip SoLuTIONS',

There seems a prospect of extending the theory of
solutions which allows of determining molecular weight in
solution, to homogeneous solid mixtures. This possibility
is conveyed by the expression ‘solid solution’ for such
homogeneous mixtures,

According to the data which are at present available for
testing this assumption, it seems necessary to distinguish
between amorphous ‘solid solutions,” such as e.g. the glasses
which are homogeneous mixtures of silicates, and ¢ isomor-
phous mixtures.” The latter are further removed from
solutions just on account of their crystalline structure,
whilst for the glasses there is a continuous series of states
connecting the solid and liquid conditions that almost
excludes any limit to the applicability of the laws of
solution. Only the equilibrium reached by diffusion takes
more and more time to reach on account of the increasing
viscosity, and consequently the difficult problem in the
study of such solid solutions lies in the establishment of
the necessary equilibrium.

Qualitatively these solid solutions, both erystalline and
amorphous, have much in common with liquid solutions,
but on the quantitative side of the problem it is necessary
first to keep to amorphous, or oceasionally erystalline solid
solutions, whilst isomorphous mixtures in the narrower
senses will be discussed in the third division under molecular
strueture.

First, a few leading traits of a qualitative character may
be touched upon ',

A. Qualitative Considerations.

As regards qualitative features, first come the experi-
ments on the lowering of vapour pressure of solids when

1 Bodliinder, Neues Jalrbuch f. Mineralogie, Geologie, Paldontologie, 1898,
2 Van 't Hoff, Zeitschr, f. Phys. Chem. 5. 3aa.
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others form with them homogeneous or isomorphous
mixtures. VonHauer and Lehmann observed in this respect
that the tendeney of hydrated salts to effloresce, which
indicates a somewhat high vapour pressure, is reduced by
isomorphous mixture ; this was observed for lead sulphite
in mixture with the ecorresponding caleium and strontium
salts, iron alum with aluminium alum, copper formate with
the formates of barium and strontium, The essential point
is that each component shows a greater tendency to efloresce
than the compound.

This reduction in saturation pressure corresponds to
the observation already mentioned (p. 61), that when the
dissolved substance separates out along with the solvent,
as an isomorphous mixture,
the depression is abnormally P
small. Thus e.g. in Fig. 11
let AB and B¢ be the vapour
pressures of the solid and
liquid solvent respectively, so
that B, their point of inter-
section, represents the melting
point T,. If now the solution,
by taking up any non-volatile
body,comes to havethesmaller Ty T
vapour pressure B, ¢,, the de- Fig. 11.
pression produced is T, T,;
if, however, the solid solvent also takes up some of the
dissolved body, and so possesses the smaller vapour pressure
A, B,, the depression is also less, viz. T, T,, always on the
assumption that the freezing point is the temperature at
which solid and liquid have the same vapour pressure,
which is certainly the case when the dissolved body is
non-volatile,

It may be remarked that just on this account the treat-
ment of isomorphous mixtures is less simple. The close
relation of the two bodies, as benzene and thiophene',

1 Yan Bylert, Zeitschr. f. Phys. Chem. B. 343.
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naphthol and naphthalene?, chlorobromo- and iodoform?, &e.,
excludes at once the assumption that only one body, that
present in great excess, the so-called solvent, is volatile.
The condition of equilibrium at the freezing point is then
no longer merely equality in the partial pressures of the
solvent in the solid and liquid conditions ; only if the same
equality of pressure holds for the dissolved substance do
the conditions suffice for equilibrium. The question arises
whether the fixed composition thus arrived at for the
1somorphous mixture separating from a solution of given
composition agrees with the faects, or, in other words,
whether the cause that produces mixed erystallization does
not involve a factor that influences the composition of the
mixture. This is probable, on the one hand, because iso-
morphous mixtures of all compositions cannot always be
obtained (Part I, p. 55); on the other hand this may perhaps
correspond to a simultaneous formation of two layers in
the liquid. The whole thing awaits further investigation.
Another point that may be added in considering the
qualitative relations is that the diminution in vapour
pressure which a solid suffers when a non-volatile body 1s
taken up by it, involves a diminution of solubility, so that
e. g. an isomorphous mixture should separate out when
saturated solutions of alum and iron-alum are mixed.

B. Quantitative Results.

As regards the quantitative side of the problem the
experimental data are not yet very complete or conclusive.
The important common result that workers in this field
have so far arrived at is that the solid state is not distin-
guished by a more complex molecular structure, but that in
solids, too, the dissolved molecule has as a rule the smallest
size compatible with chemical facts, and at most double
that size, as was found to be the case in liquid solutions.
This result would be particularly important for isomorphous

1 Kiister, Zeitschr. f. Phys. Chem. 13. 452, 17. 355-
? Brunni, Atti R. Accad. dei Lincei, Roma, 7. 160,
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mixtures, because then it would be allowable to extend the
eonclusion from the small isomorphous admixture to the
whole erystal, sinee in such a ecase all the erystalline
molecules may well be assumed to have the same structure.

On considering in more detail particular experiments, it
will be well to treat separately the crystalline mixtures and
the amorphous solutions. In the former we have to take
account of the complication due to electrolytic dissociation,
while in the latter we must bear in mind that a separation
of mixed material, spoken of as a solid solution, may be the
result of an alternate formation of layers, i.e. something
quite different from solid solution,

1. Isomorphous Mixtures of Electrolytes.

In the region of solid solutions, as commonly elsewhere,
the most complicated cases theoretically are the most
accessible to measurement, and the first attempt to elaborate
a method of molecular weight determination for solids
referred to just this case of isomorphous mixtures.

Nernst ! made use of Roozeboom’s * results on the com-
position of the mixed crystals of thallinm and potassium
chlorate obtained on adding a known amount of potassium
chlorate solution to saturated thallinm chlorate. It was
found that the coneentration of the undissociated potassium
chlorate in solution (normality ¢) was nearly proportional
to that of the total potassium chlorate in the mixed erystal
(# in molecular percentage).

0
G X IO —

=
0.0168 2 8.4
o-0873 12.61 G.g
o:.1536 25.01 6.1

Applying the law of partition stated on p. 53, as regards
the proportion of a substance in two non-miscible liquid
layers, it may be concluded from this that potassium
chlorate in the isomorphous mixture has the same mole-
cular magnitude as in the solution, i.e. KCIO,,

1 Zeitschr. f. Phys. Chem. 6. 577, 9. 137 21 e 85160
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Fock! eliminated as far as possible the influence of
electrolytic dissociation by using solutions of nearly the
same total concentration obtained by adding a great excess
of a salt containing the same ion; so that if the elec-
trolytes dealt with are equally strongly dissociated, the
concentration of each dissociated part remains the same.
In these cases the concentration in the solution (¢ in nor-
mality) usually appeared proportional to that in the mixed
crystals (2 in molecular per cent.). An experiment carried
out at 25° with thallium nitrate may serve as example;
the solution contained the amount of potassium nitrate (e,

in normality) necessary to keep up the total coneentration.
0

0y Ca €y + G £y x,
o oolg 3-2515 3-2604 o.08 O:IIT
00231 3.2851 5-3082 0.20 o116
0-0663 3-2981 3:3644 0:57 0116
o:1869 3-2044 3.4813 1-78 o105
o-2390 3:T724 34104 2-19 o-109
0:3238 3.2658 35806 2.77 a:I17

Here, as in most other eases, the conclusion to be drawn
is in favour of simple molecular magnitude in erystals.

2. Crystulline Miztures of Non-electrolytes.

Here we come across, on the one hand, the most striking
confirmation of the conception of solid solutions, especially
as shown by van Bylert, Beckmann, and Brunni, and on
the other a peculiar behaviour noted by Kiister. The
observed data are not sufficient to allow of characterizing
the two categories with certainty; in the first case it
seems as if any relation of erystalline forms, e.g. at least
between 1odine and solid benzene, were exeluded, whilst 1n
the latter case, e.g. between hexachlor- and pentachlorbrom-
ketopentane (C,Cl,0 and C,Cl;BrO), far-reaching isomor-
phism is conceivable; we will, in the first place, therefore,
distinguish ‘ecrystalline solid solutions’ and ‘isomorphous
mixtures.’

1 Berl. Ber. 2B, 408, 2734 ; 31. 160, 506 ; Zeilschr. f. Kryst, 28, 337.
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Cyystalline solid solutions. The two cases so far studied
are of iodine in benzene and thiophene in benzene!. The
benzene erystallizing out in each ease 1s found to contain
iodine or thiophene, and quantitative observations showed
proportionality between the concentrations in the solid
solution and liguid,

Iopixe 18 BENZENE.

Ligquid . . . . g3-30 pereent. 2587 percent. o0.945 per cent.

Solid solution . 1279 0:925 o, ogIg
Ratio . . . . 0377 1] o358 1 0336 1
Mean o357

For thiophene the ratio only varied from o:396 to 0379
with the maximum intervening value o-449 (mean oc-414)
for solutions containing 1-16 to 15.91 per cent. of thiophene.

From this proportionality it may be concluded, acecording
to p. 72, that iodine and thiophene have the same molecular
weights in solid and liquid benzene, 1. e, the weights corre-
sponding to the formula I, and C,H,S.

At the same time we have a means of testing further
quantitatively the considerations on the lowering of the
freezing point given on p. 71. It appeared there that joint
erystallization reduced the depression of the freezing point
from 7,1 to 1,7, (Fig. 11). The quantitative relations
are clear from the figure, viz. :

T Ty 0Ty =08, 1eB, = ed 1eB = eB — dB:cB,
where ¢B and dB are the lowerings of vapour pressure
suffered by the liquid and solid respectively. These, if the

dissolved substance has the same molecular weight in each,
are proportional to the concentrations. Hence

B
S (I — E:B) = 0643 T, Ty and o551 T, T,

respeetively for iodine and thiophene.
The molecular depressions will therefore be only o643

! YVan Bylert, Zeitschr. f. Phys. Chem. 8. 343 ; Beckmann and Stock, 1. c.
17. 120, 22. 609. See further Kiister, 1. c. 17. 364. Wilrflel, Beitrige
zur Molekwlargewichisbestimmung in krystallinischen Substanzen, Inaug.-Diss.,
Marburg, 18g6.



] C i ! i }
{ Ed LG G -
. i
7 amititias Yall=Ta e he ¥ e |
I ¥ 18 (i [ AL |
el hd ' =




SOLID SOLUTIONS' 77

Molecwles Melting point Melfing point

C 01,0 (o) 0,01, Bro (1 —a) (ohs.) (calc.)

0:7005 02695 903 g9o-55

o 5774 o226 or.61 oI-81

0:4109 o581 93-27 9351

0-2867 07133 94-50 94+78

0:1791 o-8209 9574 95-88

00955 ©0:9045 96-67 9674

0:0200 o-gBoo 9749 97-50

ok I 97-71 (S3) =

The same behaviour was found for some other pairs of
very similar bodies. Still exceptions are found® which
increase with the difference between the two melting points,
and the abnormally large depression to be expected in the
higher melting substance, when the difference of melting
points is great, does not occur, e.g., with carbazol and
phenanthrene. On the other hand, there is the charaeter-
istic rise of melting point, observed by Kister, e.g. for
A-naphthol in naphthalene, accompanying the separation of
a mixture richer in S-naphthol* in accordance with the
theory of solutions. It is so far not certain that Kiister's
pairs of substances form any departure from the theory.

3. Amorphous Solid Solutions.

Amorphous solid solutions would well form the first
subjects of experiment in this department. Kiister?® has
made experiments on the partition of ether between water
and caoutchoue, and he concluded with considerable proba-
bility from the results, that ether in caoutchoue has the
simple molecular weight when dilute, but double when
more concentrated.

The choice is, however, limited by the facility amorphous
solids have of taking up substances in quite another way
than mixture or solution. Thus the absorption of gases and

1 Garelli, Gazz. Chim, ital, 1804, 11, 263.
* Brunni, Alti R. Accad, dei Lincei, 1892 (2), p. 138.
3 Zeitschr. f. Phys. Chem. 13. 457.
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remaining: the quantities being caleulated by means of
the known volume of the apparatus (provided with marks
at k, 4, k) and the pressure and temperature.

It was already known, from the experiments of Troost
and Hautefeuille, that the amount of hydrogen absorbed
first rises with the pressure, whilst on further absorption
the pressure becomes constant, which suggests the forma-
tion of a compound. We may quote the data for 150":
the pressure (P) in millimetres, the number of hydrogen
atoms absorbed by one palladium (), and the ratio between
the increase of pressure (AF) and the quantity absorbed
(AH):

FPressure (F) Amount of absorption (H) AP: AH
26-2 mm. o 0097 =
Ba.8 ,, o.0163 Bg76
I65.4 39 o023 12328
393:7 4 o.0387 T4541
6226 ,, o-abo 10746
7573 » o o3 5857
836.6 . o122 2033
858-5 o o-152 730
8755 » o219 254
876.3 4 ©-253 24
guLsTn 0-351 239
9276 4 0:409 446
I0Iz-r , 0443 2485
12118 0:477 5874
13000 ,, 0-488 Bo73

Troost and Hautefeuille's opinion in favour of the forma-
tion of a compound was strengthened by the fact that
at the temperature they employed the maximum hydrogen
taken up in the interval of nearly constant pressure cor-
responded to the formula Pd,H. It appears, however, from
the newer researches discussed here, that this quantity does
not represent any definite atomic ratio, and especially that
it varies with the temperature.

At 10° concentration about Pd H,.,.
11 IBHO 1 ¥ Pd HQ'BT'

The possible explanation of these facts is that at constant
pressure two solid solutions are present in the palladium,
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which behave like two liquid layersl. Thus e.g. a similar
behaviour as regards pressure would be found if unsatu-
rated ether vapour were compressed in contact with water.
At first the pressure will rise, with inecreasing absorption
of ether by the water; then a second layer will be formed,
very rich in ether, 1. e. moist ether, and then the pressure
will remain constant whilst the new layer increases in
bulk at the cost of the old. When the latter has vanished
the pressure again rises. The analogy with two liquid
layers has been actually found in solid solutions, in
isomorphous mixtures as a matter of fact® Beryllium
sulphate and selenate, e.g., do not mix isomorphically in
all proportions, but between S:Se = 4-33:1 and S:Se
= 4 :1 there is a gap. So that from a solution containing,
say, S:Se = 5:1 two isomorphous mixtures will erystallize
out, one tetragonal (7:33:1), the other rhombie (4:1).

In following out further the behaviour of palladium
hydride with regard to the molecular character of the
hydrogen, only the parts of the series of observations
before and after the region of constant pressure are
available, and especially the former, because it refers to
small concentrations of hydrogen, and so satisfies the con-
dition implied in the theory of solution.

According to what precedes (p. 28), if the pressure and
the concentration of hydrogen in palladium are proportional,
the formula H, is probable for the dissolved gas. The
following results are obtained, with the aid of the density
of palladium hydride :-—

Fregsure in C.c. Pd, containing —
mni. () 2 my. H (v) Fe oD
26.2 3084 Bo.8 158
Bz.8 1-Bag I51:3 16-6
1654 1-200 2r4-8 16:6
3937 0771 303-5 153

! According to recent observations by v. Jiiptner on steel, there are
indieations of a similar phenomenon involving solutions of carbon in iron.
* Bee also Purt I, p. 55.
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in this way proving insufficient, conceptions going in
further detail into the relative positions of the atoms were
developed as a study of configuration or stereochemistry.
We shall here disenss each in turn, and in a third section
the very peculiar phenomenon known as tautomerism.

§ 1. DETERMINATION OF CONSTITUTION,

The study of constitution, then, refers to the mode of
connexion between the atoms. In it the molecule is sup-
posed motionless, so that the theory could at most only
represent the facts accurately at the absolute zero,

Of the methods in question which allow of deter-
mining the mode of connexion, there are, of special
importance :

A. Determination of constitution on the basis of the
valency of the elements combined.

B. Determination of constitution from formation out of,
and conversion into compounds of known structure.

It may be added that many determinations of consti-
tution are based on analogy, and therefore on the relations
between physical and chemical properties and strueture.
But these will, according to the arrangement chosen, find
their natural place in Part I1L

A. Determination of Constitution on the Basis of the
Valency of the Elements combined.

The notion of valency, on which this method is based,
must first be quite briefly considered in its origin and extent.
It is worth while then to glance at the binary hydrogen
compounds of known molecular weight, in which only one
atom of the other element occurs in the molecule, as :

CH,, NH,, OH,, CIH, SiH,, PH,, SH,, IH, &c.

It appears then that never more than one atom of another
element is combined with a single atom of hydrogen. This
fact is expressed in the conception that hydrogen has only

F g
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In other cases, such as chloral, C,Cl,OH, more than one
possibility exists ; these may be conveniently arranged by
separating the multivalent from the univalent elements,

thus :

(C,0)CLH,
and then calenlating the number of bonds by which the
skeleton of multivalent atoms is held together. Since each
bond involves the use of two valencies,

Total number of valenciesin C,0 . . . . 10
Deduct for combination withCl.H . . . 4

Remainder 6 =17 bonds.
Hence the possibilities for C,0 are
(1) C=C—0 (2) C—C=0 (3) C—C
¥

to whieh the chlorine and hydrogen atoms are to be added,
giving
(1a) g:::-t:::(l:_n_ol (1 b) 5=>C=C—0—Cl
|

Cl H

(1 F}CI}C (Fj 0—H
Cl

O\ \
Cl=>C—C=0 BYCl—C—C=0
(M}H/ | o Ghs
Cl H
(3) G=>C—0<]

b

The choice between these six possible formulae must be
made on other grounds.

Simple as the method is, and valuable in eases such as
the above, in which the valency of the elements combined
18 hardly open to doubt, it must be remarked that it is
restricted in application, owing to uncertainty in the
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valeney : it may often be replaced or supported by methods
to be deseribed later, which then show their scientific
superiority in the elucidation they give to the notion of
valency.

B. Determination of Constitution from Formation out of,
and Conversion into Compounds of known Structure.

In order to adhere to a definite example in this case
too, we will discuss the constitution and isomerism of
methyl mustard oil and methyl thiocyanate. The two
compounds are known to have the same molecular formula,
C,H,NS, and it was the relations of composition and
decomposition that led Hofmann ! to choose the appropriate
constitutional formulae.

Formation of methyl mustard oil takes place, amongst
other ways, from methylamine (CH,NH,) and ecarbon
sulphochloride (C1,CS), with separation of hydrochloric
acid :

H,CNH, + C1,CS = 2 HCl + C,H,NS (methyl mustard oil);
decomposition, e.g. under the influence of hydrogen

(sodium amalgam and aleohol), to formation of methylamine
and methylene sulphide (H,CS):

C,H,NS (methyl mustard oil)+2 H, = H,CNH, + H,CS.

For the formation of methyl thioeyanate, on the other
hand, we may use methyl sulphide (H,CSCH,) and brom-
cyanogen (CNBr). The thioeyanate is produced according
to the equation

H,CSCH, + BrCN = H,CBr + C,H NS (methyl thiocyanate);

while decomposition by means of hydrogen leads to separa-
tion of methylmercaptan (H,CSH) and hydrocyanic aeid
(HCN):

C,H,NS (methyl thiocyanate) + H, = H,OSH + HCN.

1 Beilstein, Handbuch der organ, Chemie, p. 699.
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All these reaetions lead to a ecommon characteristic of
the constitution of the isomers, viz, the presence of a
methyl group (CH,), which is regularly contained both
in the materials required for formation and the products

of decomposition. The constitution of each is therefore
definite to the extent of being

(H,C) CNS.

The difference is now simply shown in the above reactions,
both by the materials required for formation and by the
products of combustion, to lie in the fact that the methyl
group of the mustard oil is connected to nitrogen ; but that
of the thioeyanate to sulphur. This may be expressed by
the constitutional formulae

H,CNCS(methylmustard oil), H,CSCN (methyl thiocyanate).

The following schemes will then serve to express the
reactions :

For meth}rl mustard oil :

HCN

+Cl Cf: and H CN|GS+ HAI:[ :
For methyl thiocyanate :

.................................................

H,CS[CH, +BrCN and H,CS|CN + H/H.

It should be noticed that in this choiee, made on the
ground that the formation and decomposition can easily
be expressed, something has been assumed as to the course
of the reactions, viz. that in reacting, a molecule changes
as little as may be. To illustrate this by an example,
we may note that hydrocyanic acid might conceivably be
formed from a body H,CNCS in this manner :

H c NO'S
PHEIE

But then a double break would oceur in the original
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molecule H,CNCS, whilst in formation from H,CSCN only
a single one, as shown by the symbols

H,C |NC|S and H,CS|CN.

Intramolecular atomic displacements. The question
thus becomes very important, whether this assumption as
to the mechanism of reaction always corresponds to the
facts. With regard to this, a distinetion must first be
made between inorganic and organie, i. e. carbon compounds.
In the former, which show the phenomenon of isomerism
exceptionally, or not at all, the product is independent
of the original condition of the components; e.g. barium
sulphate (BaSO,) from oxide (BaO) and sulphur trioxide
(SO,) is identical with that from the superoxide (BaO,)
and sulphur dioxide (S0,) ; here the peculiar rigidity which
gives the compound the characteristic of its origin is
absent. In erganiec compounds, however, with the appear-
ance of 1somerism, this is not the case. And that the
rigidity is such that only the smallest possible change
oceurs in reactions, as in the case of mustard oil discussed
above, is rendered probable by the fact that different
determinations of constitution, all based on this principle,
vield the same result : thus the formation and decomposition
of methyl mustard oil lead to the same conclusion, and
several other methods of formation and decomposition not
mentioned here. There are cases, however, in which such
agreement is wanting,

We may first consider such a case, which was at first
difficult to understand, but was afterwards fully explained,
so affording a prospect of removing other uncertainties
previously existing. The body in question is allyl thio-
eyanate, NCS(C,H;). The generally applicable method of
preparation of thiocyanates, in which potassium thiocyanate
(NCSK) is treated with the iodide of the radicle it is
desired to introduce—in this case allyl (C,H;)—leads to a
body of the required composition, according to the equation

NCSK +IC,H, = NCS (C,H,) + KL
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It however appears to be allyl mustard oil, SCN (C,H,),
instead of the thiocyanate, NCS(C,H;). The explanation
was given that this body is the result of a secondary
reaction due to the somewhat high temperature (100°)
employed. In the cold the allyl thiocyanate expected is
actually formed, but it has the property of suffering an
inversion on heating, 1. e. being converted into the isomeric
mustard oil. Two facts are thus simultaneously established:
first, that an inversion of atoms within the molecule may
stand in the way of determining comstitutions by the
method we are discussing; second, that to exclude such
secondary changes, hich temperatures should be avoided in
determining eonstitution.

It has not so far always been found possible to analyse
these modified reactions, and distinguish with certainty the
primary reaction to be arrived at; e. g, pinacone, which has
the eonstitutional formula

(CH,),COH COH (CH,),,
is converted by withdrawal of water into pinacolin
C.H,,0,—H,0 = C;H,,0,
which aceordingly was regarded by Friedel ' as

(CH,),C~ C(CHy),
\}}/

But as Butlerow obtained the same body from trimethyl-
acetyl chloride, (CH,),COCl, and zine methyl, Zn(CH,),,

the formula

(CH,),CCOCH,
was equally probable, according to the equation
2(CH,)CCOCI + Zn(CH,) = ZnCl, +2(CH,)CCOCH,.

In one of the two reactions an extra methyl group must
have been detached and displaced, and so far it is an open

! See among others Pomeranz, Wien. dlkad. Ber. 106. 579 (1897).

L = L —
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question whether a subsequent process comes into play, or
whether the displacement occurs during the reaction itself.
We may conclude hence, for the practice of determining
constitutions, that a formula arrived at only in one way is
uncertain, but that as such inversions are rare, when two
processes yield the same result with regard to constitution,
the uncertainty is small. The conclusion is strengthened
when one process is one of formation, the other of
decomposition, since then the possibility of the same
subsequent change influencing the reaction is excluded.
In this way the above case of pinacolin was decided; its
decomposition on oxidation with formation of trimethyl-
acetic acid, C(CH,), COOH, together with formie acid,

CeH,,0 + 30= C(CH,),COOH + HCOOH,
has led to the adoption of the formula
(CH,);CCOCH,.

The result would be still more conclusive if the existence
of an isomer rendered impossible the choice of a second
formula, i.e. in the case considered, if the body

{GHHJEC ~C (CHE}E
\?;./

were known and turned out to be different from pinacolin.
Henee the case quoted on p. 86 of methyl mustard oil and
methyl thiocyanate affords the greatest certainty, for
formation and decomposition yield the same formula, and
the other constitutional formula suits the mode of formation
and decomposition of an isomeric compound.

§ 2. DETERMINATION OF CONFIGURATION.

(Stereochemistry.)

Whilst the study of constitution is restricted to
determining the internal relations or bonds of the atoms n
the molecule, the higher problem of finding the relative
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positions of the atoms, i.e. the structure of the molecule,
in the literal sense of the word, 15 included under
configuration.

We will first deseribe the methods applied, and then
devote a special section to stereochemistry, which developed
through their application.

The two methods are essentially the following :—

A. Determination of configuration by the number of
1someric derivatives.

B. Determination of relative distanees in the molecule.

The first method especially has led to valuable results ;
the second is at present chiefly of importance for its
intrinsie scientific meaning,

A. Determination of Configuration by the Wumber of
Isomeric Derivatives.

The wide applicability of the principle now to be
discussed will be best appreciated by particular examples,
of which cases may be chosen illustrating the fundamental
meaning of the method. Such examples are those referring
to the constitution of the benzene derivatives, and to
stereochemistry.

1. Constitution of Benzenel.

The molecular formula of benzene, C,H,, allows of
a large number of structural formulae in accordance with
the indications of the theory of valeney, and possessing an
equal degree of probability. Several isomers, such as
dipropargyl, are in this way possible.

The choice was made by Kekulé on the ground of the
number of isomerie derivatives, in particular because the
monosubstituted bodies C;H,;X, such as phenol, C,H,OH,
exist in only one form, the disubstituted C,H,XY, such as
oxybenzoic acid, C;H,(OH)(COOH), in three isomeric forms.

! Marckwald, Die Benzoltheorie, 1897 ; Vaubel, Der Bensolkern, 1898,
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benzene leads to the same product; this may be expressed
symbolically as

H,— o —H =T . .. . . {5

In the second place it appears that in benzoic acid there
are still two hydrogen atoms whose substitution leads to
the same result.

Let us take e. g. the oxyacid, C;(COOH), (OH), H,_, and
convert the corresponding bromtoluene, C,(CH,), Br, H,
into nitrobromtoluene, C;(CH,), Br, (NO,) H,; this may be
converted by reduction into an amidotoluene, C; (CH,), H,
(NH,) H,, and the latter by diazotizing and treatment with
bromine, into C; (CH,), H, Br H,, which is identical with the
original substance. Accordingly in benzoie acid, C, (COOH),
H,_, one hydrogen atom is in a position identical with b,
consequently either

Hy="H--t H. =He. " B =8, or' Hy =1,

The first two possibilities, however, disappear, since the
corresponding oxyacids that have the OH in &, ¢, and d
respectively are different, so there remain only the
possibilities

Hb — H

and!. He=He « 5 & ¢ {2)

In the third place there is, besides H,, still a pair of
similar H atoms in benzoic acid, as appears from the fact
that the oxybenzoic acid in question, C; (COOH), (OH), H,_,,
gives a bromobenzoic acid, C, (COOH), Br, H,_,, which leads
to two isomerie nitrobromobenzoic acids, C,(COOH), Br,
(NO,) H,, whose reduction gives the same amidobenzoic
acid, C, (COOH), H, (NO,) H,. Thus (as again H, = H; is
excluded on account of the difference between the corre-
sponding oxybenzoie acids) either

Hc = F[”, ch 1:{."‘1‘ H{; e Hd, Hd: - H_f, or HE = H_f {3;’

If (2) and (3) are combined, remembering that equivalence
of b, ¢, and d 1s excluded, so that e.g. the combination

H,=H, and H, = H,
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in benzoic acid is not allowable, the remaining possibilities

BEES Hy = H, and Hy="TH"%" Sy
Hh — I‘:L= 2 H.g = Hf s el N {5]
H, = e H, = Moo @ ot . (6;1
Hb = le' % .lll.‘.[l=| = Ha A o {?)
A—H R e
Bl B O i s )

These hydrogen atoms must, then, have identieal positions
in benzene, and we have already

anH ZH =H|‘I - . PR . {l}

so that combination of (1) with the poamhlhtles given by
(4) to (g) leads to the {:unclusmn

H,=H,=H,=H,=H, = H,.

() The second fact, the existence of three disubstituted
products, also assumed by Kekulé on the ground of the
data then existing, is included in the foregoing as a necessary
consequence. DBesides the three oxybenzoic acids,

Cﬂ (CDDHL {DH)b Hc—.f ’ Cﬂ [CDDH]“ H{- {OH};‘ Hdw;
and C;(COOH), H,, .(OH), H,

two other isomers are conceivable, with the hydroxyl group
in the place of the hydrogen atoms H,, H, respectively.
But we have seen that one of the six combinations (4) to
(9) necessarily holds, and this makes the other two isomers
impossible, since one of these equivalences must hold for
benzoie acid, C; (COOH), H,_,, viz.:—

Hy=Hoand Ho= B . o foar 2 @)

H, = H 4 H[;:Hf R~ B S {j}
Hy=H =M v o e e wr i (505)
RO T R
L R e

(¢) The third fact, that the benzene substitution products,
not containing asymmetrical substituting groups, cannot be
separated into optically active isomers (proved at least for
the trisubstituted compounds), shows that compounds of the
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type C; (ab ¢ d e f),i.e. with five hydrogen atoms replaced by
different groups, C,HX,X, X, X, X,,

have a symmetrical constitution; for asymmetry implies
a non-identical reflected image, so that we should expect
two isomers differing—as we shall see later—by their
opposite rotation of polarized light, their so-called optical
activity.

This condition is only satisfied if benzene has a plane of
symmetry, in which all the hydrogen atoms lie ; in other
words, all the hydrogen atoms are in one plane, with
respect to which the carbon atoms are symmetrically
placed. The suggested spatial arrangements of the
hydrogen atoms are thus
excluded. With Laden- S SR
burg’s prism formula, e.g.,, g, |
even the diderivatives
Ce H, X, would suffer de-
composition into optieal
antipodes, since the two
symbols in Fig. 13 are not
symmetrical, and there- Lz H Hcf o
fore not identical reflected Fig. 13,
images ; the assumption
of the regular octahedron with the hydrogen atoms at the
corner points carries one a little further, but there again
the triderivatives would suffer decomposition.

How the hydrogen atoms are arranged in the plane
follows partly from the first principle, that there is only
a single monoderivative, according to which the hydrogen
atoms must be similarly situated. Two possibilities oceur :

CH J{CH

H, H H, H
and H / H
nd_ S e
H® +H H¢ 4H

The second is the arrangement at the angles of a regular
hexagon ; the first at those of a hexagon with alternately
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that the fourth valencies of the carbon atoms do not
saturate each other singly, but neutralize in their
entirety.

2. Determination of Position in the Benzene Derivatives.

After the constitution of benzene was so far settled as to
give an explanation of the existence of only one mono-
derivative, but of three isomerie diderivatives, the question
arose, which of the three possible constitutions 1. 2 (ortho),

3 (meta), 1 . 4 (para) to attribute to any given dideriva-
tive. This is the problem known as absolute deter-
mination of position. Kekulé considered the answer as
only partly possible, regarding experiment as limited to
determining whether two compounds belong to the same
series or not. E.g. which dichlorbenzene is to be grouped
with any one of the three dioxybenzenes—say hydro-
quinone—can be found from the eonversion of hydroguinone
into dichlorbenzene by means of PCI,,

C,H, (OH), +2PCl, = C,H,Cl,+2POCL+ 2 HCL,

taking care as far as possible to exclude an intramolecular
displacement (p. 88). This is accordingly a relative deter-
mination of position.

The further problem of absolute determination is now to
settle whether these two compounds, or rather the whole
group they belong to, has the constitution 1 . 2 or another.

Koérner answered this question also by the method of
the number of isomeric derivatives. He remarked that
a diderivative, such as C,H,Cl,(1.2), leads on introduc-
tion of a third group, say NO,, to two possible formulae,
1.2.3and 1.2.4, as is shown by the diagrams:

Cl (8] |

1 l
B 31 Cl B 1
b

4 2 //Hﬂz

hu

whilst £.2.5=1.2.4and1.2.6=1.2.3. But C,H,CL,
G
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(1.3) gives three isomeric triderivatives, viz. 1.3.2,1.3. 4,
and 1.3.5 Finally, CH/CI, (1.4) allows of only a
single possibility, since 1.4.2=1.4.3=1.4.5=1.4.6.

The application of these prineiples to a very complete
collection of experimental material resulted in an un-
exceptionable solution of the problem, and one that accords
satisfactorily with the indication of constitution given by
the formation of benzene compounds out of, and their
conversion into, fatty bodies,

B. Determination of Relative Distances in the Molecule.

The different atoms and groups in the same molecule
may act on one another in a way that gives information as
to their relative distances. This action may appear in two
ways. First, it may lead to a reaction, caused by combina-
tion and partial separation of the two groups; but on the
other hand the character of a group may suffer a change,
which can often be followed out quantitatively.

1. Mutual Action of Different Groups.

An action that often occurs in the domain of organic
chemistry is the combination of two hydroxyl groups with
separation of water:

X (OH), = X0+ H,0.

Of this an example may be quoted.

Many facts point to the part played by mutual distance
in such actions, and especially, first, that in organic
compounds, when two hydroxyl groups are attached to the
same carbon atom, they at once suffer the change, or rather
the existence of bodies containing the group C(OH), is
exceptional. Chloral hydrate, which appears to have the
formula CCl,CH(OH),, seems to be one of the few such
compounds, whilst e. g. the attempt to form the correspond-
ing compound, CH; CH (OH),, leads to formation of aldehyde,
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CH,CHO, with separation of water. On the other hand,
compounds containing the group C{OH)C(OH), such as
ethylene glycol, CH,(OH)CH,(OH), are mostly very stable.
It must be remarked, however, and it adds to the difficulty
of making rational use of the principle, that not only
mutual distance, but other influences as well, affect the
separation of water from two hydroxyl groups, as is clear
from the case of ehloral hydrate 1,

An interesting example from the aromatic compounds
may be added, in which the method discussed led to
a direet and reliable determination of constitution. The
three phthalie acids, C,H,(COOH),, have the configurations

H H H H
@ g0
] (] il i
HC, .CCOOH, HC, (CCOOH,
e e g o
it COOH HOOC H
" H
c C
B [H
and HOOCC, ,CCOOH.
¢ C
H H

Now only one of them easily forms the anhydride,
C.H, gg(}, with separation of water ; this one was therefore,

and eorrectly, assumed to be orthophthalie acid (1.2), whilst
the other formulae were assigned to isophthalie (1.3) and
terephthalie acid (1.4); in the latter the carboxyl groups,
COOH, containing the hydroxyl, are more widely separated.
It may be coneluded in general that such condensation,
i.e. formation of an internal anhydride with separation of
water, occurs most easily in the orthoderivatives (1. 2).

! Seo amongst others, measurements of velocity in the conversion of
chlorhydrins. Evans, Zeifschr. f. Phys. Chem. 7. 356.

G 2
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The values of K thus measured are snitable for judging
of the influence we are considering, not only on aceount of
the facility of determination, but because they vary so
oreatly amongst themselves, Thus the influence of chlorine
at 25° in strengthening an acid is shown by the numbers :

Acoticacid, CH,COOH . . . . . . . 100K= o.0018
Mongochloracetic acid, CH,CICOOH . = O/I52
Dichloracetic acid, CHC,CO0H . . . . = .14
Trichloracetic acid, CCLLCOOH ., . . . =121

and in erotonie and isocrotonie aeids, isomers of the formula
CH,CH CH COOH, chlorine shows, as might be expected,
a greater influence on K when near than when far from the
carboxyl ; the numbers again refer to 25° :

Crotonic acid Tsoerofonic achd
100 K = o.ooz204 o oo3h
a Chlorderivative (CH,CHCCICOOH ,, =ow072 o158
B i 1., (CH,CCICHCOOH ,, =o00144 00055

Since we have here an indication of the possibility of
determining relative distances within the molecule, we
must mention the qualifications so far existing.

On the theoretical side it must be remembered that, in
consequence of the unequal distribution of matter in the
molecule, an action is rarely propagated equally in all
directions within it.

On the experimental side it appears that sometimes
a group in the meta-, sometimes one in the para-position
behaves as if it were at the smaller distance. This is
shown in the following ortho- (1. 2), meta- (1. 3), and para-
(1.4) derivatives in the benzene series’.

Cllorderivafives Nitrodeivalives Oxyderivatives
; I
Benzoic acid | Benzoic acid |wanni Aniline Benzoie acid
]

I 100 K = 0-000 : (e flatals] — 00,5 | o.0oh

(x.2) || gy =OI32 0616 0:0,83| o0.0;,1 o-102

(1.3) y =00155 00345 |0089| 0.044 | 0.0087

b J . =90053 0-0396 Oy 12 = o-00286

! Loewenherz, Zeitschr, f. Phys. Chem, 25. 385.
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recognized as such. It was Wislicenus who first, in 1873,
moved by the discovery of the isomerie active ethylidene-
lactic acids, CH,CHOH COOH, expressed himself convinced
that the usual constitutional formulae do not suffice to
elucidate this isomerism.

Some extension of the theory of constitution was thus
necessary, and of the three possibilities, dissimilarity in the
valencies of carbon, displacement of the atoms, and the
relative position of the atoms in space, the last, as is well
known, turned out to be the satisfactory explanation .

Dissimilarity between the different wvalencies of the
carbon atom is not suited to supply the explanation,
because that assumption would require isomerism in even
the simplest derivatives of the type C(X),¥, such as
chlormethane, CH,;Cl. It is of importance that Henry*
carried out a systematic research on this point, preparing
nitromethane, H, CNO,, in four different ways, each of which
would have brought the nitro group into the place of
a different carbon atom. If, then, we distinguish the four
hydrogen atoms by the indices @ b ¢ d, he prepared

U(NDEL Hb et UHu (NDE}IJ Hc iy GHﬂ b (NB.*}- Hf-fr
and CH,,.(NO,),

which turned out to be identical.

The starting material for this was methyl iodide,
CI, Hycq: this, combined directly with Ag NO,, was trans-
formed into C(NO,), H;.4. Another portion was converted
Ly KCN into the nitril of acetic acid, C(CN),H, .. s, and then
into acetic acid itself, C(COOH), H, ., ; this was chlorinated
to C(COOH),Cl,H,;, and on treatment with AgNO,
gave, through the transiently formed nitroacetic acid,
C(COOH),(NO,), H. 4, the second nitromethane, CH,(NO,),
H.,. Another portion of the nitroacetic acid was then
converted into malonic acid, chlorinated to C(COOH),,
Cl. Hy, and reduced by Ag NO, to the third nitromethane,

! Van 't Hoff, Lagerung der Afome im Rawme (2nd ed.), 1894.
¥ Zeitschr, f. Phys. Chem. 2. 553.
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CH,,(NO,). H;. Renewed introduction of the earboxyl
group, chlorination, and nitration yielded the fourth nitro-
methane, CH,,.(NO,);. The four nitromethanes thus
arrived at were found, as already remarked, to be identical.

Further, we may briefly discuss the possible explanation
of isomerism not falling within the theory of constitution,
by differences in atomic movements. Berthelot ! suggested
it for the case of tartaric and lactic acids. The attempt,
however, remained without success, as it was not possible
to formulate the view clearly. It should be observed in
this connexion that any attempt at explanation based on
atomic movements requires that the phenomenon explained
should vanish at the absolute zero, sinee there atomie and
molecular movements cease. Fall of temperature should
therefore lead to a gradual assimilation of the differences
between isomers, if difference of atomic movement is the
cause, and of this the isomers in question do not show the
smallest indication.

The third alternative, isomerism due to different positions
of the atoms in space, has # shown itself capable of meeting
the case, and led to the development of stereochemistry.
We will bring the subject forward in the following
divisions :—

(1) The asymmetric carbon atom and separation into
optical antipodes.

(2) Single carbon linkages, and compounds with more
than one asymmetrie carbon atom,

(3) Double linkages and rings.

(4) Stereochemistry of other elements.

1. The Asymmetric Carbon Atom and Separation into
Optical Antipodes.

Stereochemistry is based on the prineiple (p. g1) of
determining configuration by the number of isomerie sub-
stitution products, supported and extended by application

1 Bull, de la Soc. Chim. 1875.
4 Walden, Journ, russ, Phys,-Chem, Ges. 30. 483.
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of the method (p. g8) depending on relative distances in the
molecule. The fact is that in methane derivatives of the type

CR,R,R R,
in which, therefore, the carbon is combined with four dif-
ferent atoms or groups, such as lactic acid, just mentioned,
C(CH,H(OH)COOH,
two (oppositely optically active) isomers regularly occur.
The difference of the groups or atoms is essential, since,
e.g., if in the above the hydroxyl group be replaced by
hydrogen, both isomerie lactic acids lead to the same
(optieally inactive) propionic acid,
C(CH,)H,COOH.

A configuration of methane, such as is shown in Figs. 14
and 15, with the four groups R in one plane and uniformly
arranged, would not agree with the faets, for then the type

C(R)o(R,),
with only two different groups should lead to isomerism, as
shown by the difference between Figs. 14 and 15. But the

E, R,
I
Bi— (:-1' T R}. R, — T_R‘I
R, R,
Fig. 14. Fig. 1s.

arrangement at the angles of a regular tetrahedron excludes
isomerism in this and other cases, unless all four groups are

Fig, 16. Fig. 17.

different, as is indicated by the difference between Figs. 16
and 17 ; this difference would obviously vanish if only R,
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and R, are alike. Not only the oeceurrence and non-
oceurrence of isomerism agree with this fundamental
assumption, but also the character of the isomerism. In
ordinary isomerism, as that of C;H,CI, (1. 2)and (1 . 3), there
is a difference in every respect, in melting point, boiling
point, solubility, density, and also in chemical behaviour.
The two isomeric lactic acids, on the other hand, agree in
almost all points, as in those just mentioned, in accordance
with the complete equality of their internal dimensions.
Differences oceur only in respect to qualities that refer
to the difference between two unsymmetrical reflected
images, such as Figs. 16 and 17 are.

The most noticeable difference is in optieal activity in
the dissolved or the liquid condition; this shows itself in
an opposite (and equal) rotation of polarized light, and
every substance containing a carbon atom united to four
different atoms or groups—a so-called asymmetrie earbon
atom—occurs in these two oppositely active forms, the
optical antipodes. The simplest body yet known that
illustrates this is chlorobromofluoracetie aecid !,

CCIBrF(COOH),

which has been obtained in two antipodes, and from which,
presumably, the isomerie chlorobromofluormethanes,

CCIBFH,

should be got by splitting off earbon dioxide.

A second difference shown by the isomers in question is
in their crystalline form. This
expresses itself in the formation
of two so-called enantiomorphie
forms—due to hemihedry—such as
Figs. 18 and 19 show for laevo-

and dextro- ammonium bimalate.

Fig. 18. ]_T'j_g, 19. The two fm*ms, like the di&gl‘ﬂ,]llﬂ

Figs. 16 and 17, representing the
atomic arrangement, constitute a pair of unsymmetrical

! Swartz, Bull, de U'dcad. de Belg. (3) 31. 28.
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reflected images, that cannot be superposed on one
another. :

The similarity of the antipodes in other respects implies
the necessity of a separation, when a body with an asym-
metrie carbon atom is prepared in the laboratory. For
starting with an inactive, symmetrical body, such as

GRIRE(RH}E’

when a fourth different group R, is introdueced in place of
one R,, the two R, groups, being symmetrically contained
in the molecule, are replaced with equal faeility, and so an
inactive mixture of the two isomers, CR,R,R,R,, in equal
amounts is produced, in which the components are yet to
be separated. It is well known that in the organism, on
the other hand, the antipodes oceur separately, e. g. tartarie
acid obtained from grapes is the active dextro-rotary
modification.
The methods of separation available may be grouped
as follows :—
(@) Methods based on the phenomena of solution.
(a) So-called spontaneous separation.
(B) Separation by means of active eompounds.
(b) Methods based on chemical behaviour, depending on
the action of enzymes and organisms,

(a) Methods based on the Phenomena of Solution.

(a) Spontaneous sepuration. Separation of the optical
antipodes is rendered difficult by their similarity of behaviour
in almost every respect, especially their equal solubility ;
moreover, the isomers mostly unite to form a so-called
racemic body, as in the classical example of the racemic
acid precipitated on mixing concentrated solutions of the
two oppositely active tartarie acids.

The fact discovered by Pasteur, that the substances do
not always appear together in this way, but that, e. g., from
the solution of the sodium-ammonium salt of racemic acid
laevo- and dextro-sodium-ammonium tartrates crystallize
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side by side, led to the first actual separation. This fact
has since acquired a certain general interest in natural
philosophy. Pasteur, who held the view that optically
active compounds could only be obtained by the action
of living organisms, attributed the so-called spontaneous
separation to the action of germs in the atmosphere.
Wyrouboft opposed this view, and since then the mechanical
explanation of the separation has become clear, viz. that
separation takes place regularly when the mixture of the
optical antipodes is less soluble than the racemie substance.
The phenomenon depends on temperature, and for some
bodies oceurs only under restricted conditionsof temperature,
as will be seen from the following more detailed account
of particular cases.

Stidel found that the solution, which in Pasteur’s hands
yielded the two sodium-ammonium tartrates, gave him only
a sodium-ammoninm racemate ; this was more thoroughly
investigated by Scacchi, whilst Wyrouboff' found that the
appearance of one or the other from solution depended on
temperature ; that if supersaturation was avoided the
mixed tartrates appeared below 28°, the racemate above.
Van'’t Hoff and van Deventer? then showed that we have
here to do with a transition (Part I, p. 25). Just as with
Glauber salt, the separation of hydrate (Na,50,.10H,0)
or anhydride, according as one works below or above 33, is
associated with the complete transition of the salt at 33°,
according to the equation :

Na,S0,. 10 H,0 = Na,80, + 10 H,0,
so the alternative crystallization of mixed tartrates or of

racemate is associated with a transition taking place at 287,
according to the equation

(CCH,0,NaNH,.4 H,0+DCH,0ONaNH, .4 H,0 =
(C,H,0,NaNH,), 2 H,O + 6 H,0.
The two phenomena may be observed in the same manner.

1 Zeitschr, f. Fhys. Chem. 1. 173 ; van 't Hoff, Goldschmidt, Jorissen, 1. ¢.
17. 49.
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The transition of Glauber salt appears as a melting point,
and can be determined either as the temperature at which
that salt melts, or that at which a mixture of anhydrous
sodium sulphate and water freezes. Beckmann’s apparatus
for exact determination of melting points is admirably
adapted to the observation,

The same can be done for the formation and decomposi-
tion of racemates, and in that way, e. g., the temperature
(40°) at which rubidium racemate splits up into the optical
antipodes has been determined .

Since, however, a somewhat large amount of material
is needed to determine transition temperatures in this way,
the dilatometrie process deseribed in Part I, p. 25, in which
the change of wvolume accompanying transition is used
as indieation, is often to be preferred. A dilatometer filled
with the tartrate mixture, e. g., gave, as indication of the
transition of the sodinm-ammonium tartrates into racemate,
the following readings of the level of the liquid :

O e e e e RO mm.} 16 per 1°
BT e e vl S v e B 5
=7-?"‘-+1+-r~6121.EI&:”I.J
3['?:‘ = = & w - - w T21 Bs I‘i ¥1 1

The conversion, therefore, took place between 26-7° and
27.7°, with an expansion equivalent to a rise of the liquid
by 162—15=147 mm.

As in the case of Glauber salt, so in that of the racemate,
the transition is connected with a singularity in the solu-
bility curve. This for Glauber salt shows a break at 337
due to the intersection at that temperature of two solu-
bility eurves, one referring to the hydrate, the other to the
anhydride (Part I, p. 66). The following numbers, taken
from Léwel, will serve to illustrate this; they give the
weight of anhydrous sodium sulphate per 100 parts of
water in the saturated solution :

Saturation for 31-84° 32:65° 34>
Na,80.10H, 0. . . . . 40 (49:78) 55
N80, 5 - v v + = » 4001 (49-78) 49-56

! Yan 't Hoff, Miller, Berl, Ber, 31, 2206,






TRANSITION OF STEREO-ISOMERS 111

Saturation with 25° 35° 404° 407° 54°
Tartrate mixture . 1303 — — 13456 1383 (Line A'® Fig. 20
Racemate . . . logr 1263 1348 — — (Line aB ,,

Whilst, therefore, comparison with a simple transition
between two hydrates (as of Glauber salt) brings out
evident relationships, there is a difference to be noted,
for the formation or decomposition of a racemate is not
a simple conversion of one salt into another, but of a salt
mixture (tartrates) into a single salt (racemate) or vice versa.
Remembering this, it is clearly the formation or decomposi-
tion of double salts that should be quoted as analogy, and
we will therefore deseribe what is essential in the relations
of solubility at the transition temperature in such cases.
(See Part I, p. 81.) Let us take the formation of astrakan-
ite, the sodium-magnesium sulphate, Na,Mg(50,), . 4 H,0O,
from its components, Na,SO, . 10 H,0 and MgSO, .7 H,0,
which takes place at 22° according to the equation

Na,S0,. 10H,0 + MgS0,. 7H,0 = Na,Mg/S0,),. 4H,0
+13H,0.

Here, again, we have an apparent fusion that may be
followed by the thermometer or dilatometer.

We now find, in the behaviour with regard to solution,
new relations to the formation of a racemate. These
appear in the fact that at 22° three solubility curves inter-
sect. From low temperatures up, we have the solution
saturated for the two sulphates (1); at 22° formation of
astrakanite sets in, and according as there is excess of the
sodium or magnesium salt, we reach either the eurve of
saturation for astrakanite and sodium sulphate (2), or that
of astrakanite and magnesium sulphate. Schematically :

Na,50,.10H,0 /{2) Astr. 4+ Na S0, .10H,0
+ MgS0,.7H,0 ( r}—-\

22° M(3) Astr.4-MgSO, . 7H.O

The same is to be expected for the formation of racemate.

Thus, for the sodium-ammonium salt from low temperature
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to 27° the saturation curve for the tartrate mixture
(1) holds ; at 27° formation of racemate oceurs, and if the
two tartrates are present in equal amounts, we obtain
the former racemate curve. If one or other tartrate is
present in excess, we come in the one case to the eurve of
saturation for racemate and dextro-tartrate (2), in the other
to that for racemate and laevo-tartrate. Schematically :

C Tartrate + )Tartrate (1)—e i (2) Racemate + C Tartrate

27 \{ 3) Racemate + )Tartrate

The results of such measurements of solubility may best
be represented by a model, in which the quantities of the
two salts are measured along two perpendicular planes,
whose line of intersection constitutes the axis of tempera-
ture, The solubility curves then lie between the two
planes, and any projection of them can be obtained, such as
Fig. 21.

The essential difference between the formation of a
double salt and a racemate now appears in the symmetry
possessed by the latter case, due to the exactly equal
solubilities of the optical antipodes, whereas the components
of a double salt have in general different solubilities. The
number of measurements needed to prepare the model is
for this reason smaller in the case of the racemate, and it
is only necessary to experiment with the racemate, or
mactive mixture, and one of the antipodes. This is the
case with rubidium racemate: only here the phenomenon
is reversed as compared with double-salt formation, for the
formation of racemate takes place at lower temperatures,
and in the equation

(Rb,C,0.H,), . 4 H,0 = ( Rb,C,0.H, +
Rb,C,0H, +4 H,0.

the left-hand side represents the form stable at low tem-
peratures (below 4c-4°). Thus, what in the preceding
equation came on the left, the tartrate mixture (1), comes
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here on the right, and conversely the mixture of racemate
with the respective tartrates (2) and (3) comes here on the
left.

Solubility measurements of the racemate-tartrate mixture
gave per Ioo molecules of water, expressed in molecules

of Rb,C,0,H,:

—t1

Temperature r-Tarfrale [=Torfrate :_ﬁ

Esb - [ - - = 9'15 E'E’ ﬂ'sat

E,Du - - - = . E4ﬁ 4'1: ﬂ-ﬂqﬁ

Esa " - = L} - ?B 5'12 ﬂ-ﬂﬂa
404°. .« & o . 674 6.74 o

Fig. 21 is the projection of a model that represents these
data. T is the axis of temperature; dextro-tartrate is

: T
S
AT AT ET ST AT AT S S S = '='ﬁ. HIL_}___I
\ By 5
4 Ve
Es ﬁ-‘_/ : A" T PATAVAV AR
|/ i "T\RH ?ﬂ,‘ \{r ey -#.
SR/ IEEEmSWR !f:;?"’ﬁ
eV A H}B &
Sl Racemate | . EX
N ] AN
AN o AN
\ al > O\ ‘\:‘h .2
A\ s ! 7AYAATAYANECS
\ ’ AN N N NG
I [ / NN %
| \SS TS 5 | 3
8 :ﬂ . ;i = ;ﬂ 42 T 5% 58|58 J'E..-g-'
| [-5._
Fig. az.

measured upwards, laevo-tartrate downwards, so that »”s
represents the data just given, while A3 and B0 correspond
to those that are also drawn on Fig. 20, and refer respec-

! The way in which the relative excess of one antipode approaches zere
is very characteristic of the transition temperature.

H
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tively to racemate without excess of either active tartrate,
and to the tartrate mixture. To complete the figure in
the plane of the dextro-tartrate, the line Rr’ is drawn for
the solubility of the dextro-tartrate alone, from the data
25" . . . . .« . rooH;O 109RbLCOH,
BQiRTR0 o 1 11:79 1)
We may now, on account of the solubility of the two
antipodes, draw on the same figure s8”B and ss’ as ex-
pressing saturation with racemate and laevo-tartrate, or
with the latter alone, and joining these various lines by
surfaces we have

area RR'CBR” saturation for dextro-tartrate ;
» S8'cp8” F ,» laevo-tartrate;
SR o , Tacemate.

The bounding lines refer to saturation for two salts; the
point B, in which they meet, to saturation for all three.

According to what precedes, inactive bodies containing
asymmetrie carbon may be divided into three classes :

1. Those, the most, that appear in racemic form, like
racemic acid, and whose transition point is so far removed
from ordinary temperatures that they appear from the
inactive solution practically only as racemoids; the race-
moid here has a much smaller solubility than the inactive
mixture,

2. Others, rarer, that appear split up, like gulonie lactone ;
here the racemoid has a much greater solubility than the
inactive mixture.

3. The third category includes the rarest cases, so far
observed only in sodium-ammonium racemate, ammonium-
bimalate, rubidium, and potassium racemates and methyl-
mannosid, in which, according to the temperature, cases
1 and 2 meet, so that a transition point separates the
regions of the two phenomena.

(8) Separation by forming salts with active acids and
bases. A method very suitable for separation, when dealing
with bases or acids, is to combine with suitable active
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substances to form salts. The method was first applied in
the case of racemic acid by Pasteur, who saturated the acid
with einchonine and found that the cinchonine salt of the
laevo-acid crystallized first; this has then obviously a
smaller, and therefore a different solubility !, in accordance
with the general rule that, so soon as asymmetrical optieal
antipodes combine with the same asymmetrical active sub-
stance, a compound results no longer answering to a pair
of reflected images, as appears from Fig. 22.

The two larger triangles represent dextro- and laevo-
tartarie acid, the two smaller, cinchonine ; the dextro and
laevo combinations cannot be arranged
symmetrically to one another, and con-
sequently differ in their properties like
ordinary isomers, e. g. in their solubility.
Direct measurements of solubility have
not yet been carried out for such a ecase,
so that the question is still undecided Fig. 22.
whether racemism is possible in it, with
a transition temperature in the former sense® If so, the

phenomena would be strictly comparable with the behaviour
of double salts.

(0) Methods of Separation depending on Chemical Action.

Separation by means of enzymes and organisms. Separa-
tion by means of enzymes and organisms is really the same,
for the function of an organism in such cases can be traced
to the action of peculiar substances formed in the organism,
and given off by it, to which the name of enzymes has been
given. An especially interesting example of this is to be
found in the isolation effected by Buchner?® of the enzyme
of fermentation, zymase, from yeast, by breaking up the
yeast-cells (by rubbing with glass) and pressing out. If
we combine this fact with the discovery of Fischer 4, that

! Marckwald, Berl. Ber, 31. 786.

? Ladenburg, 1. c. 31. 524, 937, 1969 ; Kiister, 1. e. 31. 1847.

? 1. c. 31. 568, 1084, 10g0. ¢ ]. ¢. 23. 2620.
H 2
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only ordinary glucose, i. e. d-glucose, is capable of fermenta-
tion, but not its antipode, I-glucose, so that the latter may
be prepared from the inactive i-glucose by fermentation,
we have a good picture of what is so far known with
regard to this subjeet. The mode of action of the enzyme
is still completely unknown; it may be mentioned, however,
that in some cases (conversion of maltose into glucose ) the
process is reversible, the possibility resting on fine details
of constitution *

2. Single Carbon Linkages and Compounds with more
than one Asymmetric Carbon Atom.

The principle of free rotation. Whilst so far we have
dealt practically only with simple asymmetry, in compounds
of the type

CR,R,R;R,
we have now to turn to single linkages between several
carbon atoms and the appearance of multiple asymmetry.

It is a consequence of the fundamental conception of
stereochemistry that in such single linkage one carbon

atom lies at one of the angles of the
tetrahedron, at whose other angles are

R, the three groups combined with the
other carbon atom; this is shown in
Fig. 23. The line joining the two carbon
atoms is thus fixed, leaving the three
attached groups capable of rotation
about it. Different positions of these

R i R, groups causes an isomerism that has
Fig. 23. so far only been observed in rare cases,

and perhaps not certainly there . Thus

the mutual action of the groups attached to the ecarbon
atoms seems in general to determine a single (preferential)
relative position, corresponding to the only known, actually

¥ H{ill, Journ, Chem. Soc, Trans. 1898, 634.

? Fischer, Bedeutung der Stereochemie fiir die Physiclogie; Zeitschr. j. Fhys.
hem, 1808, p. Go.

3 Aberson, Die Apfelsiure der Crassulacedn ; Berl. Ber. 31. 1432,

Ry




TWO ASYMMETRIC CARBON ATOMS 117

prepared compound. This position may be chosen so that
the six groups combined with the two carbon atoms lie
opposite one another in pairs, as in Fig. 23.

Number of isomers in multiple asymmetry. From the
standpoint thus adopted the number of isomers is only
inereased by single linkage with a second carbon atom
when a new asymmetrie grouping is so introduced, as e. g.
in a compound of the general type

C(R; Ry Ry) C (R R5Ry).

The number of isomers in this case is two on account of the
one carbon atom, and is doubled by the presence of the other,
consequently four. In the same way, if # such carbon atoms
unite the number becomes 2.

The arrangement and behaviour of these isomers may,
in the case of two asymmetric earbon atoms, be made clear
by the use of Kekulé's wire model, and may be represented
on a plane by appropriate projection. Taking for that
purpose Fig. 23 as starting-point, R, R,, R,, and R; lie on the
plane of the diagram ; then R, may be brought into it by
rotation upwards, about an axis passing through R, R,, and
R; by rotation downwards about an axis passing through
R, R, We thus get the substance represented by the
formula No. 1 following, and the three isomers are
Nos. 2, 3, and 4:

No. 1 No. 2 No. 3 No. 4
R, R, R, R,
R, CR, R,CR, R.CR, R,CR,
R,CR, R,CR, GO BCR,
R, R, R, R,

It appears from this mode of representation that the four
isomers are arranged in pairs 2 and 3, 1 and 4, each group
including two configurations behaving as opposite reflected
images, and are thus the expression of optical antipodes
like those that occur with a single asymmetric carbon atom.
This behaviour is still more easily understood by con-
sidering the optical rotation due to each carbon atom
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separately, which we may write 4 and B, — 4 and —B.
The rotations then are :

No. 1 No. 2 No. 3 Xo. 4
A4B —4+B A-Bul=AapB) —A-5F
= —(4 + B).

These possibilities are easily realized by combining an
acid and base, each of which oeeurs in two opposite active
modifications, such as laetie acid and coniine. The four
possible salts then are:

No, 1 No. a No, 3 No, 4
A+ B —A+B A—B —A-B.

d-lactic acid, d-coniine [-lactic acid, d-coniine J-lactic acid. l-coniine l-lacticacid. {~coniine

As an example of this fourfold isomerism in a single body
the dibromocinnamic aeids may be chosen :

C,H,CHBrCHBrCOOH.

The two asymmetric carbon atoms are distinguished by
underlining. It is well known that Liebermann succeeded
in obtaining from ecinnamic acid, C,H,CHCHCOOH, by
addition of bromine, an inactive mixture or racemic com-
pound which eould be split up into the pair of the one type.
The other pair was obtained in a similar way from allo-
cinnamie acid, which is isomeric with einnamic aeid.

Inactive wndecomposable type. A separate discussion is
required for the case, which may be regarded as a special
case of the above, in which the atoms or groups attached to
the two carbon atoms are similar in pairs, i.e.

R, =R, R, = R;, R; = R,
as in tartarie acid,
COOHCHOHCHOHCOOH,
in which = E |
R =R,= H, R;! = R; = OH, R, =R, = COOH,
The four former symbols then become :

R, R, R, R,
BiCR, | R.CR. R.GE. . R.CR
R;CR." RICR, BN RIR

R, R, R, R,
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The rotations corresponding are :

No. 1 No. 2 No. 3 No. 4.
A—A=0 —-A—d=—24 +A+A=+4+24 —A+A=0;
since in No. 1 the groups round the two carbon atoms are
reflected images of each other, and therefore produce equal
rotations, but in opposite senses. There arises, therefore,
an inactive type that is not capable of decomposition,
Nos. 1 and 4, which, however, is represented by only
a single substance, since 1 and 4 can be made to coincide
by rotation, and, therefore, symbolize one and the same
substance. The facts as to tartaric acid completely verify
the expectation, for we have:

No. 2 and No. 3. The two active tartaric acids, together
with racemic aeid, their compound.
No. 1 or No. 4. Inactive undecomposable tartarie acid.

Several asymmetric carvbon atomsz. In this case it is an
advantage to use, instead of Kekulé's metalliec model, that
of Friedlander, in which each ecarbon tetrahedron is
represented by four rubber tubes united in the centre,
whilst little sticks of wood inserted in the tubes render
possible mutual connexions, or serve to indicate the
attached atoms or groups by means of coloured balls on
the ends. The carbon atoms joined together, giving
a substance of the general formula,

C(abe), C(de), C(fgh),

are expressible, according to Fischer’s suggestion, by bend-
ing ¢ upwards about the axis ab, and k downwards about
the axis fg. Everything is then in one plane, and can be
shown upon paper. The 2, = 2*® = 8 possibilities for the
cases of triple asymmetry are then as follows :—
Nos, 1 2 3 ¢ 5 [ 1 8
¢ ¢ e e c ¢ ¢ e
aCb aCb aCb aCb bCa 0BC0u UCa BCa
dCe dCe eld eCd dCe dCe eCd eCd
JfCq —gCf JfCg gCf [fCg gCf fCg gCf
h h h h l It Iy B
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acid, and the acid into aldehyde. These two isomers,
olucose and mannose, are converted by oxydation into
saccharie and mannosaccharie aeids, with the formula
COOH (CHOH),COOH, which are active, a fact only
compatible with type 2, 7 which leads to the bodies

COOH COOH
HCOH HCOH
HCOH p HCOH
HOCH L UHeCH
HOCH HCOH
COOH COOH
whilst type 4, 5 would lead to these:
COOH COOH
HCOH HCOH
HOCH 1 HOCH
HOCH = HOCH
HOCH HCOH
COOH COOH

of which the latter is symmetrical, and belongs to the class
of inactive undecomposable modifications.

Whilst therefore the configuration may, reasoning from
the necessary symmetry of the inactive undecomposable
type, be traced out into detail, it remains undecided which
of the two enantiomorphic forms 2 and 7 is to be identified
with a given arabinose.

No. 2 N ]
CH,0H CH,0H
HCOH HOCH
HCOH HOCH
HOCH HCOH

COH COH

3. Double Linkage and Ring Formation.
Carbon double linkage may be represented graphically
by a pair of tetrahedra, as in Fig. 24, which are so connected
as to use up two bonds on each side. The other four then
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lie in a plane, and the confizuration of a compound,
C(ab)C(ed), is expressible by the formula '

aCh alll
I or Il
cC'd . dCe

which shows at the same time that there are two possibili-
ties, and that whether the two atoms or groups ab
combined with carbon are the same as or
different from ed. It is well known that
in this case also isomerism is found, and
we may discuss this more fully by con-
sidering fumaric and maleic acid. These
two acids are expressible by the formulae

COOHCH COOHCH
I and I
COOHCH HCCOOH

and correspond in their behaviour to what
might be expected from the difference between these con-
figurations.

In the first place, we are dealing with an isomerism of
quite a different kind to that due to a single asymmetric
earbon atom. The formulae are symmetrieal, and so there
is no optical activity and enantiomorphism of erystalline
form to be expected; but, on the other hand, we must not
expect the exact agreement in properties—specific gravity,
melting point, &e.—which is produced by the agreement
in internal structure when isomerism is due to an
asymmetric carbon atom. If we follow out the differences
further, we find them in very good accord with the
conception of their internal structure arrived at. In the
first place, one of the acids, maleic, gives an anhydride

Fig, 24.

very easily : HC—CO
| =0
HC—-C

which is in accordance with the proximity of the two
carboxyl groups in the formula. In the second place, this
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same acid is the stronger, as might be expected from the
influence exerted by the oxygen of either carboxyl on the
other ecarboxyl group, which is elose to it. The dissoeciation
constants, which are closely related to the strength of an
acid (Part I, p. 137), are respectively !

K. = 1-17, K pum. = 0:093.

Thirdly, the acid salt of maleic acid is weaker than that
of fumarie *, just because in the ions of these salts,

HCCOO HCCOO
HCCOOH COOHCH

the negative charge opposes further dissociation, and does so
more strongly in maleie acid, as being nearer. The quantity
dissociated, found by means of the rate of inversion, is

T Thiss, Maleic Acid Thiss, Fumarte Acid
64 o-342 %/, 0932 °/,

128 a:55 o I:52 g

255 U‘QIB ] 294 1

Finally the above formulae are confirmed by the results
of oxydation in aqueous solution. Permanganate gives
with maleie acid, on taking up hydroxyl, inactive undecom-
posable tartaric acid, as is to be expected :

OH
H‘ﬁGDOH gives  HCCOOH
HCCOOH
HCCOOH
OH

whilst fumarie acid gives, under the same eircumstances,
racemiec acid :

HCCOOH COOHCH
o
_ CODH(LE'H H(LI}CDOH
gl‘u-'EB

OH OH
HCCOOH 4 COOHCH

COOHCH s HCCOOH
OH OH

\ Zeitschr. f. Phys. Chem. 3. 3Bo. 3 1. o 25. 241,






- -

STEREO-CHEMISTRY OF NITROGEN 125

and it is at present uncertain if the observed activity is to
be aseribed to an active ammonium chloride.
On the other hand, isomerism in bodies of the type

ACB
|
N
Y

is fully established, both in the acetoximes which are
derived from an asymmetrical ketone, i. e.

ACB C,H,CC,H,Cl
I|~|T such as I]'!Q'
OH OH

and in the aldoximes which correspond to the special case
B = H, a simple example being acetaldoxime :

HCCH,
|
NOH.

The two isomers thus arising are inactive, but differ

physically like ordinary isomers, and chemically, amongst

other ways in that one compound easily gives off water

with formation of a nitril, which may be supposed due to

proximity of the hydroxyl to hydrogen. The structural

difference 1s therefore to be expressed by the formulae
HCCH, HCCH,

| and [
HON NOH

which reeall those of fumarie and maleie acid.

Concluding remavk on stereochemistry. As in deter-
mining constitutions in the earlier cases intramolecular
displacement of the atoms may lead to wrong conclusions,
making it desirable for a satisfactory determination to
have two lines of argument, so in the more exact deter-
mination of configuration in stereochemistry the same
thing must be borne in mind. Such direct changes have
indeed often been observed within the region of stereo-
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chemistry, e.g. the active bromosuceinic esters gradually
lose their power of rotation, by becoming converted into
a mixture or compound of the optical antipodes'. This
phenomenon is one especially noticed in halogen, and chiefly
in bromine compounds, and probably explains why reactions
carried out on such compounds have often given quite
unexpected results; one of the most remarkable instances
is that active bromosuccinic acid gives one malic acid with
alkalies, but with silver oxide the optical antipode % At
present, therefore, these halogen compounds should, as far
as possible, be excluded from determinations of constitution
in this provinee.

§ 3. TAUTOMERISM.

The phenomenon of tautomerism is that a compound
shows an apparently different constitution according to the
reagent that acts on it. This has been observed, e.g., in
aceto-acetic ether, C,H,OCH,CO,C,H,, and led to two
constitutional formulae, one proposed by Frankland,

H,CCOCH,CO,C,H,,
and the other supported by Geuther,
H,CC (OH) = CHCO,C,H;.

The first formula is based, inter alia, on the faet that
with potash a decomposition takes place with formation of

acetone,
H, CCOCH;.

The second is in aceord with the formation infer alia of the
body :
H,CC = CHCO,C,H,

l
N (C, Hs),,

by the action of diethylamine, HN (C,H,),.
The explanation of this peculiar behaviour was sought

! Walden, Berl. Ber, 31. 1416, ! LK
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for by Laar! in a movement of the hydrogen atom, indicated
in the following symbol :

H,CCH CO,C,H,
O
<—H.

It has of late been suggested * that tautomerism corre-
sponds to a mixture of two isomers in chemieal equilibrium.
Fundamentally these two conceptions agree, only the first
is the molecular-mechanical view of the fact formulated in
the latter. We will therefore recount the facts on which
the latter formulation is based. _

In the first place the supposed isomerism has been
observed in certain cases in closely allied bodies. Wilhelm
Wislicenus * gbserved this, e. g, in formylphenylacetic ether,
which is very similar to aceto-acetic ether. Obtained from
ethyl formate and phenyl-acetate :

HCO,C, H, + C,H,CH,C0,C,H, = HCOC (C,H,)
HCO,C, H, + C,H,0H,

the body in question behaves as if containing hydroxyl :
HCOH = C(C;H;) CO,C,H;,

e.g. it gives an addition product with phenyl-cyanate,
OCNC,H,. On melting (indefinitely between 60° and 70°)
an alteration sets in; solidification does not take place, and
the substance, now liquid at ordinary temperatures, retains
indeed the same molecular weight, but colours with ferrie
chloride, and behaves like an aldehyde. This modification
is known as the ‘ aldo-form ’ (the former as ¢ enol-’), and is
represented by the formula

HCOCH (C, H,)CO,C, H,.

The reconversion is accomplished by potassium carbonate,
in which the solid compound at once dissolves, but the

1 Berl. Ber. 1B, 648, 19. 730.
1 8, Traube, L . 29. 1715
* 1. c. 2B. 767 ; Guthzeit, 1. ¢. gr. 2753.
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liquid only slowly and with transformation into the other;
on treatment with acid and shaking out with ether the
enol-form is recovered. It may be added that the two
formulae might be confirmed by the fact that the first
compound should exist in two isomerie states, like fumaric
and maleie acids:

HCOH HOCH
| - and I
C,H,CCO,C, H, ¢,H,CC0,C,H,,

while the second, containing an asymmetrie carbon atom,
should split into two optical antipodes.

As a second item towards the explanation of the be-
haviour of tautomerie compounds, Kiister's! proof should
be mentioned that a mixture in chemical equilibrium ecan
actually be obtained by means of partial transformation.
The body considered was hexachlorketopentane, C,Cl 0,
which is obtainable in two isomers, distinguished as 8- and
y-compounds, with the probable constitutional formulae :

Cl Cl,
El Clen
c1 G20 and | 0
2 Cl C
Cl, 0l

Actually the g-compound is distinguished by forming with
aniline in aleoholic solution a slightly soluble anilide,
which is made use of to determine the proportions of the
mixture.

On heating, each isomer suffers a transformation leading
to a mixture in chemical equilibrium that shows all the
characteristies of a tautomerie compound. The formation
of this mixture was followed out at 210-5°. Measured
amounts of A-pentane were heated for a measured time (£),
and after sudden cooling the fraction (z) converted into

1 Zeitschr, f. Phys. Chem. 18, 161,
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y-pentane determined. The following table contains the
results :—

t (in hours) x - ;Iﬁg (1 —2.501x)
o (e —
I 0.046 00551
3 o114 o.0507
5 0173 00516
& 0206 00552
8 0255 0.0566
12 o304 0561
18 0.352 0-0588
a3 o:387 —
23 0-386 -

The final quantity o:386 of y-pentane was practically the
same as the 0387 left on heating pure y-pentane for
sixteen hours at 210:5°, and the course of the reaction
corresponds to the equation that may be expected in such
a transformation :

5-:': = k(1 —a)—Fk =,
that is, two unimolecular processes going in opposite senses.

In the final condition

g—?zo, so that k (1—a) = k, ,
and since
w = 0386, bk = 1591,
so that :
o
T k(1 —2-591 @),
whence

—i—]ug[[—z-jgt x)

must be constant, as the third column of the above table
shows.

It may be added that Walden observed the same state of
equilibrium between two isomers in the spontaneous forma-
tion of racemates. Active bromosuccinic ethyl ester, e. g.,
gradually loses its activity by transformation into a mixture

I
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towards ferric chloride. The phenomenon was more striking
in ethyl-aleoholic solution :

oBsgod . . . . . . . after io minutes,
ofsgby .- o . @ 4 v & gy 1 hours.
o:Bbogaiol Sl W E o T - R

(oo 2l e MR S : ;y B days.

In chloroform this was not observed :

EAAaqn e o w after 10 minutes.
i 3 b RS e e W S » 4 hours.

It is questionable, however, whether in aleoholie solution
the process

CEH:HDE+ GgHEO = 20H300202H5

did not oceur.

Whilst, therefore, the latest information points to a
tautomeric compound being a mixture in equilibrinm of
two isomers, it may be remarked ! that such a phenomenon
1s only possible in a liquid or solution. In the solid state
one or other compound must be the stable form, and the
two can only coexist at the transition temperature. Liquid
or dissolved, however, the condition of equilibrium is
subject to gradual displacement with temperature, so that
a mixture in equilibrium is possible over a considerable
interval of temperature. In general, therefore, a solution
of a pair of isomers near the transition point would behave
as tautomerie.

Here we may add the remark that the phenomenon of
tautomerism, like any other depending on atomic move-
ments, must vanish at the absolute zero. This, however,
is only in accordanee with the known faet that tautomerism
does not oceur in the solid state. Long before the absolute
zero all tautomerie compounds would become solid.

! Knorr, Berl. Ber. 30.238¢c.

I3



T g E
: A I [ ¥ =




MOLECULAR GROUPING 133

the molecule. The word allotropy may then be retained
for the phenomena of isomerism in the elements, whether
they are to be characterized as polymerism, like ozone (O,)
and oxygen (0,), or polymorphism, like rhombic and mono-
symmetrie sulphur,

The general remark may be added that, as was explained
earlier (p. 82), the phenomena of polymerism and isomerism
are rare in the inorganic province, and the differences
accompanying similarity of composition there met with
are almost entirely to be referred to polymerism. It is
remarkable that the tenacity with which organic com-
pounds retain a moleecular structure which is, nevertheless,
not that of equilibrium, a property mostly wanting in
inorganic compounds, is replaced by tenacious retention
of molecular grouping. Two points of view are advan-
tageous for complete treatment. First, we will bring
forward the laws of transition in polymorphie substances.
Secondly, we may discuss the details of molecular grouping.

§ 1. LAWS REGULATING THE MuTUAL CONVERSION OF
POLYMORPHIC SUBSTANCES.

These laws may be deduced from the two facts that the
polymorphic substances are solids of similar composition,
and that on passing over into vapour, solution, or the
fused state, the difference between the two modifications
disappears.

We have, however, in the following discussion, to bear
in mind the conditions of equilibrium, that mutual con-
version of the two modifications, especially in the case of
polymorphic minerals, such as caleite and aragonite, does
not oceur; we have, therefore, to deal, in one of the two
cases, with a state of apparent equilibrium (Part I, p. 236)
which is not destroyed even by contact with the other
modification, and is not to be referred to an extremely
slow transition. It is natural to associate this rigidity
with the relatively great hardness of the minerals.
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Let us now put together the chief results with regard
to mutual conversion; these refer firstly to cases of poly-
morphism in which a conversion takes place slowly in one
direction or the other, due to contact with the other modi-
fication. In these cases we may clearly describe one
modifieation as stable, the other as meta-stable.

A. The Stable Modification must have the Smaller
Vapour Pressure and the Smaller Solubility.

The necessity of this rule follows because only in this
case would a change from the meta-stable to the stable
phase necessarily oceur by means of the vapour, or on
contact with a solvent by means of it. If the reverse
condition of solubility held, the transition would take
place in the reverse direction on suitable application of
a solvent; the direct conversion would then allow of a
possible eyelie process that would be equivalent to a per-
petual motion. A direet confirmation of the greater solu-
bility of the meta-stable variety has been given in the
case of magnesium-chloride octohydrate’!, of which the
saturated solutions possess the following composition : —

MgCl, .8 H,0q (stable) MgCl,.11.43 H, 0 (—16 87
MgCl, . 8H,03 (meta-stable) MgCl,. 11.04 H, 0 (—16.87)

B. The Stable Modification must have the Higher
Melting FPoint.

In Fig. 25 the saturation pressure P of the two modi-
fications I and II is represented as a function of the
temperature, and I possessing the higher pressure is con-
sequently the meta-stable phase. If now we draw a third
curve, II1, representing the vapour pressure of the liquid
substance, the points of intersection, A and B, with I and II
obviously represent the melting points of the two forms,
and, as may be seen, A, the melting point of the meta-

! Van 't Hoff, Meyerhoffer, Zeilschr. f. Phys. Chem. 27. By.
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stable form, refers to the lower temperature. Thus,
e. g., benzophenone in the stable form melts at 48° in the

meta-stable at 26°,

C. Possibility of a Transition Temperature.

As in all condensed systems, if a transition takes place
between polymorphiec modifications it must be carried out

mmpletel}r at one temperature.
The direetion in which it takes
place may, however, depend
on temperature, as may be
seen from the vapour pressure
curves. If the curves I and
I for the two modifications
show a point of intersection
A (Fig. 26), then below the
temperature T, corresponding
to it the modifieation to
which II refers will be formed

P

0O

R
-

Fig. =5.

from the other: above that temperature the state of
things is reversed, and consequently on passing that point

B P
A
|
gFE Ty T O T
Fig, 26. Fig. a7.

a total conversion takes place, as is the case with
rhombie sulphur at ¢5.6°, when it is econverted into mono-
symmetric. Lehmann has proposed to call phases such
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as those of sulphur, for which there is a transition tem-
perature, enantiotropic; the others, for which the reaction
will go in one sense only, such as benzophenone, mono-
tropiec. The latter phenomenon may obviously result from
the transition point lying above the melting points of
both modifications; thus Fig. 27 represents enantiotropy,
Fig. 25 monotropy; in each figure curves I and II refer
to the vapour pressure of the two solid phases, I11 to that
of the liquid.

D. When there is a Transition Temperature, the Modi-
fication stable at Low Temperatures is formed from
the other with Evolution of Heat.

The relations of vapour pressure, as shown in Fig. 26,
give this conclusion at onee, with the aid of the second law,

in the form
dl

AVdP = g- T
Here 1 is the increase of volume on evaporation, i. e. prac-
tically the volume of the vapour; at the transition point
this is the same for the two modifications, since they have

the same vapour pressure. Further, as the figure shows:
dPy > dPp,

where II is the modification stable at low temperatures;
therefore

qu = ¢ O Gu — 1 = R
is positive.

But now, since q,; and ¢, are the latent heats of evapo-
ration of the stable and meta-stable forms respectively,
qu — ¢; is the heat evolved on formation of the former
from the latter; consequently the form stable at low tem-
peratures is produced from the other with evolution
of heat.

This law is very well illustrated by the researches of
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Bellati and Romanese on ammonium nitrate !, This sub-
stance freezes at 168° in the regular system; becomes
rhombohedrie at 124°, with an evolution of 11.86 calories
per kilogram ; at 82-5° becomes rhombie, with an evolution
of 5-33 calories; and at 31° rhombic with a different axial
ratio, with evolution of 5.02 ealories.

E. Polymorphic Modifications have a Constant Ratio of
Solubilities, proportional to the Differential Co-
efficients of the BSaturation FPressures, in Solvents
which take up so little of the Substance, that the
Laws of Dilute Sclutions are applicable.

This relation follows from the equation (Part I, p. 36)

dlogC _ @
—ar T’

which unites the concentration of the solution or vapour

with the heat @ absorbed when one kilogram-molecule is

dissolved or evaporated (without doing external work).
For the two polymorphic bodies we have

dlogC, _ @
e AT
and
dlog Cy _ Qy
dT 2 T2’
whence
d lﬂg {Ulljgt} e QI!_QI oK R
dT T gds o al®

where R is the heat of transition.
Integrated, this gives:

Chy Ch R
fd log i';: = log T f}g + const.

The constant is given by the fact that at the transition

' Lehmann, Molekularphysik, p. 159.
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temperature I’ the concentrations (', O, are equal, so that

tog O _ 7 AL
e PR

Here, however, the second term is a quantity independent
of the solvent, depending only on the heat of transition R,
and which, therefore, remains unaltered even if (), (', refer
to vapour, so that their ratio is that of the saturation
pressures.

This law, which might easily be proved for, say, calcite
and aragonite, or for the sulphur modifieations, retains
a certain applicability even to isomers more widely
separated, which do not become identical on solution.
Carnelley and Thomas! found for isomeric benzene
derivatives (para- and meta-nitraniline) the following two
empirical laws :—

1. Of isomeric compounds, that with the lower melting
point has the greater solubility.

2. The ratio of solubilities is independent of the solvent.

The latter rule corresponds literally with our conclusion
as applied to solutions, The former equally corresponds
to the fact of higher vapour pressure shown above to
accompany lower melting point and greater solubility.

As is to be expected, however, the rule thus found is not
universal, since it does not apply to polymorphic bodies,
and so Walker and Wood ? found, e. g. for ortho-, meta-, and
para-oxybenzoic acid in water and benzene, the following
solubilities : —

Ortho Meta

Ortho Meta Para Male ;e

Water . . . . o264 1-337 o0-765 0-197 175
Benzene . . . o097 00121 0-0052 8o-2 2.33

§ 2. Aoruar MOLEOULAR ARRANGEMENTS.

The answer to the question as to molecular arrangement
involves two essentially distinet problems, one with regard
to the relative position of molecule and molecule, the other

v Journ, Chem. Soc. Trans. 1888, p. 782, % ]. ¢, 1898, p. 618.
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as to the orientation of the molecule in its surroundings.
Let us take as a definite example the oxide of magnesium,
periclase (MgO), whose molecules are to be thought of in
a determinate arrangement, belonging to the regular
system. Then we may ask whether the line joining an
atom of magnesium and one of oxygen is parallel to one of
the axes of the regular system, or perhaps corresponds to
the direetion of an octahedral edge, &e.

The two problems are treated separately in what follows,
as :

A. Relative position of molecule centres in the erystalline
figure.

B. Orientation of the molecules in the erystal.

A. Relative Position of Molecule Centres in the
Crystalline Figure.

1. The Fundamental Law of Geometrical Crystallography !
(F. C. Neumann).

Observation shows that normally grown erystals have
the form of polyhedra, whose flat bounding faces cut each
other at definite an- 7
gles, while the area o
of the faces depends
on aceidental eircum-
stances. The erystal-
line form of a body is
therefore determined
by the angles, i. e. by
the relative position
of the faces by which

it 18 bounded. With A
regard to this position, /
¥ 1 4 K.
however, observation Wig: a8:

shows further that
not every possibility is found, but that the form of

! Groth, Physikalische Kiystallographie, 3rd ed. Leipzig, 1894.
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a crystalline polyhedron follows the law usually known as
the ‘law of rational indices.’

This law states that any possible plane in a erystal can
be determined by means of four planes, no three of which
are parallel: in what way is best shown in Fig. 28
by drawing three of the planes about the point o, viz.
X0Y, Y0Z, zoX, and the fourth as asc. The position of a fifth
plane, say A'B'¢’, is conditioned by the fact that the ratio
of the so-called indices

oA” oB” o0
OA " 0B " oOC

r

can only be given by whole numbers, such as
MmN pPp—say 2:3: 5—
or can only be rational.

- In describing a crystalline form therefore, it is sufficient
to give the angles made by a suitable group of four planes:

ZOY =a, Z0X=f, YOX =1,
as axial angles, and the ratio
OA:0B:0C=a:b:o

as axial distances, so that the whole erystal is defined by
means of five elements.

2. Attempt at Feplanation of the Geometrical Law by
Arrvangement of Molecule Centres (Frankenheim, Bravais).

A very simple conception, probable also on other grounds
to be explained later, gives a plausible meaning to the
above geometrical law. This consists in the assumption of
a regular arrangement of the erystalline centres, such that
they are alike and parallel throughout the erystal. As
previously the position of four non-parallel planes sufficed
for the entire structure, so here the position of four
molecule centres, 1, 2, 3, 4 (Fig. 29), not lying on one plane.
The axial angles then correspond to the angles between
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a, b, and ¢, the axial distances to the lengths of «, b, and .
The condition that the arrangement round, e.g., point 4
should be similar and parallel to that
round 1 is satisfied by choosing the point 3
in a direction and distance from 2 parallel
and equal to 6. In the same way 6, 7,
and 8 are arrived at, and so an elementary
parallelopiped completed. This may then
be developed into a regular point system
(Fig. 30) by extending the line @ to an
equal extent, to obtain a new point, and
so on. Such an arrangement of molecule
centres would reproduce the relations of a erystalline
figure 1.

If, now, the bounding faces of the erystal are planes in
which molecule centres are contained, they may pass either
through 2, 3, 4 or through 1, 2, 3 or through 1, 2, 4 or
through 1, 3, 4. With any other
choice, such as 3, 5, 6, the law
of rational indices obviously
holds, since each index cor-
responds to a row of points
starting from 1 with a definite

Fig. 29.

number of steps between them,

3. Relations of Symmetry
i Crystals.

Just as a erystal is not cap-
able of assuming any form,
so the relations of symmetry
of these forms are restricted,
and from the above fundamental law of geometrical
erystallography Hessel and Gadolin deduced all the
actually observed relations. We cannot give the deduction
here in full % but it may be shown how the law of rational

jli‘:'" o

1 Groth, Physikalische Krystallographie, 3rd ed., 1894, p. 248.
% Ibid., L. ¢. p. 311.
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indices restricts the possibilities of symmetry. In the first
place, by reference to Fig. 28 we see that there need be no
symmetry at all, in which case we have the unsymmetric
(triclinie) system.

One plane of symmetry may be present, but it is limited
as to position; if e.g. it passes through zox, then the
plane symmetrical to ABc would have rational indices
with respect to ox and oz, but not in general with respect
to ov; it is therefore a subsidiary condition that oy
should be perpendicular to the plane of xoz. These are
the conditions for the non-symmetric system.

One axis of symmetry may be present, i.e. a line such
that rotation about it through an angle less than 360
brings the ecrystal into a position identical with its
original position. If e.g. the axis occupies the position
oz (Fig. 28), the law of rational indices is satisfied when
X0y = go” and oA = oB; such axes are therefore, for the
same reason, subjected to certain conditions; they can
only be double, triple, quadruple, or sextuple, i. e. the form
may recover its original position on rotation through 18c",
120°, go°, or 60°, i.e. two, three, four, or six times in
a circle. These are the eonditions for the rhombie,
trigonal, tetragonal, and hexagonal systems.

A third possibility is that the erystal on rotation comes
into a position symmetrical to its original position; it
is then said to have an axis and plane of compound
symimetry.

In this way, taking into account the law of rational
indices, thirty-two classes, exactly corresponding to the
facts, are arrived at; and these are grouped in the seven
erystalline systems :—

I. Triclinic system.

1. Holohedry. Example: caleium thiosulphate (CaS,0,
.6 H,0).

2. Hemihedry: one double axis and one plane of com-
pound symmetry at right angles to it. Example: d-mono-
strontium tartrate (Sr(C,H,0,),.2H,0).
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I1. Monoclinie system.

1. Hemimorphy: one double axis of symmetry. Ex-
ample: eane sugar (C,,H,,0,,).

2. Hemihedry: one plane of symmetry. Example:
potassium tetrathionate (K 5,0,).

3. Holohedry: one plane of symmetry and a double axis
of symmetry at right angles to it. Example: sulphur (S).

ITI. Rhombie system.

1. Hemihedry: three double axes of symmetry at right
angles. Example: magnesium sulphate (MgSO,. 7H,0).

2. Hemimorphy: one double axis and two planes parallel
to it and at right angles to one another. Example: struvite
(MgNH,PO,.6H,0).

3. Holohedry : three planes of symmetry at right angles,
and three double axes of symmetry at right angles.
Example: sulphur (S,).

IV. Tetragonal system (one quadruple axis).

1. Sphenoidic tetartohedry: one plane of compound
symmetry at right angles to the quadruple axis. Nof,
yet actually observed.

2. Hemimorphic hemihedry. Example: wulfenite
(PbMoO,).

3. Sphenoidic hemihedry. As in class 1; in addition,
two double axes of symmetry at right angles to one another
in the plane of compound symmetry, and two planes of
symmetry which cut in the quadruple axis and bisect the
angles of the double axes. Example: (CuFeS,).

4. Trapezohedric hemihedry: four double axes in the
plane at right angles to the quadruple axis. Example:
nickel sulphate (NiSO, . 6H,0).

5. Pyramidal hemihedry: one plane of symmetry at
right angles to the quadruple axis. Example: scheelite
(CaWO,). -

6. Hemimorphic holohedry: four planes of symmetry
cutting one another in the quadruple axis. Example: silver
fluoride (AgF . H,0).

7. Holohedry: in addition to the above, four double
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axes of symmetry and one plane of symmetry, all at right
angles to the quadruple axis. Example: tinstone (Sn0,).
V. Trigonal system (triple axis of symmetry).

1. Hemimorphic tetartohedry. Example: sodium per-
iodate (NalO, . 3H,0).

2. Rhomhbohedrie tetartohedry: the triple axis is also
the sextuple axis of compound symmetry. Example:
dioptase (CuH,Si0O,).

3. Trapezohedric tetartohedry: three double axes in a
plane at right angles to the triple axis. Example: quartz
(S10,).

4. Bipyramidal tetartohedry: a plane of symmetry at
right angles to the triple axis. Not yet actually observed.

5. Hemimorphic hemihedry: three planes of symmetry,
cutting one another in the triple axis. Example: tourmaline.

6. Rhombohedric hemihedry: besides the foregoing,
three double axes of symmetry in the plane at right angles
to the triple axis. Example: corundum (AlO,).

5. Bipyramidal hemihedry: like No. 5, but in addition
a plane of symmetry and six double axes of symmetry,
all at right angles to the triple axis. Not yet actually
observed.

VI. Hexagonal system (sextuple axis of symmetry).

1. Hemimorphic hemihedry. Example: nepheline
(NagAlSi 0,,).

2. Trapezohedric hemihedry : six double axes in a plane
at right angles to the sextuple axis. Example: antimonyl-
barie tartrate + potassium nitrate ((C,H,0,SbO),Ba. KNO,).

3. Pyramidal hemihedry: one plane of symmetry at
right angles to the sextuple axis. Example: chlorapatite
(Ca,C1(POy),).

4. Hexagonal hemimorphy: six planes of symmetry
cutting one another in the sextuple axis, Example: silver
iodide (Agl).

5. Holohedry: like No. 4, but in addition one plane of sym-
metry and six double axes of symmetry, all at right angles
to the sextuple axis, Example: beryl (ALBe, (SiOy),).
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VII. Cubical system.

1. Tetartohedry: three equal rectangular double axes
of symmetry, and four equal triple axes equally inclined to
the double axes. Example: sodium chlorate (NaClO,).

2. Plagihedric hemihedry: three equal rectangular
quadruple axes of symmetry, four triple axes as in the
preceding, and six double axes bisecting the angles between
the quadruple axes. Example: cuprite (Cu,0).

3. Pentagonal hemihedry: as in No. 1, but in addition
three planes of symmetry at right angles to the double
axes. Example: pyrites (FeS,).

4. Tetrahedric hemihedry: planes of symmetry as in
No. 3, but in addition six planes which bisect the angles
between the former planes,

5. Holohedry: three equal rectangular quadruple axes
of symmetry, four triple and six double axes as before, in
addition all the planes of symmetry of classes 3 and 4.
Example: galena (PbS).

4. Solmelke's Point Systenis.

The species of regular gratings in space arrived at by
Bravais and Frankenheim, on the assumption of an equal
and parallel arrangement throughout the crystal, satisfy
the law of rational indices, but do not allow of obtaining
all the thirty-two classes of forms deseribed above; they
lead indeed to seven systems, but only to fourteen classes .

In the year 1879 Sohncke ? extended this conception by
rejecting the restricting condition involved in it, that the
arrangement round each molecule in the erystal is not only
similar, but parallel. The latter is not necessary with
regard to the actual observations on erystals; or rather it
is definitely not always the case. The observation of
Baumhauer on caleite, for example, is conclusive on this
point. Place a prismatic cleavage block (Fig. 31) firmly

1 Sohncke, Pogg. Ann. 1867, 132. 75.
¥ Entwickelung einer Theorie der Krystalstrukiur, Leipzig.

K
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with an obtuse edge horizontal (best by fitting it into a
corresponding cut in a board), so that the long diagonal ce
of the right end-face cd ef is also horizontal, put the blade
of a knife at @ at right angles to the upper edge, and press
it gradually into the ecrystal; then
the part of the erystal to the right of
the knife will be deformed in such
a way that when the knife reaches the
middle edge it will have assumed ex-
actly the form of an oppositely-placed
Fig. 3r halt-rhombohedron. The part of the
calcite occupying the new position is
quite homogeneous physically, but has its plane of cleavage
parallel to ¢ e g instead of ¢ ed as formerly.

Taking into account this possibility of an arrangement
which is similar round each molecule, but not parallel,
Sohneke arrived at 65 regular point systems (extended
by Schonflies and Fedorow to 230) which in general consist
of several congruent interlaced spatial ‘gratings’ They
fall, according to their symmetry, into seven systems, like
the spatial gratings, and yield exactly the 32 classes of
possible erystallographic forms given by the fundamental
law of geometrical crystallography .

5. The Fundamental Law of Physical Crystallography.

If Sohncke’s theory corresponds, on the one hand, to the
geometrical relationships of crystals, it allows, on the other,
an attempt at explanation of their physical behaviour.
Symmetry of external form is referred to that of the
internal structure, and explains at once why symmetry
of physical properties coincides with that of the external
form, which, it is well known, is the content of the funda-
mental law of physical erystallography.

Take, as example, the hardness of rock salt. This shows

1 Groth, Physikalische Krystallographie, pp. 268, 277.
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three equal minima in the direction of the axes (edges of
the cube) and four equal maxima at right angles to the
octahedral faces; the ficure which represents the hardness
in all directions round a point by radii proportional to it
has the symmetry of the cube form, i.e. three planes of
symmetry at right angles to one another, and six others
which pass through the lines of intersection and biseet the
angles between the first three planes.

6. Molecular Compounds.

A concluding remark may be appended here. The pos-
sibility of measuring molecular weights, due to the theory
of solutions, leads to the conelusion that the molecules are
usually of the smallest size that is in agreement with the
chemical data. In erystals, too, so far as the theory of
solid solutions (p. 70) has been applied, no higher molecular
complexes seem to occur. By the side of this the fact
appears somewhat surprising that in hydrates, e. g. Na,SO,
. 10H,0, molecules are found possessing a high degree of
complexity. These seem, however, restricted to the solid
state, and certainly highly complex liquid molecules have
not been found to exist; on the contrary, everything points
to such hydrates breaking down in solution. The inter-
laced spatial gratings of Sohncke’s point systems allow
a conception of such hydrates, according to which the
different molecules would belong to different gratings. It
15 important for this view that some such hydrates can
lose their water of crystallization without destruection of
the crystalline form, although their internal physical
properties are changed ; they take up water again on being
placed in their former conditions. Mallard® and Klein *
observed this phenomenon with certain aqueous silicates,
the zeoliths. Lately the same thing has been observed by

Y Bull. de la Soc. minéral. de France, 5. 255.
2 Zoitschr, f. Kvystallographie, g. 3B.
K 2
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Tammann® with platinum double eyanides, whose com-
position can vary between MgPtC,N, 6-25 and 6-8H,0
without loss of erystalline form.

B. Orientation of the Molecules in the Crystal.

1. Relations between Symmetry in the Crystal
and in the Molecule.

Since the application of the methods for determining
molecular weights to solids (p. 70) has made it highly pro-
bable that the solid state is not characterized by the con-
dition of complex molecules, the way is open to bring the
configuration of molecules, as already developed (p. go),
into relation with erystalline form, and especially with the
arrangement of molecules in regular point systems (p. 141)
which give a plausible molecular-mechanical explanation
of that form. .

We may first mention what, of such researches, refers
to the relations of symmetry in the molecule and in the
crystalline structure. The leading result is the necessary
conclusion pointed out by Pasteur, that a whole made up
of similar asymmetric molecules cannot possess syminetry.
What in his time could not be sharply formulated has since
the development of stereochemistry become immediately
clear 2. Consider as unsymmetrical grouping such as one
assumes on presence of an asymmetrie carbon atom, e.g. in
ammonium bimalate :

COOHCH,CHOHCOONH,,

in which the four different atomic complexes or atoms,
COOHCH,, H, OH, COONH,, are thought of as in tetra-
hedral arrangement round the carbon atom distinguished
by underlining (Fig. 16, p. 105); a regular arrangement of

I Buxhoevden and Tammann, Zeitschr. f. anorg. Chem. 1897, p. 319;
Wied. Ann. 1897, p. 16. See also Rinne, Neues Jahrb, Mineral. 18gg, L p. 1 ;

Joaunis, Comptes Hend. 109. gb5, 110. 238.
3 Becke, Min. . pelrogr. Mitleilungen von Tschermak, 10. 414, 12, 256



STRUCTURE OF QUARTZ 149

such figures can never lead to a symmetrical whole. So
the erystalline form too of this salt is a rhombie form
made unsymmetric by the presence of the semi-pyramids,
i front, above on the left, below on the right; behind,
above on the right, below on the left. Though the external
form in such cases does not always show the absence of
internal symmetry, other indications of the asymmetry are
present as erosion figures 1.

If the molecule is symmetrical, still the arrangement in
the erystal may lead to an unsymmetrical whole, as is the
case, e.g., with quartz (Si0,),

whose molecular constitution is /:{("'?}{'“ﬂ

X Qe B
symmetrical, as appears from *%*] o e
its triatomicity, as well as from | | E (S i, ‘L.};{___
its inactivity in the fused state. &1 4 \;{f_\‘{&u
Just for this case, Sohncke * e
worked out a erystalline struc- Fi;;;{}mﬂ

ture that gives an account of the
enantiomorphic and therefore asymmetric reflected image
forms of quartz, and the opposite and equal optical activity
associated with them. Assume first three spatial gratings,
in which the particles are arranged

according to the trigonal prism O
(Fig. 32), interlaced as in Fig. 33, O ®
in which they are projected on

the base of the prism; point 1 o
requires a rotation of 120°about ~ g ®, O

@

an axis passing normally through PY ®
the centre of the triangle 1, 2, 3, and G ()

a displacement along the latter, o @

to come into the position of point 2; Fie an

the latter, a similar serew move-

ment, to become 3; finally, a repetition of the movement gives
a fourth point, whose projection, however, coincides with
that of 1. If then we draw a circle through the projections

! See the discussion Trube, Walden, Berl. Ber. 29. 1692, 2447; 30. o8, 288,
2 Groth, Physik. Krystallographie, 1894, p. 262,
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I, 2,3, and on it, as base, erect a cylinder at right angles to
the plane of projection, it is plain that the particles will lie
on its surface in spiral order, which is right-handed (like
a corkserew) when 3 is twice as far above the plane of 1
as 2 1s, but left-handed when 3 is twice as far below that
plane as 2 is. The spirals show these opposite senses
whether looked at from above or below ; such a right- and
left-handed spiral can in no way be made to coincide, for
one is the reflected image of the other, and they are
therefore called enantiomorphie.

Finally, symmetry, if it exists in the molecule, may be
raised by the crystal!. Two tetragonal pyramids, placed
symmetrically on the same base, if they have the form of
half oetahedra, become an octahedron and so possess the
symmetry of the regular system with nine planes of
symmetry, while the individual molecules have only four.

The symmetry present in the molecule may therefore be
either raised or lowered by arrangement in the erystal ; for
a greater number of compounds in which the opposing
influences, tending to raise and lower the symmetry, partly
neutralize, the remark of Buys-Ballot holds that the simpler
the composition, and consequently greater the symmetry
of the molecule, the greater the symmetry of the crystal.
The following table * allows of forming an opinion on this
point :—

Composition Elements  Diafonio Triatonic  Tetratonic
No.ofbodies . . . . . 40 67 63 20
REEUIRT 24 ca i vt atia i v BOUS 684 %/, 42 %/, 5./
Hexagonal . . . . . . 385y 19% 5 I1 » 35 »
Tetragonal . . . . . . 5 4% 4 19 5 5 n
BHomBIc:. sl a i SRS 8 5 23 ., 50 5
Monoelinie . . . . « « 5y 4% 5 I Sn
Mieialimie e, = ) & o e e VRS + . - (Y o 4,
Mean Symmetry . . . . 84 79 6.2 47

As an expression of the entire condition, we have chosen
the mean symmetry, obtained by multiplying each percen-

! See, among others, Barlow, Zeitschr. f, Krysi, 1898,
? Zeitschr, fu Phys. Chem, 14. 1, 548.
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tage by the number of planes of symmetry corresponding,
viz. g, 7, 5, 3, 1, 0, and dividing the sum of these products
by 1co. Like all statistical relations this has the disad-
vantage that the application to particular cases often fails.

2. Influence of Changes in the Molecule on the
Crystalline Form.

In the preceding, attention was paid to the direct relation
between symmetry or the want of it in the molecule and
the crystal. A second line of research is that of the
influence which changes in the molecule exert on corre-
sponding changes of form. Let us take first the smallest
changes which show themselves in the orientation or
relative position in the molecule, as polymorphism, while
the molecule as a whole remains the same. Here we have
clearly a point of departure in judging of the relations
between molecular configuration and crystalline structure,
since the same configuration is associated with two different
figures. The observations collected on this subject arve,
however, so far of a purely empirical charaeter,and amount
to no more than the import&nt remark that, when the
erystalline form of a polymorphic substance changes, there
is often a striking equality in the angular and axial
relations to be noted . Let us consider examples.

Potassinm nitrate, potassium sulphate, and caleium
carbonate, which can all take hexagonal form, i.e. with
the angle 60° show in their possible rhombie forms prism
angles not very different from 60°—actually 60° 36, 5¢° 367,
and 63° 44" in the three cases.

Basie copper nitrate, Cu,(OH),NO,, which is found in
rhombie form with the axial ratio

a:b:ec=o09217:1: 11562,
18 converted into a monoelinie form with almost the same

ratio,
@tbie=10Q10:F : I-1402,

! Arzruni’s collection in Graham-Otto, 1893, 74.
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and an axial angle not very far from go°:
B =94 33"
Finally the silicate, H, Mg, ,Si,0,,F,, is found as humite

(rhombie)
a:b:ec= 10803 :1: 44013

as chondrodite (monoelinic) :
g 2biso=T:0809: T oTdeB N B ino"
and as elinohumite (monoelinie) :

a:b:c=10803:1:56588 B =90

This equality of form on change of structure would
perhaps come out more strikingly if the comparison of
angles and lengths were made, not at the ordinary tempera-
ture, but at the transition point, since then the two forms
have just the same stability, a fact which may be due to
mechanical causes. In any case it is to be remarked that
this relation between the two forms is associated with the
possibility of a transition without upsetting the internal
connexions of the substance. Thus, e. g., boracite passes at
266° into the regular form without any loss of transparency,
but only with a sudden change of optical properties,
becoming singly refracting.

Isomeric change constitutes a deeper modification in the
molecule. Accordingly, the accompanying change—mostly
complete—in the symmetry of the molecule corresponds to
a complete change in molecular structure, without any
relations that have so far been traced. In one case,
however, the circumstances are different, viz. in that of
stereo-isomers with an asymmetrie ecarbon atom. The two
isomers here present, as we have seen, a difference of con-
figuration shown in Figs. 16 and 17 (p. 105), and known as
enantiomorphic. A completely analogous enantiomorphic
difference is found in the erystalline form, as is shown in
Fig. 18 and 19 (p. 106), for the oppositely active ammonium
bimalates.
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On passage from the active eompounds to the racemate,
in which the enantiomorphie molecules unite, the enantio-
morphism of erystalline structure is also destroyed, as
a rule. In the cases hitherto studied the following axial
ratios have been found :—

Potassium bitartrate, KC,H, O,,
Rhombic a:b:¢c = 07168 : 1:0-7373
Potassium biracemate, (KC,H,O,).,
Triclinic @ :b:¢ = o-7053:1:0-7252
g = g8f 36t B —apaael | =85 36
so that at any rate two axial angles are not far from go®.

If we have here a striking relation between the configura-
tion of the molecule and erystalline structure, it becomes
much more so on considering the phenomena of isomorphism,
which Mitscherlich first put in the right light. That two
bodies like potassium-magnesinm sulphate and rubidium-
cadmium sulphate, despite their entirely different com-
position :

19-4 °/, Potassium 29-2 °/, Rubidium
6 ,, Magnesium 19-3 ,, Candmium
159 ,, Sulphur 11 ,, Sulphur
557 5, Oxygen 385 , Oxygen
3 , Hydrogen 2 ,, Hydrogen

should possess the same monoclinie erystalline form, which,
moreover, indicates so close a similarity in internal structure
that they form completely homogeneous mixed erystals in
which one compound has replaced the other, is a most con-
clusive proof that the molecular-mechanical coneeptionof the
compounds, attributing to them the analogous formulae,

K,Mg (SO,),6 H,0,  Rb,Cd (SO,),6 H,0,

comes very near to the facts if only schematically.

It is on this ground of isomorphism that considerations
may be developed allowing of a deeper insight into the
structural relations in erystals.

In the first place we must consider the investigation
started by Groth on so-called morphotropy, i.e. small
changes of form which are produced by change of composi-
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tion despite prevailing isomorphism. The following measure-
ments of Topsde furnish an example; all the compounds
are hexagonal :—

NR, . sHy Cl, Qe
Bi={OHNyH . < &l con o 5 a s Sreniors
)~ 1 e e el e o e
Ry=(CH)(C;H), -~ . - . . & . I:robss
R0 e Tl R L ]

By HAH o 5 & 6w sl e s e (XET080
By=(CoH)Hy . ¢ & . . & « « I:Doas
Ry={CH),H. . . . . . . . . Irl.017
Be=(C:H)H, . « = « « . « . . 1:09955
Deeper changes are observed in the following cases ! :—
PiCl, .aNR, CI System Awial ratio [t}
Bem(OH3Yo + « & & & regular —_— _—
Rq:ECH;:IaG,H; P = s oW T — f—
B, =(CH);(C,H)s . . . tetragonal 1:1-087s —
R=(CH)(C;H)s . . . i I:1.0108 -
Ry=(C;H;); . . . . . monoclinic o0.9875:1:00348 go” 46

Here the influence affecting the form of the erystal has
changed its system, yet without muech alteration in the
axial ratio or angle. Here plainly we have to do with di-
or tri-morphism, and the morphotropie action has modified
the transition temperatures, so that, e.g., with the tetra-
methyl derivative at the ordinary temperature the regular
form, butwith the dimethyl-diethyl derivative the tetragonal
form, is the more stable.

The new researches of Tutton * and Muthmann ? carry us
still further in the direction of an insight into the position
of the molecules in a erystal. From the latter work we
may take some results relating to the tetragonal phosphates
and arsenates, whose isomorphism was observed by Mit-
scherlich :

Subsfance Moleguwlar volumes a:c a [
REPO,  « v v s 2 mBayb —raob6lo | 0.664
KH,As0,. . . . . . bGazBaa I:0.6633 1-026 0-683
NH,H,FD), . . . . . B4I70 I 07124 1.000 019
EH; }Igﬁa Di CER T T T 65-8.1.2 I :ﬂ-?l}gﬁ I-031 o732

1 Arzruni, 1. e. 233.
2 Journ. Chem. Soc, Trans, 18g3. 337, 1804. 628, 1896. 344.
3 Feitsohr. f. Krystallographie, 18g4.
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We see from these data, first, that in isomorphie compounds
an equal difference in ecomposition gives an equal difference in
volume, for the molecular volume (molecular weight divided
by the density) gives:

for As—P in the potassium salt . . . 4576

», ammonium ,, , . . 40672

and
for NH,—K in the phosphate . . . . 35924
5 arsenabe:.. . . i . Goge.

Next, however, and this is the chief result, the axial ratio
remains almost unaltered on replacement of phosphorus by
arsenic, but changes by a considerable amount on replace-
ment of potassium by ammonium. Let us caleulate, in
order to express this behaviour more precisely, the dimen-
sions of the fundamental parallelopiped, keeping for
potassium phosphate the values

a=b=1, . ¢=06064.
The volume is then ! a®, and so
a’c (= 0-664) : a, *c; = 58-246 : 62-822,

where a,, ¢, refer to the fundamental parallelopiped of
potassium arsenate. But since

a1, =1: 0-5533,
we get
a, = 1026, ¢ = 0:683.

The corresponding values for the other salts are given
in the fourth and fifth columns of the table. It follows
that on replacement of potassium by ammonium, there is
produced essentially only an inerease in the height ¢ of the
fundamental parallelopiped amounting to o055 and o-049
respectively; while a is practically unaltered, or only by
the amounts ocog and o005 respectively. On the other
hand, replacement of phosphorus by arsenic not only
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and Applied Mathematics in the Technical College, Finsbury.
Crown 8vo., cloth, 3s. 6d.

An Elementary Text-Book of Mechanies.
By R. WorsmeLs, D.Sc., M.A. With 80 Illustrations. Crown 8vo.,
cloth, 8s. Gd.
Specially adapted for the London Matriculation, Science and Art
Department, College of Preceptors, and other examinations,

*=.Y Solutions to Problems for Teachers and Private Students, 3s. 6d.
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The Calculus for Engineers.

By Jou~x Perry, M.E., D.Sc., F.R.8., Professor of Mechanics and
Mathematies in the Royal College of Science, Vice-President of the
Physical Society, Vice-President of the Institution of Klectrical
Engineers, ete. Crown 8vo,, cloth, 7s. 6d.

Physieal Calculus.

By Percy E. Bateuar, M A., Fellow of Jeans College and Assistant-
Demonstrator of Physics in the University of C&mhrn:l{ge.
[{n preparation.

Dynamics for Engineering Students.

By W. E. Dausy, F.R.8., Professor of Applied Mathematics and
Mechanical Engineering at the Technical College, Finsbury.
[In preparation.

ARNOLD’S PRACTICAL SCIENCE MANUALS.

General Editor : Professor RapraRL Mewnora, F.R. 8., of the Finsbury
Technical College of the City and Guilds of London Institute,

The object of the Manuals in this Series iz to present the subject, as far
as possible, in a practical form, and to fill the gap which at present is
believed to exist between the elementary treatises dealing with the
principles of the Sciences in a purely abstract manner, and the special
technological works which are too advanced to be profitably used by
readers who are not yet familiar with the subject.

Steam Boilers.

By Grorgk HaLuiDaT, late Demonstrator at the Finsbury Technical
College. With numerous Diagrams and Illustrations. Crown Bvo.
400 puges. Da.

Electrical Traction.

By Erxest Wisox, Wh. 8¢, M.LE.E.,, Professor of Electrical
Engineering at King's College, London. With numerous diagrams
and illustrations, Crown 8vo., Da.

Chemistry for Agricultural Students.

By T. 8. Dyuoxp, F.I.C., Lecturer in the County Technical Labora-
tories, Chelmaford. With a Preface by Professor MELDOLA, F.R.5.
Crown 8&vo., cloth, 2a, 6d.

* * Other volumes in preparation,
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Magnetism and Electricity.
By .l. PALEY YoRrKE, of the Northern Polytechnic Institute, Holloway.
Crown Svo., cloth, 8=, 6d.

A Text-Book of Physical Chemistry.
By Dr. K. A. Lenrervr, Professor of Physics at the East London
Technical College. Crown 8vo., cluth, bs.

A First Year's Course of Experimental Work in
Chemistry.

By E. H. Coog, D Se.,, F.1.C., Principal of the Clifton Laboratory,
Bristol, Crown 8vo., cluth, 1s. 6d.

The Standard Course of Elementary Chemistry.

By E. J. Cox, F.C.8., Head Master of the Technical School, Birming-
ham. In Five Parts, issued separately, bound in cloth and illustrated.
Parts 1.-1V., 7d. each ; Part V., 1s. The complete work in one vol.,
crown Bvo., da,

The several parts correspond to the earefully arranged divisions of the
subject prescribed by the Edueation Department. The apparatus required
for conducting the experiments is simple and inexpensive,

Adopted by the School Boards for London, Edinburgh, ete.

Part I. Properties of the Common | Part IV. Carbon and Non-metallic Ele-

Gases, meants.
s 1L The Atmosphers. V. Matallic Bodies, Combination,
» 1. Watar. Symbols, and Formulm.

Physical Chemistry for Beginners.

By Dr. Cr. M. VAN Devexter. With a Preface by J, H, Vax 'T Horr,
Translated by Dr. R. A, LenrerpT, Professor of Physics at the East
London Technical College, 2s 6d.

Contents.—Chap, L. Definitions. Chap. II., Fundamental Laws of
Combination. Chap. IIL., Behaviour of (rases. Chap, 1V,, S.me points
of Thermo-Chemistry. Chap. V., Solutions. Chap. VI, Photo-Chemistry.
Chap. VIL, The FPerivdic System.

A Manual of Elementary Chemistry.
By W, A, SHENsTONE, M. A., Lecturer in Chemistry at Clifton Co'lege,
[Nearly ready.

Lectures on Theoretical and Physieal Chemistry.
Part I.—Chemical Dynamics.
By Dr. J. H. Vax 'T Horr, Professor at the University of Berlin,
Translated by Dr. R. A. Leureror, Professor of Physics at the
East London Technical College. One vol., 8vo., 124, net,
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A Manual of Human Phsrsmlngy

By Leovarp Hiit, M.D., Lecturer in Physiology at the London
Hospital Medical ﬂnllehﬁ With numerous illustrations and diagrams,
Crown 8vo., cloth, 496 pp., Gs,

A Manual of Botany,

By Davip HousToN, of the County Technical Laboratory, Chelmaford.
Adapted to the requirements of the Science and Art Department,
College of Precepturs, and Oxford and Cawmbridge Local Examina-
tiona. [{n preparation.

A Manual of Physiography.

By Axprew J. Hereerrson, F.R.G.S., Lecturer on Geography in the
Heriot-Watt College, Ldmburgh. and formerly in the Owens College,
Manchester. [Nearly Keady.

A Text-Book of Domestic Science. ot
By Mrs. 8. J. Snaw. One vol., crown 8vo. [In preparation.

Elementary Natural Philosophy.

By ALrren Earr, M.A, Assistunt-Master at Tonbridge School. With
numerous Ilustrations and Diagrams, Crown, 8vo., cloth, 4= 6d.
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WORKS BY C. LLOYD MORGAN, F.G.S.,
Professor of Biology and Principal of University College, Bristol.

Habit and Instinct.

A Study in Heredity, based om the author’s * Lowell” Lectures,
1805-86. Demy 8vo., cluth, 16

Animal Life and Intelligeence.
New and Revised Edition. [In preparation.

The Springs of Conduect.
Cheaper Eaition, Large crown 8vo,, s, 6d,

Psychology for Teachers.

With a Preface by Sir J. G. Frren, ML A., LL.D,, late one of H.M.'s
Chuef Inspectors of Training Colleges, Second edition. Crown 8vo,,
cloth, 3a. td.
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