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PREFACE

—

TuEe establishment of the Zeilschrift fiir Physikalische
Chemie, some twelve years ago, may be regarded as
marking the rise of the science as an independent
subject, and its recognition as such in Germany. About
that time van 't Hoff published his extraordinarily
fruitful ideas on osmotic pressure, and on the applica-
tion of thermodynamiecs to chemistry; Ostwald was
appointed to the chair at Leipzig, and the brilliant
series of researches commenced, which have made that
laboratory known throughout the world as the home
of physical chemistry ; and soon afterwards Arrhenius
supplied, in the electrolytic dissociation theory, what
was needed to complete the main outlines of the science.
At the beginning of this decade physical chemistry was
in the making: now it is so far set that a small text-
book may be written with security and advantage ; the
subject is still growing very fast—as witness the 2,500
pages of the Zeitschrift every year—but the growth is
in detail. It is time, too, to appeal for wider recognition
in England, where, as yet, not a single professorship
exists to mark the appearance of a new science that,
on the Continent, has long been regarded as wide
enough to require a man’s whole energy.

The present book is intended to contain what a
student—with limited time, and many subjects to learn
a2




v PREFACE

—may usefully read. It is by no means written to suit
any examination, but still is written with the practical
requirements -of students in view—indeed, is based on
the author’s lectures. At the same time the author
hopes that the style adopted will put the reader, as far
as possible, in touch with the constant stream of experi-
mental and theoretical research that makes physical
chemistry at present such a fascinating subject to
follow.

A good deal of mathematics is unavoidable; but it
will be found that the mathematical sections can be left
out without making the rest unintelligible. It may be
pointed out that the earlier part of chapter iii, containing
the general theory of thermodynamies, is not intended
to be mathematically striet, but merely to indicate the
course of reasoning followed by the strict proofs; for
a thorough treatment of the subject, Planck’s work
sbould be consulted. In the latter part of that chapter
the author has endeavoured to arrange the theorems on
the application of thermodynamics to chemistry (and
they gave him much trouble to understand) in the most
intelligible form,

It is hardly necessary to express indebtedness to the
classical writings of van 't Hoff, Ostwald, Nernst, and
Planck : the short catalogue, following, of the leading
books on theoretical .chemistry will do so sufficiently,
and in more useful form. It only remains for the author
to add his gratitude to his friend Dr. F. G. Donnan, who
read through the MS. and made valuable ecriticisms
thereon.

LoNpon,
July, 1899.
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The quantities occurring frequently in the course of the

book are

as far as possible expressed by the following

symbols : —

()

D HED

> N QS B RO R R

T owx ™ oMy BT e

Concentration.
Density of liquid.
Electromotive foree.
Free energy.

K ; .
— T ratio of specific heats.
Ky

Quantity of electricity.

Reaction or dissociation constant.
Molecular weight (of dissolved substance)
Osmotic pressure.

Quantity of heat.

Gas constant.

Entropy.

Absolute temperature.

Internal energy.

Dilution (ec.c. per gram) of solution.

p opecific heat of gas at constant pressure.

Specific heat of gas at constant volume,
Molecular conductivity.

Density of gas or vapour.

Acceleration of gravity.

Velocity of reaction.

Latent heat.

Molecular weight (of solvent or gas).

Number of ions formed from molecule.

Gas (or vapour) pressure.

Quantity of heat.

Valeney.

Tonie velocities.

Molecular volume of gas or vapour.
Transference ratio of kation (Hittorf's number).
Degree of dissociation, or degree of reaction.
Quantity of electricity per gm. equivalent (g6,540).
Van 't Hoff's factor of dissociation.

Specific conductivity.

Molecular latent heat.

Molecular coefficient in a chemieal equation.

Some of the above symbols are, however, used transiently
in other senses,
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INTRODUCTION

Tur science of physical chemistry, which is mainly a
development of the last two decades, 1s not separated by
any definite boundary from physies on the one side, or from
chemistry on the other; but the accumulation of experi-
mental material, and the growth of theory which allows of
the experimental data being freated systematically, have
made it convenient to regard physical chemistry as a distinet
branch of the physical sciences. It consists chiefly in (i)
measurement of the physieal constants of chemically definite
materials, and the relation between those constants and
the chemical structure of the substances possessing them ;
(ii) the quantitative study of chemical reactions, These two
divisions are frequently deseribed as chemical statics and
dynamies respectively. In this book the subject will be
treated in the order just indicated, and—to explain the
arrangement in sornewhat more detail—physical constants
may be measured either (@) to determine molecular weights
(the subject of chap. i), or (b) for the more general problem
of determining the structure of the molecule (chap. ii).
Again, chemical reactions may conveniently be divided into
those taking place in homogeneous systems (chap. iv) and
those in heterogeneous systems (chap. v). To the whole
Is prefixed a short summary of the physical principles
and conceptions involved ; but one branch of physics, viz.

B




2 PHYSICAL CHEMISTRY

thermodynamies, requires special treatment on account of its
importance and its difficulty. Thermodynamie reasoning is
intimately bound up with the theories of physical chemistry ;
indeed the subject has come to be mainly built up on
a basis of thermodynamic reasoning, and the application of
thermodynamics is so certain, that not only may numerical
observations be ranged in order by means of it, but one set
of experiments may be made to determine the value of two
quantities., Accordingly two whole chapters, Nos, iii and vi,
have been devoted to an explanation of the principles of
thermodynamics and their bearing on the problems of
physical chemistry. Finally, the somewhat special pheno-
mena of galvanie cells have been reserved for consideration
in a chapter by themselves.

In the physical summary now to be given, no attempt at
explanation will be made ; the definitions and laws required
for the subsequent treatment of physical chemistry will be
stated simply for convenience of reference: for further ex-
planation and illustration of their meaning the text-books
of physics must be consulted. But it will probably be
useful in reading the chapters following to have at hand
a list of the leading physical constants, and of the algebraical
relations between the various physical quantities.

[nits,

According to the system generally adopted for the expres-
sion of physical quantities, three units, viz. those of length,
time, and mass, are chosen arbitrarily, the remainder being
derived from those. It has become customary to use the
centimetre, the second, and the gram as the three funda-
mental units, and the set of units systematically derived
from them constitutes what is known as the C. G. S. system.
The prinecipal quantities and their units are as follows :—

Length : unit, the centimetre (em.).
Area: unit, the square centimetre (em®, ).
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Volume : unit, the cubic centimetre (em’. or c.c.).

Time : unit, the second (sec.).

Velocity, time-rate of change of position: unit, em. per
sec.,

Acceleration, time-rate of change of veloecity: unit, em.
per sec. per sec.

Mass : unit, the gram (gm.).

Density, mass per unit volume: unit, gm. per c.c.

Specific volume, volume per unit mass: unit, c.c. per
gram,

Momentum, mass X velocity : unit, gm. em. per sec.

Force, mass x acceleration (or time rate of ehange of
momentum) ;: unit, gm. em. per sec. per sec. called the
dyne.

Energy (including work), force x distanee : unit, dyne-
em. called the erg.

Power, time rate of change of energy (or rate of doing
work) : unit, erg per sec,

Since the erg is an inconveniently small unit for practical
purposes, use is frequently made of the

Joule = 107 ergs
and the watt = 107 ergs per second.

Energy, the most important of these dynamical quantities,
presents itself in the first place in the form of mechanical
work, Work is done when motion is effected against the
action of a force, and the amount of it is measured by the
product of the forece into the distance moved in the direetion
of the force. Energy may be defined as ability to do work,
and is consequently a thing of the same kind as work, and
to be measured in the same unit, the erg. There are many
varieties of energy, but they may all be included under one
or the other of two headings, viz. kinetic or potential.
Kinetic energy is the energy possessed by a moving body
in virtue of its motion ; it amounts to one-half the product
B 2
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of the mass of the body into the square of its velocity.
Potential energy is the energy possessed by a body or
system of bodies in virtue of their configuration (i.e. the
mutual position of the parts of the body or system): such
1s gravitational energy, elastic energy, emergy of electric
charge, of chemical affinity, &e.

In addition to the above systematic units, in which
nothing is assumed arbitrarily but the standards of mass,
length, and time, a system is in use in which the unit
acceleration is chosen arbitrarily, as equal to the acceleration
of gravity on the earth’s surface. This quantity is at any
point the same for all bodies, and, moreover, varies little
from place to place, having the average value of 981 em,
per sec. per sec. Accordingly the unit of force would then
become the weight of 1 gram (i. e. the attraction of the earth
on a gram mass, which would communicate to it an accelera-
tion of 981 em. per sec. per sec. if unopposed), and is equal
to 981 dynes: it may be written 1 gm. wt. The unit of
energy becomes the gram-centimetre or work done in over-
coming a force of 1 gram weight through 1 em. (e. g. in
lifting 1 gm. through a height of 1 em.), and is equal to
981 ergs. The above are called ‘gravity’ units, to distin-
guish them from the former ‘absolute’ or C. G. S. units,
In this book the C. G. S. units will be regularly employed
except in cases in which the gravity units oceur inevitably,
and then the latter will be converted into C. G. S. measure,
The value of the acceleration of gravity, or g, varies from
978 at the equator to 983 at the pole: as a standard its
value at sea-level in latitude 45° is adopted, and that is

g = 980.61.

Fluid Pressure.

Fluids, i. e. liquids and gases, exert a pressure depending
on their weight ; this amounts at any point to the weight of
a column of the fluid, of unit area, and of height equal to



INTRODUCTION 5

the vertical distance from the point considered to the top of
the fluid : or symbolically
p = ghd (dynes per sq. em.),

where g is the acceleration of gravity, & the height, and d
the density of the fluid. There may also be a pressure
applied from without, as e. g. in the case of a liquid under
ordinary conditions, which bears the weight of the atmosphere
above it ; but in any case the variation in pressure from
point to point of the fluid is given by the above formula.

The pressure of the atmosphere is measured by that of
the mercury column in a barometer. When the latter has
its normal value of 76 ems. (corrected for temperature, &e.,
and reduced to the standard value of g) the pressure is

980-61 x 76 x 13-5956 = 1,013,230 dynes per sq. em.

This number is close to one million, and it is becoming
customary to adopt one million dynes—or one megadyne—
per sq. em. as the standard atmospheric pressure. That
unit will be employed in the following pages. It may be

realized with sufficient accuracy by noting that it is very
nearly equal to 75 ems. of mercury (exactly 75-0076 ems.).

Flasticity.

A strain is a change of size or shape.

A stress is that which produces a strain, and is measured
by the amount of force exerted on unit area (pressure,
tension, tangential force applied over an area).

Elasticity is the property of recovering from a strain
when the stress is removed.

In all bodies the stress required to produce a small strain
elastically is proportional to the strain produced (Hooke’s
law). The ratio

stress
strain

Solids possess two independent kinds of elasticity—of

= coefficient of elasticity.
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volume and of shape. A strain in volume can be produced
in an ordinary solid by a uniform (hydrostatic) pressure ;
it is measured by the ratio of the diminution of volume to
the original volume. The stress (pressure) divided by the
strain, so measured, gives the coefficient of volume clasticity.

A strain in shape only is a shear. It is measured by the
ratio of the displacement of any point in the body to the
distance of that point from the plane of the bhody which is
not displaced. The shearing stress (tangential pressure)
divided by the strain, so measured, gives the coefficient of
elasticity of shape or rigidity.

Fluids are distinguished from solids by possessing no
rigidity. Hence when a shear is set up in them, no elastic
reaction oceurs: if the stress be removed the fluid will not
recover its former shape, and if the stress be maintained
the amount of shear will go on increasing indefinitely.
The shear then becomes a ‘flow’ of the material, to which
there is a frictional resistance ; the ratio

shearing stress

rate of shearing
is here a eonstant of the material, taking the place of the
rigidity in a solid, and is called the coefficient of wiscosity.
The rate of shearing is to be measured by dividing the
veloeity of any point in the fluid by the distance of that
point from the plane in the fluid which is not displaced ;
the stress is, as before, measured by the tangential force per
unit area.

Laws of Guases.

Actual gases approximate to a condition known as that of
a perfect gas, some of whose properties are as follows : —

When the temperature (Z') remains constant, the pressure
(p) of the gas is inversely proportional to its speeific volume
(v"), and therefore directly proportional to its density, or

P o 1—1,-(5!" const.) . . (Boyle’s law.)

— el
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When the pressure remains constant, the specific volume is
directly proportional to the absolute temperature (i. e. tem-
perature measured from the absolute zero, about —273°C.), or

o'« T'(pconst.) . . (Charles’ or Gay-Lussac’s law.)
When the volume remains constant, the pressure is
directly proportional to the absolute temperature, or
p o T' (v const.).
These three statements are summarized in the equation
pv’ = R'T,
where R’ is a constant: this is therefore called the ‘char-
acteristic equation ’ of the gas,

The gas constant is a quantity of great importance in
physical chemistry, so that is desirable to evaluate it exactly.
As defined above, it would have a different value for each
gas ; but, according to Avogadro’s law, the specific volume of
a gas is inversely proportional to its molecular weight, so
that if in the equation the molecular volume (¥) or volume
occupied by one gram-molecule be used, the constant in the
equation will be the same for all gases. We may therefore
write P = Ef‘;
in which the quantities refer to a gram-molecule of the gas.
In order to determine R it would be sufficient to measure
the volume of a perfect gas at any observed temperature and
pressure. There is, however, no perfect gas. If oxygen be
taken as the standard, it being commonly adopted as the
basis of the system of atomic weights, we have, according
to Rayleigh, Leduc, and others, the density 0-0014290 under
a pressure of 1,013,230 dynes per sq. cm. and at the freezing
point ; but the gas being somewhat more compressible than
a perfect gas, the theoretical density is 0.0014279"', Hence,
the molecular weight being taken as 32, we have

Ay pv al 1013230 > 32
/{4 273 0-0014279
! D. Berthelot, €. R. 126. 1030 (18g8).

= 83,157,000 ergs.
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When the pressure exerted on a gas is high, it departs
much in behaviour from a perfect gas ; under some circum-
stances it may be liquefied, and the phenomena of the eritical
point, connecting gases with liquids, have to be considered.
Various equations have been proposed to show more exactly
the relation between the volume pressure and temperature

of a fluid, of which the most important is that of van der
Waals :

(p+35) 0= b) = BT,

where @ and b are constants. The equation to a perfect
gas is a particular case of this with a = 0 and b= 0. The
characteristic equation and its relation to the critical point
will be reverted to in more detail in chap. ii.

Fluids possess one kind of elasticity only, that of volume.
The coefficient of elasticity is obtained by dividing a small
change of stress (pressure) by the corresponding small strain
(or fractional change of volume). For a gas obeying Boyle's
law, and wunder the condition of constant temperature, it may
be shown that the coefficient of elasticity is numerically
equal to the pressure of the gas,

| In the language of the caleulus, the coefficient of elasticity
= %: which when pv = const. becomes = p. |

For the molecular weight of a substance taken in grams
the abbreviated expression mol. will be used.

Surface Tension.

In liquids there is a certain quantity of potential energy
present associated with their surface, and proportional to
its extent. This energy produces a tension across any line
drawn in the surface of a magnitude (per unit length)
numerically equal to that of the energy (per unit area), and
shows itself in the well-known phenomena of capillarity.
The surface energy or surface tension is most easily measured
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by the height to which the liquid rises in a capillary tube.
For an ordinary liquid which wets glass, if D be the density
of the liquid, d that of the vapour or gas in which the
experiment is performed, /i the height to which the liquid
rises in a tube of radius », and g the acceleration of gravity,
then the surface tension is

T = Yghr(D—d)(dynes per em.’,

Calorimetry.

Heat is a form of energy, and may therefore be measured
in terms of the erg. To measure a quantity of heat directly
in ergs is not, however, always possible or convenient, so
quantities of heat are usually expressed by a secondary unit
which arises naturally in the mode of measurement, and
the secondary unit is reduced to ergs by an independent
experiment.

The secondary unit or calorie is usually defined as the
quantity of heat required to raise 1 gm. of water through
1°C. Sometimes 100 or 1,000 times this amount is adopted,
but such units will not be employed in this book.

The value of the calorie, however, varies slightly according
to the degree of temperature through which the water is
raised. The energy required—i.e. the value of the calorie—
is shown for various temperatures by the following table :—

6" 4-203 X 10" ergs 1.0007 therms
10° 4196 0.9990
15° 4-188 0:0972
m:-: 4181 0:0055
25 4:176 09943

These numbers are taken from the experiments of
Rowland, as recalculated by Day’, and expressed in terms
of the constant-volume hydrogen thermometer.,

It has been proposed to adopt as the standard ealorie, or
therm, the quantity 4.2 x 107 ergs. This is the value of the

' Physical Review, 8. 193-222 (1808).
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calorie at about 7-5°. The preceding table gives the means
of reducing quantities of heat measured in a water calorimeter
at other temperatures, to standard calories, or to ergs.

The gas constant R is approximately 2 calories,

The specific heat of a substance is the quantity of heat
required to raise 1 gram of it through 1°C,

The thermal capacity of a body is the quantity of heat
required to raise it through 1° C.

The latent heat of fusion (or of evaporation) of a substance
is the heat required to melt (or volatilize) 1 gram of it.
Sometimes the molecular latent heat is used instead. This
is the heat required to melt (or volatilize) 1 gram-molecule
of the substance.

The heat of reaction is the heat evolved when the quantities
of reagents (in grams) expressed by the equation to the
reaction suffer the chemical chiinge in question.

The keat of formation of a substance is the heat that would
be evolved in forming 1 gram-molecule of the substance
from its elements.

It was found by Dulong and Petit that the specific heats
of the solid elements are mostly in inverse proportion to
their atomic weights. This may be expressed by saying that
the afomic heat (specific heat x atomic weight) is constant.

The average value of this quantity is 6-4. The majority
of the elements lie between 5:9 and 6-9, but a few have
lower values. These are—

Aluminium . 5.8 Beryllium (at 257°) . 5.3
Gallium . . 55 Boron (at 600%). . . 55
Phosphorus . 5.6 Carbon (at 1000°) . . 5:5
Sulphur . . 5.7 Silicon (at 232%) . . 5.7

The four latter elements have much lower atomic heats
at atmospheric temperature. The atomic heat is, however,
in any case, a very ill-defined quantity, varying much ac-
cording to the temperature, erystalline form, and mechanical
condition of the element.
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CHAPTER 1

DETEEMINATION OF MOLECULAR WEIGHT

§ 1. Molecular Weight of Gases.

Ir the problem of chemistry be regarded as that of
relating the properties of bodies to their minute structure,
1. e. to the configuration of the molecules of which they
are supposed to be built up, it is clear that one of the first
steps towards the solution of the problem, is to determine
the mass of the molecules. With regard to the absolute
masses, the information at present available 1s uncertain ;
but, fortunately, chemistry is not immediately concerned
to know them: what i1s of far more consequence in the
practice of chemistry is to know the relative masses of
the various kinds of molecules, i.e. taking one kind—
hydrogen or oxygen—as a standard, to measure the mole-
cular mass, or as it is more commonly called, the molecular
weight, of their bodies by comparison with it.

Until recently nothing was known as to the molecular
weight of any substances except gases and vapours, but
in the case of these a method of general application had
been found. This is the method based on Avogadro’s law.
According to that law, all gases and vapours when under
identical conditions of temperature and pressure contain
equal numbers of molecules in the unit of volume; hence
it is only necessary to measure the mass of unit volume,
i.e. the density, to know the relative masses of the
molecules,
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The work of Regnault on gas densities was for many
years the best of its kind, and although lately several
experimentalists have made measurements which involve
improvements of detail, a short account of his apparatus
will sufficiently indicate the method to be followed. The
method is essentially to weigh a globe (i) empty, (ii) full,
of the gas in question at observed pressure and temperature,
(iii) full of water, in order that from the difference between
(1) and (iii) the volume of the bulb may be known: it is
therefore the method of the specific gravity bottle, as applied
to gases. The first and most obvious difficulty is that
the gas in the globe weighs much less than the globe itself,
so that small errors in determining the latter, due to
air-displacement, moisture, electrification, &e., would pro-
duce a disproportionate effect on the weight of the contained
gas, To minimize the error, Regnault weighed the working
globe—a glass bulb of about 10 litres—against a bulb of
the same size and weight as tare: both bulbs being similarly
affected by temperature, pressure, and dampness of the air,
there remained only the small difference of weight due to
the gas contained, to compensate by weights from the box.
The globe was closed by a metal tap—in all modern experi-
ments a glass tap sealed on is preferred ; through this it
could be connected with the air-pump and the supply of
~ gas. Regnault’s air-pump was not capable of producing
a complete vacuum, but modern mercury-pumps will easily
evacuate a globe so completely that the residual gas—whose
pressure may be less than one-hundredth of a millimeter—
may be altogether neglected. With the aid of such a pump
an experiment consists in evacuating the globe, heating it
at the same time to drive off gas condensed on the glass
surface, disconnecting from the pump, and placing on the
balance ; then, after sufficient time has elapsed for the bulb
to acquire the temperature of the surroundings, and its
surface to acquire a normal degree of dampness, in weighing
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against the comparison bulb ; afterwards the bulb is placed
in ice, and a stream of the purified gas allowed to flow
into it till the pressure is that of the atmosphere, or that
indicated by a manometer attached to the filling apparatus.
‘When the temperature and pressure are constant, the tap
is closed again, the bulb
carefully wiped dry, and
reweighed. As consider-
able uncertainty is intro-
duced by anyhandling of
the glass surface, some
experimenters have pre-
ferred to fill the bulb at
the atmospheric tem-
perature so as to avoid
the necessity of wiping
the glass, and reduce the
weight to the standard
temperature by the aid
of a thermometer. A
correction which is es-
pecially important in the
case of hydrogen, over-
looked by Regnault, and
first pointed out of re-
cent years, is due to the
contraction of the bulb
when the internal pres-
sure is removed: this
: causes its displacement
of air to be less when weighed empty than full, and it is
necessary to add to the observed weight of each gas an
amount equal to the weight of air displaced by the full
bulb in excess of that displaced by the empty one,

Very careful measurements of the density of hydrogen,
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oxygen, nitrogen, carbon dioxide, and air, have been made
by J. P. Cooke, Lord Rayleigh, Leduc, E. W. Morley, and
others, especially in the case of hydrogen and oxygen. For
Avogadro’s law, like the other gaseous laws, is only an
approximation, and in order to determine the molecular
weights of these gases two methods are available: either
to find the combining proportions by weight directly, or
to find the combining proportions by volume and reduce
these numbers by the observed densities, Thus, according
to Morley?, 2:0027 volumes of hydrogen combine with one
of oxygen to form water; but the density of oxygen is
15:9002 times that of hydrogen, so that the weight of
oxygen which will combine with two grams of hydrogen is
15:9002 = 2.0027 = 15-879 ; while Morley himself finds by
gravimetric analysis the same number for the atomic weight
of oxygen, referred to hydrogen as unity.,

The density of the principal gases expressed in gms,
per c.c. at 0° and under a pressure of 760 mm, of mercury
reduced to sea level in lat. 45" is—

Density. Specific gravity referrved
fo awr fo hydrogen  to oxygen
=16
Air {dry and free from
GA)': - . v . cooI=ZgaBl . x 14-38 I4:47
ffypanys ot e 14200 I.1054 15:90 16-00
Nitrogen (atmospherie,
containing argon) . 12568 o0.g722 13-98 I4.07
Nitrogen (pure) . . . 12507 0.9674 13:91 I4-00
Hydrogen . . . . . oo8gg  0.06g54 I 1.006

The numbers are derived from Lord Rayleigh’s experi-
ments, except that for hydrogen, which is from those of
Morley and Leduec.

As a rule, however, in molecular weight determinations,
it i not necessary to obtain a high degree of accuracy:
an accurate equivalent weight is found by gravimetric

* E. W. Morley, Ostw. 17. 87-106 (1895).
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analysis, and it is only necessary to find whether the
molecular weight is equal to this, or twice, three times,
four times as great. The problem, whether for gases or
vapours, then becomes one within the range of ordinary
laboratory practice. An apparatus suitable for measuring
the density of gases with an accuracy of about one per cent.
has been described by Moissan and Gautier', and is shown
in Fig. 1 (p. 14). It consists of a gas burette B, into which
the gas is driven by the side tube and three-way tap: here
it is reduced to atmospheric pressure and its volume and
temperature taken. A is a glass bulb of about 100 ec.c.
provided with a tap, and fitted by a ground-glass joint on
to the gas burette, It is weighed full of dry air against
a similar bulb as counterpoise, evacuated, and fitted in
place as shown ; the gas is then allowed to flow into the
bulb, and the latter reweighed.

§ 2, Molecular Weight of Vapours,

The molecular weight of a vapour ean be determined by
a measurement of its density, according to Avogadro’s law,
provided the vapour is not near its point of condensation :
when heated some twenty or thirty degrees above the
boiling point of the liquid under the pressure used in the
experiment, the vapour will usually follow the gaseous laws
with sufficient approximation. The exceptions occur when
the vapour dissociates. That case requires separate con-
sideration, and it will be seen that vapour density measure-
ments then give valuable information on the course of the
dissoeiation with changes of temperature and pressure.
Ordinarily, however, the density of a vapour, when not
near saturation, follows Boyle and Charles’ laws, so that it
always bears the same ratio to the density of hydrogen
under the same pressure and temperature, The ferm specifie

I Moissan and Gautier, C. E. 115. 82-6 (18g2).
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gravity may conveniently be retained to express that ratio,
while density is used in its customary sense of mass per unit
volume. As hydrogen is taken to have the unit atomic
weight, and is diatomie, its molecular weight is 2, and that
of any other gas consequently = 2 x specific gravity referred
to hydrogen (more precisely 2-016 if oxygen be taken as
standard, with molecular weight 32).

Of methods for measuring vapour densities, the earliest—
that of Dumas—is analogous to the gas-density method.
A glass bulb of 100 to 200 e.c. with a long capillary neck
is used ; it is partly filled with the liquid to be measured,
and immersed in a bath of liquid—water, sulphuric acid,
or fusible metal, according to the temperature required—at
a temperature somewhat above the boiling point of the experi-
mental substance. The vapour formed drives out the air from
the bulb, and when all the liquid is evaporated, the end
of the neck is fused up, and the temperature of the bath ¢,
and pressure of the air p,, noted. The bulb is then cooled,
dried on the outside, and weighed against a similar bulb
as counterpoise, giving, say, w, grams, a previous weighing
of the bulb when full of air giving w, as the weight. The
point of the bulb is then broken under water, which enters
and fills the bulb ; the weight W of the latter full of water
1s then taken. W —w, is then the volume of the bulb:
if p, be the pressure and ¢, the temperature of the air
with which it was filled during the first weighing, this air

weighs

2
73 P14 0.001293 gms,,

(W) o734z X 760

and the empty bulb would weigh %, minus this quantity.
The weight of the vapour is therefore

CBIEL o Gt
273+1¢ ~ 760
If this be divided by the weight of W —w, cubic centi-
o

wy,—w, + (W —uw,) x 0:001293,




18 PHYSICAL CHEMISTRY

metres of hydrogen at #, and p, the specific gravity will be
obtained.

It is sometimes possible to absorb the vapour from the
bulb, and estimate its weight by volumetric or gravimetric
analysis: this is to be preferred, as it avoids the difficulties
of weighing gases directly.

Dumas’ method has been used for temperatures above the
softening point of glass, with a porcelain bulb : it is, how-
ever, not so convenient either for low or high temperatures
as that of Victor Meyer.

The principle of this method is to cause the vapour, when
generated, to drive out an equal volume of air into a
measuring tube. The apparatus consists of a bulb with
a long stem about 1 em. diam. closed at the top by a cork,
and carrying mnear the top a capillary side tube. The bulb
and most of the stem are surrounded by a wide jacketing-
tube, in which can be boiled water, aniline, or other liquid,
to maintain a constant high temperature in the bulb; the
side tube either passes into a eudiometer placed in a pneu-
matic trough (filled with water) or is connected to a gas
burette. From one to two decigrams of the liquid to be
used are weighed out in a small sealed bulb of glass, which
may be placed in a catch in the stem of the apparatus:
when the econstant temperature—some thirty or forty
degrees above the boiling point of the liquid—is attained,
the catch is released, the small bulb falls to the bottom
of the apparatus and bursts; the liquid evaporates com-
pletely in two or three minutes, remaining in the hot part;
whilst an equal volume of air is forced into the eudiometer,
where its volume pressure and temperature are determined,
allowance being made for the fact that it is saturated with
water vapour. Then if

v = volume of air,
p = height of barometer in millimetres,
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I = height of water in eudiometer above the level
outside,

t = temperature of the air,
p, = saturation pressure of water vapour at {,
w = weight of air, :
e 2

T
and the specific gravity of the vapour (referred to air) is
simply got by dividing the weight of liquid used by the
weight of air collected, Since air is 14.38 times as heavy
as hydrogen, the molecular weight = 14.38 x 2.016 = 28-94 X
specific gravity referred to air.

It will be observed that it is not necessary to know the
temperature of the bath ; it is necessary however to keep it
constant, otherwise air will be driven into or out of the
measuring tube on account of fluctuations of temperature.
Under ordinary circumstances results correct to one or two
per cent. can be obtained.

Victor Meyer’s method has been applied with success
at very high temperatures—even up to 1730° C.—obtained
by means of a gas furnace. Bulbs of porcelain or platinum
were used, but no important modification of the method
was required. In the case of bodies which oxidize easily,
the apparatus may be filled with nitrogen or hydrogen,
previous to the experiment ; and if the substance employed
will not volatilize without decomposition under the ordinary
pressure, reduced pressure may be employed. In this case
a gas-burette rather than a eudiometer should be adopted,
and the water in it replaced by mercury.

‘When high temperatures, obtained by direet application
of a flame, are used, it is of interest to know what the
temperature in the bulb is. Nilson and Petterson, V. Meyer
and others have accomplished this, making use of the
bulb itself as an air thermometer, by noting the quantity

02

w= 0001293 x v X
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of air expelled from it whilst heated up from atmospheric
temperature to the temperature of the experiment. For
details we must refer to the originals’,

The other chief method, that of Gay-Lussac and Hofmann,
may conveniently be deseribed here, although it is not
much use for molecular weight determinations. It is
capable of much more accuracy than the others, and is
suitable for taking measurements over a considerable range
of (low) pressures, though only at moderate temperatures
on account of the evaporation of the mercury in the working
tube, but it is far more elaborate and troublesome to carry
out, so that it would never be used in cases in which
Victor Meyer’s method was available. It consists essentially
in placing a weighed amount of liquid at the top of a baro-
meter tube, surrounded by a heating-jacket, and noting
the volume, pressure, and temperature of the vapour pro-
duced. The pressure exerted by the vapour is measured
by the depression of the mercury in the tube, and obviously
the pressure must be less than that of the atmosphere.
A simple modification, however, allows of a considerable
extension in the range of pressures: if the reservoir of
the barometer tube be made of strong glass and closed
at the top, air may be pumped into it, so that, practically.
the experiment may be performed in an artificial atmosphere
of pressure equal to a metre, or more, of mercury. This
modification is of value when it is desired to trace out the
relations between volume and pressure of a fluid, though
unnecessary when an ordinary molecular-weight determina-
tion is in question. The accompanying figure (Fig. 2),
taken from a paper by S. Young and G. L. Thomas®, shows
the modified apparatus. It consists of a mercury reservoir
E, in which dips the barometer tube a, which is graduated

! Langer and V. Meyer, Pyrochemische Untersuchungen, Braunschweig,
1885.
* Proe, Phys. Soc. 18, 659 (1895).
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in millimetres throughout its length, and is wide for the
greater part of its length, in order to hold a greater mass
of vapour. Pressures are read off it directly, and have to
be corrected for the temperature to which the mercury
column is raised ; for the measurement of volume, the tube
is previously calibrated. The tube fits through a rubber
cork, which also supports the jacket c¢. The upper part
of A is connected through a side tube ¢ with a pump and
gauge J H K, so that the air in A may be brought to a higher
or lower pressure as desired, and the pressure measured.
The jacket is of the pattern recommended by Ramsay and
Young, allowing the liquid in ¢’ to be boiled under reduced
pressure: D is a short reflux condenser, m a reservoir of
air to keep the pressure more steady, and No a mercury
gauge. This method of jacketing is a most convenient
one for many purposes, as by the choice of a few stable
liguids easily obtained pure, it is possible to produce any
required temperature up to 350° and maintain it indefinitely.
Ramsay and Young' prepared a set of tables showing the
temperatures corresponding te certain vapour pressures of
carbon disulphide, aleohol, chlorobenzene, bromobenzene,
aniline, methyl salicylate, bromonaphthalene, and mercury.
To obtain a given temperature, choose the most appropriate
of these liquids, and placing it in the jacket, reduce the
pressure to that quoted in the tables for the temperature
required ; on heating the bulb ¢’ the liquid will boeil and
maintain this temperature in any apparatus the jacket
encloses.

§ 3. Molecular Weight in Solutions: Osmotic
Pressure.

Of late years great advances have been made in the
direction of measuring the molecular weight of bodies in
the liquid form. The results obtained for pure liquids are

L J. @, 8, 47. 640-57-
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still open to considerable doubt, as the methods by which
they are obtained are either lacking in generality or
insufficiently clear from the theoretical standpoint, but for
the highly important class of solutions molecular weights
may be regarded as known with as much precision as for
gases. This is due chiefly to the analogy drawn by van 't
Hoff between dilute solutions and gases. From the point of
view of the molecular theory, the properties of gases are
simply explained by the relative freedom from interaction
of gaseous molecules. In a liquid, the molecules, though
moving with econsiderable velocity and freely changing their
relative positions, are nevertheless so closely packed that
they are always either in contact with neighbouring
molecules, or at least near enough to suffer appreeciable
forces of attraction and repulsion from them ; but when
a liquid is vapourized under the customary pressure, it
expands something like a thousand-fold, so that the average
distance between two adjacent molecules in any direction is
increased tenfold. Now the forces between molecules fall
off very rapidly indeed as the distance between them
increases, so that in such a wvapour they are almost
negligible. It follows that the properties of a vapour or
gas can be calculated from a consideration of its molecular
movements alone; in other words, by considering the kinetic
energy of the molecules, neglecting any potential energy
the substance may possess on account of internal attractions
and repulsions. The result of such ealculation is in accord-
ance with the laws of gases as derived from observation,
viz. (1) the pressure exerted by a gas is proportional to the
number of molecules per unit of volume (i.e. proportional
to the density) (Boyle) ; (2) regarding the absolute tempera-
ture as being the expression of the mean kinetic energy of
tramslation of a molecule (therefore proportional to the square
of the mean velocity), the pressure of a gas is proportional
to its absolute temperature (Charles and Gay-Lussac). The
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2

: mnu
exact result is that the pressure may be put = — where
m = mass of a molecule, » = number of molecules per ¢,c.,

w = mean velocity'. Now m xn = mass of 1 c.c. of the gas,
so that m%w is the kinetic energy of translation of the
molecules (apart from any kinetic energy they may possess
on account of rotations, internal vibration, &ec.). It follows
that the pressure of a gas is numerically equal to two-thirds
of the kinetic energy of translation of its molecules. This
result holds for all gases, so that if any two gases have the
same pressure they must have the same amount of kinetic

energy of translation per c.c.; but if they also possess the
2

same temperature, the product % is the same for each :

hence in two gases at the same temperature and pressure =,
the number of molecules in unit volume is the same
(Avogadro).

Now the molecules of a substance in solution are capable
of producing an effect —known as osmotic pressure—between
which and gaseous pressure a very close analogy exists. To
show osmotie pressure it is necessary first to find a material
which is permeable for the solvent but not for the dissolved
substance. Such semi-permeable membranes occur com-
monly in the tissues of animals and plants, and they have
been constructed artificially, the best known form being the
precipitate produced at the surface of contact of a solution
of copper sulphate with one of potassium ferrocyanide.

! Properly speaking, the square root of the mean square velocity :
got by dividing the sum of the squares of the veloeity of each mole-
cule by the number of molecules, and then extracting the square root,

2 (02 + 1® + uy? s
or u = ‘\/ (4 + % + 1y +”'], where ,, 4, 43, &e., are the velocities
7

of the individual molecules. This is not the same thing as the true

- 2 (U + g+ Ug+...)
mean velocity = ———M——"1,

]
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The copper ferrocyanide membrane is freely permeable
for water, but practically impermeable for substances with
high molecular weights, such as sugar. An osmotic cell,
then, may be constructed according to the directions of
Pfeffer' by filling a porous earthenware jar with sugar
solution, containing a little copper sulphate, and immersing
it in a dilute solution of ferrocyanide; the semi-permeable
membrane will be formed in the interior of the earthen-
ware. The molecules of sugar, being separated somewhat
widely by the water in which they are dissolved, are free
from one another’s influence in the same sense as gas
molecules are, and will produce a pressure on the walls
of the containing vessel. Now the only way in which the
sugar solution can expand is by drawing water from the
outer vessel through the membrane: that will accordingly
take place, and constitutes the phenomenon known as
osmosis. The level of liquid inside the cell will rise above
that outside, and will continue to rise until the pressure
due to the liquid column, thus set up, balances the osmotic
pressure in the cell. In carrying out the experiment it is
convenient to fit the earthenware cell with a cork, through
which passes a narrow upright glass tube, and to immerse
the cell in a large mass of water ; the rise of liquid in the
narrow tube will then produce equilibrium before so much
water is drawn in as to alter sensibly the concentration of
the sugar solution, and in this way the osmotic pressure
of solutions of varying strength can be measured. If the
pressure is considerable—and it may amount to several
atmospheres—the top of the narrow tube may be connected
to a compressed-air manometer instead of being left open
to the air, The results obtained in this way are thoroughly
in agreement with van ’t Hoff's theory, showing that the
osmotic pressure follows the laws of Boyle, Charles, and

' Osmotische Untersuchungen, Leipzig, 1877. Cf, also Ramsay, Ostw. 15.
518,
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Avogadro ; the number of molecules per e.c., which in the
case of gases is represented by the density, being here
represented by the ‘ concentration,’ i. e. the mass of dissolved
substance in a unit of volume of the solution. The concen-
tration of solutions is, as a matter of fact, expressed in
several different ways, each of which is convenient, according
to cirecumstances. Thus it may be expressed in grams per
100 gms. of solvent, or in grams per 100 gms. of the
solution. If (| stand for the first of these quantities, and
C, for the second, then
, 100
G =Coas S
In dealing with the osmotiec pressure, however, it is more
convenient to express the concentration in volume, Thus,
if C; mean the mass in gms. of dissolved substance per
100 e.c. of solution, and D be the density of the solution,
C".J = O; x D,
Still more convenient is the mass in gram-molecules per
unit volume, usually in this case the litre. If C, be this
last quantity,
C, = 10C, =M,

where M is the molecular weight of the dissolved substance.

Further, we may in cases find it convenient to express
the concentration of the solution by the ratio of the number
of molecules of dissolved body to the number of molecules
of solvent, either by stating the number of the latter for
one of the former, or by the fraction the former is of the
total number. The latter quantity, C, is the molecular

fractional concentration, and

G7 1o Lalyre T
1—C, (1—C,)=+=m
where m is the molecular weight of the solvent.
Adopting the fourth meaning for the concentration—

gram-molecules per litre—it is clear that two solutions will
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have the same concentration when they contain the same

number of molecules in unit volume, and therefore possess

the same osmotic pressure (at the same temperature).
Pfeffer found for solutions of sugar in water

Concentration. Osmotic pressure. Press. == conc.
) 53-5 cn. 535
i 101-6 50-8
274 151.8 554
4 2oB.2 52.1
6 3975 51-3

These numbers are, considering the difficulty of the
experiment, a satisfactory confirmation of Boyle’s law, as
applied to solutions ; while, as regards temperature varia-
tion, he found for a 1 per cent. solution

Temip. Osmotic pressure.
6.8 50.5 cm.
22.0 548
36-0 56-7
numbers which are very fairly represented by the equation
273 +1¢)
= SylgnCE 60,
P * s

Far more evidence has, however, been accumulated by
means of indirect measurements of the osmotic pressure,
which we shall have to consider later. Manipulation of
semi-permeable membranes is difficult, and their impermea-
bility to dissolved substances is by no means perfect, and
the method has been but rarely used. Amnother method in
which direct use is made of osmotic pressure and living
cells form the means of observation has met with rather
more applications. A Iiving plant-cell, a blood eorpuscle,
or a bacterium, consists of a layer of protoplasm containing
the sap or fluid of the cell; the sap is a moderately strong
solution of various salts and other soluble substances, mostly
organie, and has a very appreciable osmotic pressure, The
enclosing protoplasm acts as a semi-permeable membrane,
so that when the cell is immersed in water it keeps taut.
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If the cell is exposed to the air, evaporation may diminish
the contained water so that it no longer possesses sufficient
rigidity—as when a plant droops for want of rain. If the
cell be placed in a solution of osmotic pressure greater than
its own, a similar phenomenon, known as plasmolysis, is
observed, water being withdrawn osmotically from the cell-
sap, so that the cell shrinks. De Vries' and others have
in that way compared the osmotic strength of various
substances by observing the least concentration of each
required to plasmolyze living cells. For instance, the
concentrations (expressed in gram-molecules) required to
produce the same osmotic effect were

Glycerine, C;Hg0; ... 1.78

Laevulose, C,H,,0; ... 1.88

Cane-sugar, ), H,,0y, . .. 1-81
— practically identical, showing that the molecular weights
do correspond to the chemical formulae given.

All these results may be summarized by saying that

dilute solutions, like gases, follow the characteristic equation

PV = RT,

where P now means the osmotic pressure, and ¥V the
‘dilution’ (reciprocal of the concentration), i. e. the volume
oceupied by one gram-molecule of the dissolved substance.
If P be in dynes per sq. em., and V in e.c., the value of R,
as shown in the introduction, is 83,157,000, Thus, for
example, a solution contains 1 gm. of cane-sugar in 100 gms.
—therefore 100 e.c.—of water. The molecular weight of
sugar is 342, so that the volume containing 1 gm. mol. is
34,200 ¢.c, ; hence

P = 83,157,000 7 = 34,200.
At 22° centigrade, 1. e. 7" = 273 4 22, this gives
P = 712,000 C. G. S. units = 0:712 atmos.

! De Vries, Ostw. 2. 414 ; Hamburger, l,c. 8. 310.
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Pfeffer, as mentioned above, found P = 54-8 cms. of mercury
or 54.8 — 75 = 0-731 atmos.

Since the osmotic pressure of a solution tends to attract
and retain water in the solution, it will offer a resistance
to any process which tends to remove water. Evaporation
and refrigeration are such processes, and accordingly the
tendency to the formation of vapour or ice from a liquid
will be lessened by the solution in it of a substance that
will not itself evaporate or erystallize out ; in other words,
the boiling point of the liquid will be raised, and its freezing
point lowered. The alteration may be considered quanti-
tively in the following way.

§ 4. Vapour Pressure of Solutions.

Imagine an osmotie cell, such as used by Pfeffer, provided
with a vertical gauge tube, open at the top, the whole being
placed in an enclosure free from air so that the enclosure
may become saturated with vapour, and let the whole be
maintained at a constant temperature.

Then the liguid both inside and outside the porous cell
will eventually come into equilibrium with the vapour.
But the pressure on the two liquid surfaces is not the
same ; for the solution inside the cell is at a higher level,
by & cms. say, than the solvent outside ; consequently the
vapour pressure on the solution is less than that on the
solvent by the pressure of a column of vapour & ems. high.
This will be made plainer, perhaps, by the following
argument: suppose the saturation pressure of solvent and
solution were the same ; then, if the vapour pressure in the
receiver be in equilibrium with the solvent, it will, /& cms.
higher up, be below the saturation pressure of the solution ;
some of the solution will therefore evaporate, and the
pressure in the receiver will rise, The pressure of the
vapour in contact with the solvent will become too high,
and condensation will occur there ; in other words, distilla-
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tion from the inside to the outside of the cell will take
place. Now the solution will in this way become stronger,
and so will attract water osmotically through the semi-
permeable membrane, so that a cyclical process will be
set up, which would go on of its own accord for ever, It
is almost obvious that such a state of things could not
oceur ; it would, moreover, be in formal contradiction with
the second law of thermodynamics (see chap. iii). We are
thus led by a reductio ad absurdum to the above conclusion

as to the difference between saturation pressures of solvent
and solution, viz.

P—p, = ghd,
where p, = saturation pressure of solvent at 7',
p, = saturation pressure of solution at 7,

’ h 981 em.,
g = acceleration of gravity (= et )*

h = height of osmotic cell,
d = density of vapour ;
or as we may more conveniently write it

ghmn

Pri—P = 4

Y
where m = molecular weight of the solvent in form of
vapour,
v, = molecular volume of the vapour of solvent.
Now since the osmotic pressure follows the same laws as
the gas pressure, we have

Plv]=PV= R

where V is the molecular volume (or dilution) in c.c. per
gm. of the dissolved substance. Hence

hom
Oyl = 9'_}}_}.?1 3

but the osmotic pressure P = ghD, where D is the density
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of the liquid (practically the density of the solvent, since the
solutions are supposed dilute), Hence

p—py, ghM gh M M

"% = PR T ghDV DV
but f; is the number of gram-molecules of solvent in unit
volume, while ]F is the concentration, i.e. number of gram-

molecules of dissolved substances in unit volume: so we
arrive at the simple rule
»,—p, number of molecules of dissolved substance
P, = number of molecules of solvent '

{.?}1 _;”2)
1
vapour pressure,” The rule with regard to it was found

empirically by Raoult.

[ The above argument is somewhat inexact, mathematically.
It should refer to the infinitesimal change of vapour pressure
due to an infinitesimal change of concentration in the

d -
solution, and lead to an expression for Ep instead of {%fpﬁ}:
1
: M :
which, when integrated, gives log p,—logp, = 57— ratio

The quantity is called the ‘relative lowering of

of numbers of molecules of dissolved substance to those of
solvent. The difference is, however, inappreciable unless the
solution is very strong. Thus a 10 per cent. sugar solution
containg 1 gm. molecule of sugar in 3,420 gms. of water, 1. e.
in 190 gm. molecules of water: it should therefore depress
the vapour pressure by 3 part. If we take the effect at the
ordinary boiling point, the pressure 760 mm. for pure water
becomes 756 for the solution. The exact formula,
log p,—log p, = 13w

(remembering that the logarithms are ‘matural’ or ‘Na-
pierian’), gives p, = 756.01 mm,, so that eyven in this case
it is practically unnecessary to use it |
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Since the relative lowering of vapour pressure depends
only on the ratio of the number of molecules present, it is
independent of the temperature—except in cases where the
molecular weight varies with temperature on account of
dissociation,

It is essential to remark that in the preceding theory,
although M, the molecular weight of the dissolved substance,
refers to that substance in the liquid state (producing
osmotic pressure), m, the molecular weight of the solvent,
refers to the solvent in the gaseous state (being derived
from vapour pressure measurements), and no assumption
is made that the liquid solvent is in the same molecular
condition as its vapour. Neglect of this point has led to
the erroneous opinion that by observations of lowering of
vapour pressure (and rise of boiling point, lowering of
freezing point, &e.) information could be obtained on the
molecular weight of the solvent in the liquid state.

§ 5. Boiling Point of Solutions.

The above relation may be regarded on the basis of
a method for determining molecular weights, for if the
molecular weight of the dissolved body be unknown, the
equation gives the means of caleulating it from observation
of the vapour pressure of its solutions. It is not customary,
however, to make use of it directly, but to determine the
rise in boiling point of the solvent due to dissolution of
solid in it, which is the necessary correlative of lowered
vapour pressure.

The eonnexion between the two may be found by means
of the equation

log p = — }Eﬂ—% + constant,

which represents the change of saturation pressure with

temperature, [ is the latent heat of evaporation of the
solvent, and D its molecular weight. This equation, which

S i ool S Vi il i it ol
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is derived from thermodynamiecal reasoning, and is verified
by experiment, will have to be considered later: at present
we must assume it, and
make use of it to evaluate
the osmotic pressure.
Now if at temperature
T, the solvent have & |
¥apour pressure p; but. L= - o o
the solution p,, then at :
a slightly higher tem- ‘

perature T the solution
will have a vapour pres-
sure p,, and T— T, is the T
extent to which the boil- Fia. 3.

f--=-----

~ ing point—under pres-

sure p,—is raised by the dissolution of the solid. Applying
the above equation, since

!
logp, = — % + constant,
and log p, = — :' if" + constant,
L1
by subtraction
mi o1 1
log p,~logp, = = (7 — 7))’
0

or, writing ¢ for the rise of boiling point,
log p,—log p, = Sl
gpl : g - RT(,T

To get the osmotic pressure in terms of the change of
vapour pressure, we have, by the previous reasoning on the
osmotic height, that

P : p,—p,:: density of solution : density of vapour,

= {P'.l _P:E}D 5
= e
D

or
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but the density of the vapour = %: where » as usual is the

molecular volume, and this by the characteristic equation

= P

= =7 Hence

p_P—P, RTD i mb
P m P RTD

(2, —)
P

1S

For the same reason as before, the fraction repre-

senting the relative lowering of vapnm: pressure should,

exactly, be log p,—log p, = % ;

Combining this with the result just found for the change in
boiling point, we have

mil’ ” mlt P E:'ﬁ_D
RED T REL 0 & T,

As examples of this result take for aqueous solutions :
[ = 536-4 calories = 536-4 x 42,000,000 ergs ;
D = 0-959 (at the boiling point) ;
7, = 273+ 100.
e 586-4 x 42,000,000 x IJN?]:EF].!f
373
= 57,900,000¢ dynes per sq. em. = 57-9¢ atmospheres ;
i.e. a rise of one degree in the boiling point implies an
osmotic pressure of 57.9 atmos. |
For benzene, the latent heat heing much smaller, the
change of boiling point is much greater.
= 93.4 calories;

D = 0-815;
7 = 273480 ;
p_ 934x42,000,000x 0815

353
= 9,060,000¢ in C. G. S. units = 9:06¢ atmospheres.
Returning to the practical problem of determining
molecular weights, we may use the elevation of the boiling
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point instead of the depression of the vapour pressure.
Suppose a solution contains one gram-molecule of solid in

100 : :
100 gms. of solvent, therefore in DL cubic centimetres.
Substituting this value of V in the characteristic equation
JElie—=
RTD
we have = <00
it
but since R — 5
it follows that in this case
t = Al = {n, B8
= ][}GE et K F!

where ¢,, is the quantity ealled by van 't Hoff the ‘ molecular

elevation of the boiling point’;
R = 83,157,000 ergs. = 1:9845 calories,

and since ! is always expressed in calories, we must adopt

the same unit in the numerator and write

0.-019845 7* 0-02 7%

e or =
: L [
If an experiment made with @ grams of an unknown

substance to 100 gms. of solvent give a rise of boiling
point ¢, then

nearly.

molecular weight ¢,

el

@ t

The method of determining molecular weights by the
boiling point of solutions, as well as that by the freezing
point, has come to be associated with the name of Beck-
.mann, since he has worked out its practical details to the
most minute point, and his form of apparatus has been
almost universally adopted. The latest form' of it is shown
in Fig. 4. It consists of the boiling tube a provided with
two side tubes #, #,. ¢ serves for the introduction of the

1 Beckmann, Osfw. 21. 246.
D2
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substance, #, carries a condenser k. The boiling tube stands
on a sheet of asbestos L and a piece of wire gauze p; it is
also supported by a clamp ~. As an air-jacket to the
boiling tube, the open cylinder of glass @ is placed round
it, and surmounted by a sheet of mica s. ¢ is a calecium
chloride tube, to be used with hygroscopic materials or
when the cooling water in the condenser would cause
a deposition of dew. The condenser may be dispensed with
in case of liquids boiling above 100°. Rising vertically
from the boiling tube is the thermometer, of special construc-
tion., As it is only intended to indicate small differences
of temperature, it is made with a very large bulb, and the
scale, extending over a few degrees only, is divided
(usually) into hundredths of a degree; but to make the
same thermometer available for the boiling point of various
solvents, such as benzene, ethylacetate, acetic acid, &e.,
a small bulb is provided at the top: by appropriate heating
and shaking more or less of the mercury can be separated
and stored in this bulb, so that the mercury in the stem
when at the desired temperature is at a convenient level
on the scale. The solvent may be introduced by a pipette,
or weighed out in the boiling tube, which can be hung to
the arm of a balance ; there must he enough of the liquid
to cover the thermometer bulb, for which purpose 10 ec.c.
suffices, The substance to be dissolved may conveniently be
introduced, if solid, in the form of a small pastille, shaped
in a steel press; if liquid, by means of a small pipette
somewhat similar in shape to a Sprengel pyknometer.
The liquid will not boil freely, and impart a constant
temperature to the thermometer, unless some such material
as glass beads, or platinum foil, be placed in the boiling tube.
According to Beckmann, some 10 to 20 grams of platinum
foil bent into small tetrahedra works most satisfactorily.
If then the flame be carefully adjusted, and the liquid be
boiled for about half an hour, the reading of the ther-
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G

mometer will become constant to y{5°. The boiling point :
of the solvent is thus measured on the arbitrary secale of the *-

thermometer ; a weighed quantity of the substance intro-
duced, and after a few minutes the boiling point again

observed, in order to determine the difference £

The value of the molecular elevation, f,, for wvarious

solvents is as follows (Ostwald) :—

FEher: o0 o o« o« o S2EA Ethyl acetate .
Benzene . . . . 26 Acetone
Chloroform . . . 366 Watars o e o) s
Carbon disulphide . =23-7 Ethylene dibromide
Aceticacid . . . 253 Aniline . 5o
Ethyl aleohol. . . 11:5 Phenol .

26-1
16.7

52
6g.2
g2.2
394

As an instance of the calculation of the results, we will

. take the following experiments from Beckmann’s work : —

9.0464 gms. cane-sugar dissolved in 41.73 gms. of water
raised the boiling point 0-317°, Here z, the percentage of

sugar, = 21.68.
The molecular weight is therefore

by 0-2

= b

— 358 (while O, H,, 0,, — 342

Again, 1.5997 gm. anthracene in 56-74 gms. benzene raised

the boiling point 0-408° @ = 2:82 per cent.
26-7

— U
0-408 i

Molecular weight = 282 x

(while C,,H,, = 178\

§ 6. Freezing Point of Solutions.

If from a solution some of the solvent be frozen out,
since the volume is diminished, the osmotic pressure of the
remaining solution is increased ; thus the osmotic pressure
tends to resist the freezing, and the freezing temperature
will be lower than that of the pure solvent. The extent of
the lowering may conveniently be caleulated by means of
the rise of boiling point for which we have already found

an expression.
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Now the melting point of a substance means the tem-
perature at which two modifications of it, the solid and
liquid, exchange stability, Below it, the solid is the more
stable, but the liquid is capable of existing; it is then in
the state known as ‘undercooled,’ and a slight disturbance
is sufficient to make it assume the more stable solid form.
Above the melting point the liquid becomes the more
stable, and the solid has not been obtained; but in pre-
cisely analogous cases of chemical conversion, e.g. of
rhombiec into monosymmetrie sulphur at 95.6° it is possible
to obtain both forms at temperatures both below and above
the conversion point ; only below 95.6° the rhombie form is
the more stable, while above that temperature the mono-
symmetric form is the more stable.

These relations are well brought out if we consider the
equilibrium of solid and liquid with their vapour. The
liquid has a definite saturation pressure corresponding to
any temperature, and the curve connecting the two quanti-
ties can be traced out a good many degrees below the normal
freezing point. The solid also sublimes at a definite pres-
sure, varying with the temperature; and the variation of
this can be traced out at temperatures below the freezing

point. Thus, for example, for benzene it has been found
that:—

Temp. Saturafion pressure over

liguid, solid.
o° 26.6 mm, 24-61
s 28.1 26-31
2° 29.65 28.17
3 313 3018
4 33-06 3234
S 34:93 3464
6 36.69

It these numbers be plotted on a diagram they will give
two curves convex to the axis of temperature, aps for
the liquid, ¢p for the solid. It will be noticed that op
lies below Ape, but rising more steeply cuts the latter at b,
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and if prolonged would lie above the line for the liquid.
The state with lower vapowr pressure is in each case the more
stable, so that cp and pB form the boundary of the vapour,
while the dotted curve aAp represents an equilibrium be-
tween undercooled liquid and vapour which is unstable. At
the pressure and temperature represented by o the liquid

is in equilibrium with the
p vapour, and so is the solid,
consequently liquid and solid
are in equilibrium with one
another, » 1s the so-called
“triple point,” the only con-
dition in which solid liquid
and vapour can all be present

m:; vapoup together; it is clearly the melt-
c ing point of benzene under a

- pressure equal to that of the

Fie. 5. saturated vapour. The num-

bers quoted above give for b
a pressure of 36:06 mm. and a temperature 5-58°. The
melting point under atmospheric pressure will be nearly
the same as this, but not quite, for the melting point is
raised slightly by increase of pressure.

Now a relation between the sublimation pressures exists,
similar to that previously quoted, between the evaporation
pressures, (See Fig. 6.)

Thus, if 7', = freezing point of solvent,
T = freezing point of solution,
P, = vapour pressure of either ice or solvent at 7',
p, = vapour pressure of solvent at 7,
p, = vapour pressure of ice at 7,
I, = latent heat of evaporation of solvent,
I, = latent heat of sublimation ;

mil, ,1 1
log p,—log p, = Irl T ir_rﬁ)’
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log p,— 1 ahie = ),

ogpo—logr, =37~ 7

where, as usual, m is the molecular weight (of solvent)
R the gas constant. Hence

n (I, —

logp,—logp, = ") (7 — T)
and we may put I,—1,=1, the latent heat of fusion of ice,
since, in order to convert ice into vapour, it might either be
sublimed direct, with an expenditure of heat I, or first
melted and then evaporated, in which case the same quan-
tity of heat would be divided into the two portions [, and
/. Hence

]ngf‘}l ]'Dgf‘li T R (T T)

Now p, is also the vapour pressure of the solution at T
for that is the point at which ice separates out from it, and
ice and solution are simultaneously in presence of the
vapour. Hence the last equation shows the relation be-
tween the pressures of solution and solvent at the same
temperature 7.

But we have seen that the osmotic pressure P is con-
nected with the vapour pressures by the equation

i I’

log p,—log p, = ik

where D = density of the solution (or solvent, since the
solution is dilute).

! m P o mly 1 1
Therefore RTD= 2 \F — ?)
s _ LD s i el
o] ,-? e _}'0 (\Tu—i} T, t sa}r’

where ¢ is the lowering of freezing point corresponding to
the osmotic pressure P. It should be noticed that this
expression is precisely similar in form to that previously
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given for the relation between osmotic pressure and change
of boiling point.

For example, if water is the solvent, the osmotic pressure
per degree lowering of freezing point is
P 800 x 42,000,000 x 1-000
e 273

— 12,310,000 C. G. S. units
= 12.31 atmos.
For benzene, the heat of fusion being 30.08 and the
density 0-8875,
P 30.08 42,000,000 x 0-8875

¢ 273+ 5:5

=4,026,000 C. G. S. units

= 4.026 atmos.
Thus the freezing point of a one per cent. sugar solution
has been found to be
— 07059, giving an os-
motic pressure of 0.73
atmos. or 54.4 em. of
mercury (calculated pres-
sure 49-4).

The freezing-point
method has shown itself
in practice to be the most
convenient method of de-

termining the osmotic
T
e pressure, and therefore
the molecular weight in
solutions. As in the case of the boiling point, if one gram-
molecule of a substance is dissolved in 100 grams of solvent,

‘__i P R T

g : : . &
and therefore in -5 cubic centimetres, the characteristic

equation PV = BT gives
RT,D
100

» it follows that the depression ¢, which in

=

) I,Dt
but since P’ = “T

LI

= 0.019845 7, D) ;
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0.-0198457* y :
this case may be written ¢,,, = ] .. This quantity
a3
is the ‘molecular depression of the freezing point.” If then
an experiment be made with @ grams of an unknown
substance to 100 gms. of solvent, and give a depression of

t degrees,

molecular weight 7,

x L

§ 7. Practice of the Freezing-point Method.

The apparatus for determinations by the freezing-point
method also is commonly used in the form given to it by
Beckmann. It consists of a stout test-tube a (Fig. 7) with
a side tube which serves conveniently to introduce the
materials. It is closed at the top by a cork carrying the
thermometer, of the same pattern as for boiling-point ob-
servations, and allowing room for a stirrer, preferably of
platinum with a glass handle. For use with acetic acid or
other hygroscopic solvent, Beckmann ' has deseribed a stirrer
consisting of a gilt iron ring with platinum wires depending
from 1it, lifted up and down by the action of an electro-
magnet through which an intermittent electric current is
passed. With such a device the apparatus can be completely
closed against damp, and with it, or any mechanical stirrer,
more constant results are obtained than with hand stirring.
The test-tube is fitted by a cork into a shorter and wider
tube B, which serves as air-jacket to prevent too rapid
changes of temperature. This again is supported by the lid
of the beaker ¢, in which is contained the ice or freezing
mixture, &ec., required to freeze the solution. To make an
experiment then, enough of the liquid to cover the bulb
of the thermometer is weighed out in the test-tube, or
introduced by a pipette: about 10 c.c. being necessary. The
test-tube without its jacket is then inserted into the freezing

L Ostw. 21, 241 (18g6).
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mixture and left till the solvent begins to freeze; it is then re-
moved, wiped, placed in the jacket and the stirrer set working,
and after sufficient constancy is attained, the thermometer
is read. The test-tube is then removed, and the substance
to be dissolved introduced and dissolved by stirring, the
stirring being kept up till almost all the ice has melted.
The test-tube is then replaced and its temperature allowed
to fall a degree or so below the freezing point of the
solution: on working the stirrer ice crystallizes out and
the thermometer rises to the freezing point of the solution,
which is then read.

The molecular depression for the most common solvents
is as follows (Ostwald):—

Water . . . 189 Benzene . . . 490
Acetic acid . . 38.8 | Phenol . . . 1750

As a specimen of the results obtained we may quote an
experiment in which 2:47 grams of ethyl benzoate were
dissolved in 100 of benzene. The lowering of the freezing
point was found to be 0:840°. Hence the molecular weight
was calculated as—

2:47 x 49:0=-0-840 = 144 (C, H, COOC, H, = 150).

Much attention has been paid to the freezing-point method,
not merely in order to verify molecular weights, for which
purpose a very moderate degree of accuracy is sufficient, but
also to determine the actual value of the osmotic pressure.
Here it is clearly necessary to get as accurate results as possible,
since the object is to test the theory put forward by van’t
Hoff, according to which osmotic pressure may be calculated
in the same way as gas pressure. The laws of gas pressure
themselves (Boyle’s and Gay Lussac’s) are only approximate,
and so no doubt are those relating to the osmotic pressure ;
and only by experiment is it possible to find out with what
degree of exactness they hold. In order to make a freezing-
point determination as exact as possible, it is necessary to
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pay attention on the one hand to the establishment of the
equilibrium of temperature aimed
at, and on the other to the instru-
ment used to measure it. The
precautions to be taken on the
latter point are very much the
same as in any exact thermal work
— calibration of the thermometer
scale, study of the change of zero
point, &ec.: we must refer to the
memoirs on freezing-point deter-
minations, or to the treatises on
heat. The question of establishing
the temperature equilibrium is of
more theoretical interest, Nernst'
was the first to point out that the
steady temperature assumed by a
thermometer placed in water con-
taining melting ice is mnot in
general the temperature of the ice.
If a mass of liquid be placed in the
freezing apparatus, and be exposed
to the warious influences which
tend to change its temperature—
radiation to the freezing mixture,
radiation from the warmer objects
in the room, warming by the air,
by the action of the stirrer—it will,
in the absence of any solidification
of the mass, tend to assume a
certain equilibrium temperature,
called by Nernst the ‘convergence
temperature’ This may, according to cirecumstances, be above
or below the true freezing point. Now the liquid will, if

' W. Nernst and R. Abegg, Ostw. 15. 681-93 (1804).

Fia. 7
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undercooled as usual in the experiment, be driven towards the
freezing point at a certain rate, depending on the rate with
which ice separates out from it; but it will also be driven
towards the convergence temperature at a rate depending
on the various external circumstances. The temperature it
finally assumes therefore, and that read by the thermometer,
will be a compromise lying between the freezing and con-
verging temperatures. In order to make this ‘apparent
freezing point’ differ as little as possible from the true one,
it is necessary (1) to construct the apparatus so as to make the
external circumstances of little influence; (2) to arrange the
temperature of the freezing mixture so that the convergence
temperature may nearly coincide with the freezing point.
The former condition may be attained by making the mass
of liquid great—1,000 c.c. may be used instead of the 10
required for a molecular-weight determination—and seeing
that it is well isolated, thermally, from its surroundings:
an air-jacket accomplishes this. For the second condition
it is necessary to watch the rate of movement of the
thermometer, when the liquid is considerably above its
point of temperature equilibrium ; for in accordance with
Newton’s law of cooling, the rate at which the temperature
falls will be proportional to its excess over the equilibrium
temperature. Thus in an experiment by Wildermann *, who
has worked out this subject with great completeness, the
thermometer, reading 0-685° to start with, fell by 30, 28, 27,
26, 25, 24, 23, 22 thousandths of a degree in successive
intervals of five minutes. If these rates of fall be plotted
as ordinates against the corresponding temperatures as
abscissae and a line drawn through them, it will be found
that no further fall of temperature will occur when the
temperature of the liquid is —0.1°: this then is the con-
vergence temperature. Usually the convergence temperature
differs much more from the freezing point. So favourable.

I M. Wildermann, Phil. Mag. (5) 44 459-86 (1897).




DETERMINATION OF MOLECULAR WEIGHT 47

a condition can only be obtained by the use of a moderate
and carefully chosen freezing mixture; it should not be
more than a degree or two below the freezing point to be
determined. Some experimentalists have found divergences
of ten per cent. from the value of the ‘molecular depression’
given by van 't Hoff’s formula, when very dilute solutions
are measured ; but Nernst and Wildermann’s work shows
that the divergences are really too small to detect with any
certainty—in other words, that the osmotic pressure may be
caleulated from Avogadro’s law with an error less than the
experimental errors of the freezing-point method.

§ 8. Dissociation of Gases.

Measurements of the osmotic pressure, whether made
directly, or by means of the change produced in the freezing
or boiling point of a solution, give, in very many cases,
values for the molecular weight of the dissolved substance
in accordance with the commonly accepted chemical formula.
Exceptions, however, oceur, or especially one extensive and
important group of solutions gives anomalous results, which
have led to an entirely new theory on the nature of solutions.
The group consists of aqueous solutions of acids, bases and
salts—in a word, of all electrolytes. It is found that all
solutions which conduct electricity with decomposition
possess an osmotic pressure in excess of that caleulated from
the received molecular weight of the dissolved body. There
is clearly, therefore, a connexion between the electrolytic
property, and some modification of the molecular condition;
and since the osmotic pressure is increased, the modification
can, in accordance with Avogadro’s law, only be a decom-
position of the molecules which inereases their number,
The particular decomposition to which the evidence points
is a dissociation into the positive and negative atoms, or
atomic groups which form the electrolyte. These atoms or
groups are called ions, the positive or cation being that




48 PHYSICAL CHEMISTRY

which, in an electrolytic cell, is carried with the current,
e. g. hydrogen, metals, the NH, group, &ec.: the negative
or anion that which moves in the opposite direction to the
electric current, e. g. chlorine, the NO,, SO, groups, &ec.

In order to understand the view that electrolytic dis-
sociation exists in such solutions, it is first necessary to
study dissociation in general, especially in the case of gases,
which, as we have seen, present a close analogy to solutions.

A dissociation, in the strict sense of the word, is a chemical
reaction in which one molecule only occurs on the left side
of the equation, and this decomposes into two or more.
Thus A

N,0, = 2NO,,
NH,Cl = NH,+ HC],
NH,COONH, = €O, + 2NH,,

are instances of dissociation, but 2 HI = H, + 1, is not.

A dissociation is a reversible reaction—one, that is, that
can be carried out in either sense according to cireumstances,
according to the pressure, temperature, and quantities of
reagents. It is therefore never theoretically complete,
either one way or the other, though it may for all practical
purposes be so: whilst over a certain range of temperature
and pressure both undissociated and dissociated molecules
are present in considerable quantity together. E.g. follow
out the effect of increasing temperature on the dissociation
of a gas kept under constant pressure. The case of nitrogen
tetroxide has been carefully studied by E. and L. Natanson
and others. At low temperatures the gas is colourless, and
has a density forty-six times that of hydrogen in accord with
the formula N,0,, showing that it consists almost exclusively
of the undissociated molecules: as the temperature rises it
turns a red-brown colour, the colour of the dioxide, whiclh
gradually deepens till the dissociation is complete, At the
same time the density diminishes, at first slowly, then faster
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up to a maximum, then more slowly again till it becomes
sensibly twenty-three times that of hydrogen, at about 150°
the dissociation being then complete. The course of the dis-
sociation is shown in the accompanying small figure (Fig. 8),
in which abscissae represent temperatures and ordinates
vapour densities: the curve for nitrogen tetroxide runs at
first parallel to the axis of temperature, and after bend-
ing downwards becomes eventually again parallel to the

d

Fia. 8.

axis, but at half the previous height. Any other physical
property of the gas will be represented in a somewhat similar
way. The degree of dissociation, under any condition of
temperature and pressure, is the fraction of the whole
number of molecules then dissociated ; it may be reckoned
from the vapour density. Thus if y is the degree of dis-
sociation and v the volume occupied by 1 gram-molecule of
N,O,, then, since the same weight of NO, will occupy 2v,
we have for the actual molecular volume

(I=y)v+ryx20=w(l+y),
or (1+y) times as great as it would be for the undissociated
gas, and the density therefore will be 1+y times as small.
For example, at 49:7° and 498 mm. the density was 31.0,
referred to hydrogen at the same temperature and pressure.
Hence 31.0 = 46.0+ (1 +7),
E
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and y=0-483, showing that very nearly half the molecules
are dissociated under these circumstances.

Since dissociation is accompanied by an increase of volume,
the degree of dissociation is greater when the gas occupies
a large volume than when it is contained in a small one ; in
other words, diminution of pressure is accompanied by an
increase of dissociation, as is shown in the following ex-

ample ' : -
P Nitrogen tetroxide at 21.5°.

: , Sp. gr.
AL referred to air. 12 log X.
597 2:144 0-483 176
117-6 2.318 372 1.78
330-5 2-455 270 I:70
9271 2.580 228 1.76
3671 2:599 222 I-79
4921 2.674, 189 .75
617.6 2.709 ‘174 1.76

There exists a quantitative relation between the degrce of
dissociation and the volume of the gas, which is a particular
case of the law of mass action, a subject to be discussed
later. 'We may content ourselves at present with stating
the relation, and comparing its results with experience.
The relation is this: if the reaction takes place according to
the equation 4 — v B -y (@

and the concentration (in gram-molecules in unit volume) of
A be C 4 ; that of B, C5, and so on, then
0, o i
where K is a constant (the so-called ‘ dissociation constant’),
or in words, the concentration of the undissociated molecules
bears a constant ratio to the product of the concentrations
of the dissociated molecules, each raised to a power equal to
the number of such molecules liberated in the reaction.
The simplest case is that of dissociation into two similar
groups, e.g. I, into 2T ; then we have
0, K = Cr,

1 Natanson, Wied. 24, 465; 27. 613.
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so that the concentration of molecular iodine is (at a given
temperature) proportional to the square of the concentration
of atomic iodine. In the more complicated case of the
dissociation of ammonium carbamate we have

L]
¢ =0

NH, C0, NH, NHy'

Reverting to the case of dissociation into two parts, it
v is the degree of dissociation, there is 1 —y undissociated
molecule for y of each product of dissociation, since the
latter are necessarily produced in equal quantity; and if
these quantities oceur in a volume v, then by definition the

(1 _}'.} and 5 respectively. The equation

concentrations are

for the dissociation constant may be written

¥

Y xk=txYor k=1

v v v .l1—y) '

How closely this theory is verified by experiment is shown
in the foregoing table referring to nitrogen tetroxide. The
second column shows the specific gravity of the gas, at the
pressure shown in the first: from it is calculated the degree
of dissociation, y, in the third column, and from that again
the dissociation constant of which the logarithm occupies
the last column,

The dissociation constant for gases is, of course, not in-
dependent of temperature; at low temperatures it is zero,
since y is zero, whilst at a high temperature it tends towards
infinity, since y tends towards unity.

Dissociation of a similar character occurs in some solutions
which do not contain an electrolyte. Thus, for instance,
when nitrogen tetroxide is dissolved in chloroform it partly
dissociates into the dioxide, just as when it occurs in the
gaseous form ; the ‘dilution” (c.c. per gram-molecule of dis-
solved substance) of the solution plays the same part as the
(molecular) volume of the gas, so that the more dilute the
solution 1s made, the greater the proportion of the tetroxide

E 2
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dissociated. Again, acetic acid, both gaseous and in benzene
solution, has a pressure corresponding to the formula
C,H;0,, and only on expansion of the gas, or dilution of
the liquid, gradually breaks up into the normal molecules
C H,0,. So also with chloral hydrate. On volatilization it
breaks up partly into chloral and water, on solution in glacial
acetic acid the same thing takes place; for instance, a solution
containing 1-179 gms. of chloral hydrate CCLCH(OH), in
100 gms. of acetic acid showed a depression of the freezing
point of 0-385°. The depression calculated from the mole-
cular weight 165 and the molecular depression for acetic

. : 38-8 x 1-179 A
acid (38-8) is = 0-277%

The observed depression is therefore 1.38 times that due
to the molecules of chloral hydrate, and it is to be concluded
that 0.-38 of those molecules have broken up into chloral
and water. The effect of dilution is elearly shown by the
measurements, as a solution four times as strong as the
above indicated 0-25 dissociation, while one five times as
weak indicated 0.52,

§ 9. Electrolytic Dissociation.

Such dissociation as this follows in the lines of ordinary
chemical theory, and does not introduce any new groups of
atoms of a character incapable of independent existence,
according to accepted views; on the contrary, the products
of dissociation, whether gaseous, as ammonia and hydro-
chlorie acid from ammonium chloride, or in solution, as
chloral and water from chloral hydrate, are all known
independently as stable compounds ; and at the same time
the exceptional phenomenon of electrolytic conduction does
not occur. Electrolytic dissociation, on the other hand,
was quite unthought of before the theory of solutions was
developed, and it is quite contrary to traditional chemical
views to suppose that such a substance as sodium chloride,
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a typically stable compound, should dissoeiate on solution
in water, and that free atoms of sodium and of chlorine
should be capable of existence together in the same liquid.
Nevertheless there is, as we shall see in the sequel, an
extraordinary abundance and variety of evidence that such
is the case.

In the first place, the osmotic pressure of salt solutions
is greater than that calculated according to Avogadro’s law,
assuming the usual molecular formulae to hold for the
dissolved electrolyte. We have seen that the osmotie
pressure can be measured successfully either by plasmolysis
or by the change of freezing and boiling points, in the case
of non-electrolytes (cane-sugar, glyeerine, urea, &e.) dissolved
in water. There is no reason, then, to suspect the same
methods when applied to electrolytes; the results are of
the kind shown in the following table, which is derived
from Arrhenius’ measurements ', to whom a clear formula-
tion of the theory of electrolytic dissociation is due. The
numbers show the values of van 't Hoff’s factor i, which
expresses the ratio of the observed osmotic pressure to that
calculated for the case of no dissociation. The first two
columns show ¢ as found by plasmolysis and by the freezing
point respectively ; the third gives the values deduced from
the electrolytic conduetivity in a way to be explained below.

Concen- £

fration. 1 1I III
Cane-sugar . . o0.3 100 1-08 —
Acetic acid . . o0:33 — 1.04 I.01
JeE] s s o 1.81 1.93 1-86
EEEE o 5 0 d o 1.2 1-04 1-84
MgS0;, . . . o038 1.25 1.20 I.35
CaN,0y . . . o0-18 2.48 2.47 2.46
21l B R T 1 - 2.69 252 2.51
KiFeC;N;, . . o0:356 3.00 —_ 3:07

It will be observed that the three methods give results
in agreement with one another; it must be remembered

1 Ostw. 1. 631.
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that the plasmolytic method is necessarily somewhat rough,
while the freezing-point method, which had not at the time
been so completely worked out as at present, is somewhat
uncertain when applied to very dilute solutions, as the
lowering of freezing point to be observed then becomes
very small ; whilst it is in very dilute solutions that the
phenomena of electrolytic dissociation are most marked.

The meaning of the quantity ¢, according to the theory of
Arrhenius, is this: the solution contains salt, of which
a fraction, y say, is dissociated into its ions, the remainder
being in the molecular state. If there are » ions formed
by the dissociation of one molecule, %y will actually be
formed for each molecule of the salt dissolved ; if to this
be added the 1—vy molecules of undissociated salt still
existing, we get 1+ (n—1) y free particles in the solution
(molecules and ions together) in place of one. The osmotic
pressure is therefore raised by the dissociation in this ratio.
gl t=14(n—1)7y.

Now n = 2 for acetic acid and the three salts following
in the above table. ¢ might therefore reach a maximum
— 2 if the dissolved substances were completely dissociated ;
this is far from the case for acetic acid, but the neutral
monobasic salts appear to be nearly in the state of complete
dissociation. For calcium nitrate and strontium chloride
the value of »n is 3, the decomposition taking place accord-
ing to the equation

CaN,0, = Ca+NO,+NO,,
and’ SrCl, = Sr4Cl+Cl.
Hence ¢ cannot exceed 3, and does, as a matter of fact,
approach that value. The ferrocyanide dissociates according
to the equation

K,FeG,N, = 4K + FeC;N,

into one negative and four positive ions, so that ¢ may rise as
high as 5, and does in the example quoted actually exceed 3.
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If this view is correct, the degree of dissociation should in-
crease with increasing dilution (or decreasing concentration .
This point has been directly proved in many cases; the follow-
ing table, quoted from Wildermann', gives one ; it refers to
dichloracetic acid, which dissociates into hydrogen and the
group CHCLCOO. In this case then n = 2, and y = ¢—1.

L T i
Concentration. (Freezing point.) (Freezing point.) (Conductivity.)

0-0025G9 1.g66 0-966 0.056
0 005177 I.QII 0.QII 0-013
0-01033 1.852 o.852 0:-843
0-015447 1763 0-763 0806
0-02048 I.717 Q.7I7 0731
c-.02778 1-6G0 a.6go 0-703

In the last column is inserted, for comparison, the degree
of dissociation as calculated from the electrolytic conductivity.
Measurements by the conductivity method are more con-
venient and more accurate, so that a quantitative discussion
of the results may best be deferred till after that method is
deseribed.

§ 10, Laws of Electrolytic Conduction.

When a current of electricity is led through the solution
of a salt (or acid, or base) the salt is decomposed, and the
quantity of electricity conducted is strictly in proportion to
the amount of decomposition taking place. The products
of decomposition are, on the one hand, hydrogen or a metal ;
on the other, a halogen or acid radicle, which, however,
rarely appears free, as it acts on the water of the solution,
and sets free oxygen instead. The most remarkable feature
of the decomposition is that the products do not appear
mixed and indifferently throughout the liquid, but are
guided by the current, so that the first or positive group
appears only at the surface of the metallic conductor by
which the current leaves the solution, and which is called
the cathode, while the second or negative group appears

i {}Sﬁﬂt 19- 21:'..2.
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only at the surface of the metallic conductor by which the
current enters, the anode. Thus, for example, if copper
sulphate solution he decomposed between platinum elec-
trodes, the reaction is

CusS0, = Cf.l-l— SO,,
of which the latter group, reacting on water, forms sulphuric
acid, which appears in the solution near the anode, and
oxygen, which is given off at the anode’.
- The quantitative laws of electrolysis, which were dis-

covered by Faraday, are as follows:—

(1) The amount of any substance liberated is proportional
to the total quantity of electricity passed through the
solution, independently of the rate at which it flows,

(2) The amounts of different substances liberated by the
same quantity of electricity are in the ratio of their chemieal
equivalents.

The unit quantity of electricity is called a Coulomd ; one
coulomb flowing per second constitutes the unit current,
and is called an Ampere.

193,080 coulombs are required to liberate two grams (one
gram-molecule) of hydrogen, and therefore 16 grams of
oxygen, 65 of zine, and so on.

This result may also be expressed by means of the
electro-chemical equivalent, which means the weight liberated
by one coulomb, The electro-chemical equivalents of some
of the more important substances are:—

Hydrogen . . ©0.00001044

Silver . . . . o-oorrzf

Copper (cupric] o0.0003204
Oxygen . . . o.00008288
Chlorine . . . 00003673

Electrolytic conduction unquestionably consists in a

L Or perhaps conduction takes place by means of the Cu and OH
ions, the latter due to dissociation of the water itself: two OH ions,
on reaching the anode, give up their charges to it and form H.,0
and O.
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carrying of electric charges by the decomposed molecules
or ions, the movement of an electric charge being, in all
cases, the equivalent of a current. Thus, imagine a pair
of large metallic plates connected to the poles of a battery,
and a gilt pith-ball placed between them; if there 1s
a positive charge on the pith-ball it will be repelled from
the positive and attracted by the negative plate, and if free,
will move accordingly, so that positive electricity will be
carried from the positive to the negative side, from a to =
in the accompanying figure (Fig.
9); this is equivalent to a current
in the sense Ap, 1. e. the sense in
which a current would flow if a
conducting wire were laid aeross
the gap aB. But if a negative
charge exists on the pith-ball, it
will be attracted by A and re-
pelled by B, so that its motion
will be in the sense BA ; now a
negative charge moved from = to
A 1s equal in effect to a positive
charge moved from A to B, so 1
that in this case too a current is
produced in the same sense as Fie. g.
that in a conductor laid across a®.
In an electrolyte both processes take place at the same time ;
a positive charge is conveyed by, say, copper ions from
the anode to the cathode, while a negative charge is carried
by S0, ions from cathode to anode, and the current actually
flowing in the sum of the two; each partial ecurrent is to be
estimated as the product of the charge conveyed into the velocity
of the ions conveying it.

The question arises, however, whether the ions are
produced by the action of the current, or whether they
exist in the solution beforehand, and are only directed by

o)
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the current. Everything points to the latter view; the
most convincing argument being, perhaps, that derived
from the quantity of energy used up in an electrolytic
cell. This is expressed by the electromotive force (e. m. f.
or voltage, or difference of potential) applied to the cell;
the electromotive force between two points is the amount
of enerqy spent in conveying one wnit of electricity from the
one to the other ; the unit in which it is measured is called
a volf, and means the energy in joules (107 ergs) spent in
conveying one coulomb, or
e. m. f. in volts = energy in joules —+ electricity in coulombs.
If the dissociation of the electrolyte were accomplished
by the current, there would be a finite and considerable
absorption of energy required to effect it, i.e. a finite
electromotive force would be required hefore any decom-
position occurred ; but that is not the case. A finite
electromotive force is, it is true, required to separate out
the products of electrolysis in their usual (molecular) form ;
for instance, it is not possible to decompose acidulated
water, and get gaseous oxygen and hydrogen out of i,
without supplying the electromotive force corresponding
to the absorption of energy required for the decomposition
of water into oxygen and hydrogen. Nevertheless, if
a smaller electromotive force than this be applied, a little
current does flow, till the accumulation of gas on the
electrodes is sufficient to stop if, so that free lons must
exist in the solution beforehand. Again, if it be arranged
that no work has to be done in separating out the products
of decomposition, a current will flow indefinitely under the
least e. m. f. This is the case when copper sulphate is
decomposed between copper plates; the SO, lon acts on
the anode, and dissolves copper off it in quantity just
equal to that deposited on the cathode, so that, on balance,
no energy is used up; accordingly it is found that the
current flowing is proportional to the applied e. m.f.,
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however small. The point is well illustrated by the
phenomena of conduction in gases. Ordinary gases do
not conduct electricity at all until a very high e. m. f.—
some hundreds of volts—is applied to them, that amount
being required for the dissociation of the gaseous molecules ;
but if a vacuum tube be prepared, a discharge passed
through it, and a side portion be screened off from the
direct electrical effects of the discharge, then dissociated
gas will exist throughout the tube, and it is found that
any electromotive force, however small, applied to a pair
of electrodes in the side portion will produce a current.
The above arguments leave it an open question whether
all or a part of the electrolyte exists in the dissociated
form ; information on that point can be derived from a
comparison of electrolytic econductivity with the effects of
osmotie pressure, as we shall see below.

A remarkable confirmation of the theory of electrolytic
dissociation is afforded by an experiment devised by Ostwald
and Nernst '; they exposed an electrolyte to the action of an
electrostatic force, imitating the conditions of the experi-
ment with electrified pith-balls placed between the plates
of a condenser, referred to above. They showed that
electrolysis does actually take place so, the hydrogen being
attracted out of an acid solution to one of the poles. The
quantity of hydrogen is necessarily very minute, so in order
to make it appreciable the pole on which it was to be
collected consisted of a mercury surface in contaet with
dilute acid, in a very fine capillary tube, as in a Lippmann
electrometer. The tube was 0-0037 e¢m. in radius, and
a bubble of gas was produced in it by the electrostatic
force about two diameters long, very easily visible in a
microscope, and the quantity of hydrogen, though so very
small, was found to be in rough quantitative agreement
with that calculated from the theory.

' Ostie, 3. 120-30 (18Bg).
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§ 11. Mechanism of Electrolytic Conduection.

We are to imagine, then, in a solution of an electrolyte —
say, for definiteness, potassium chloride—atoms of potassium,
each associated with a definite positive quantity of eleetricity,
and atoms of chlorine, each associated with a definite nega-
tive quantity, floating about freely in all directions. The
positive and negative quantities must be numerically equal,
otherwise, when the ions combined to form a molecule, that
molecule would possess a charge, which is not the case;
and the chlorine and potassium are not distinguishable as
such, because, being intimately mixed, they neutralize one
another’s action as far as external points are concerned.
When to such a system an electric force is applied, it
directs the atoms, the positive one way, negative the other,
and the ions appear in measurable quantity at the electrodes.
The electric force, or electric intensity, or potential gradient, is
measured by dividing the electromotive force between two points
by the distance between them ; it is therefore to be expressed
in volts per em. Thus the electric force in a copper volta-
meter may be measured by dividing the e.m.f. applied to
the cell by the distance between the plates (supposed parallel),
and it is this which regulates the rate at which electrolysis
will take place.

The most important quantity to determine, so far as the
theory of electrolytic dissociation is concerned, is the con-
duetivity of an electrolyte ; of this the exact definition is as
follows :—

The eurrent flowing per sq. em. of eross section of a con-
ductor (or current density) is proportional to the electric
fores applied (Ohm's law).

The ratio of the current density to the electric force is
called the conductivity of the medium.

The unit of conductivity is called a mho, and is that of
a medium such that an electric force of 1 volt per cm.
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applied to it will produce a current density of 1 ampere
per sq. em. through it. (Frequently, however, the conduc-
tivity is not given in absolute units, but is expressed by
comparison with the conductivity of mereury.)

It should be noticed that if a uniform electrie force be
applied to a charged body it will, in the absence of any
resistance, produce a (uniformly) accelerated motion, just as
the uniform force of gravity will cause a body falling freely
to move downwards with uniform acceleration, i.e. get faster
and faster without limit (till it meets the earth or other
obstacle) ; the movement of a charged pith-ball placed
between two condenser plates would be of this character.
But if there be a frictional resistance to the movement the
charged body will soon reach a limiting velocity, and cease
to be accelerated. This is the case with a rain-drop, falling
under the influence of gravity, on account of the resistance
of the air: however far it may fall, its velocity cannot exceed
a certain value, depending on the size of the drop and the
density of the air; and in the same way the electrified
atoms in an electrolyte, almost immediately that the force
is applied to them, come to move with a limiting (average)
velocity, which is quite small, on account of the frietional
resistance of the water through which they have to move,
It is only on this account that the current (being measured
by the charge and velocity with which it is carried) is
independent of the time that the electric force has acted,
and that Ohm’s law is true, the limiting velocity increasing
in proportion to the electriec force applied.

In connexion with the practical measurement of condue-
tivities we need to use certain associated terms, viz. :

Conductance of a wire (or electrolytic cell, &e¢.) = condue-
tivity of the material multiplied by the area of cross section,
and divided by the length, or say,

A

= K—=

d
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Resistivity (or specific resistance) of a material is the
reciprocal of its conductivity.

Resistance of a wire (electrolytic cell, &e.) is the reciprocal
of the conductance, and is measured in ‘ohms’ (reciproecal
of mhos).

§ 12, Measurement of Conductivity.

For measuring conductivities an arrangement called
Wheatstone’s bridge is commonly adopted; it is shown
diagrammatically in Fig. 10,
A wire leads from the bat-
tery B to the point a; there
the circuit divides into two
branches, abc and ade, re-
uniting at ¢, and returning to
the other pole of the battery.
Two intermediate points, b

Fic. 10, and d, of the branched con-

ductors are connected through

the galvanometer . If the resistances ab, be, ad, de are
chosen so as to satisfy the relation

ab x ed = be x ad,

then no current will flow through the galvanometer, what-
ever current may be taken from the battery ; hence if three
of the resistances are known, and the fourth is to be
measured, the three can be adjusted until no current flows
through the galvanometer, and the equation will then give
the value of the unknown resistance. A battery and
galvanometer are available, in such an arrangement, for
measuring a metallic resistance, but if applied to an
electrolyte the flow of current through it would generate
hydrogen and oxygen on the electrodes, and consequently
alter the resistance during the experiment, which accord-
ingly fails. This ‘polarization’ of the electrodes by the
products of electrolysis may be avoided by rapidly reversing
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the direction of the current, so that, at either electrode,
hydrogen is produced for a fraction of a second, then
oxygen for an equal time, then hydrogen again, and so on;
neither gas then appears in measurable quantity. This
reversal is accomplished automatically by an induction
coil. But if an alternating current is used, a galvanometer
will not indicate, and it must therefore be replaced by
a telephone. Accordingly, the apparatus actually used for
electrolytic conductivities takes the form shown in Fig. 11,
and consists of the following parts :(—

The source of current is a single Leclanche or dry cell, B,
used to work the small induction coil 1. The induction coil
should be of the smallest dimensions made, and should be

B
Ty
™

Fra. rr.

provided with a light rapid spring, in place of the loaded
spring commonly used on large sparking coils. The object
of this is to produce a clear singing tone in place of the
rattle of the large induction coil, as such a tone is much
more audible in a telephone: a frequency of 250 to 1000
per second in the spring gives good .results—the pitch
corresponding being that of a treble voice. It is desirable
also to have no metal casing between the iron core and the
windings, as such a casing reduces the vibrations more
nearly to the simple harmonic form, which is the least
audible in the telephone. Induction coils of the pattern
required are now made by all the leading German scientific
instrument makers.

Two of the arms, ad, dc, of the Wheatstone bridge are

e
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constituted of a single uniform wire, a metre long, stretched
between binding screws over a scale divided in millimetres :
the point d is a sliding contact-maker, so that by it the wire
may be divided into two parts whose lengths, and therefore
resistances, are in any desired ratio. The wire should be
thin, and of platinum-iridium alloy to avoid oxidation, and
to be hard enough not to suffer from the action of the
contact-maker, The third known arm of the bridge, ab,
consists of a resistance box of from 10 to 10,000 ohms, The
electrolytic cell may have many forms, according to the
conduetivity of the electrolyte to be used: but it is regularly
made of glass, and provided with electrodes of platinum
sealed in; and for the good working of the apparatus it is
essential that the platinum should be well coated with
platinum black, deposited from a solution of the chloride
mixed with a little lead acetate. The electrolytic cell must
be kept at a definite temperature, since the conduectivity
inereases rapidly with rise of temperature: it may very
conveniently be placed in a thermostat of Ostwald’s pattern.
The telephone may be any good commercial instrument.
Further particulars of the apparatus may be read in Ostwald,
Handbook of Physico-Chemical Measurements, chap. xv, or
Kohlrausch, Leitvermigen der Elektrolyte (Leipzig, 1898).

In carrying out a measurement the solution is placed in
the cell, and after it has acquired the temperature of the
thermostat, an approximately equal resistance is taken out
from the box, and the sliding contact-maker is moved until the
sound in the telephone is least. It never disappears quite,
but it should be possible to set the contact-maker to within

a millimetre : the length ad is then read off, say @ metres.
l—a

Then (resistance of electrolyte) = (resistance ab) x =

The conductance is the reciproeal of the resistance, or
a
~ (1—a) x (resistance ab)
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The electrolytic cell is not usually regular enough in
shape to allow of caleulating the conductivity from the
conductance ; this is therefore done by a comparison with
the conductance of the cell when filled with a solution
whose conductivity has already been measured accurately
in absolute measure. A fiftieth normal solution of potas-
sium chloride serves conveniently as a standard : contalning
74.60 gms. of KCl in 50 litres it has a conductivity of
0.002397 mhos at 18° and 0-002765 at 25°. Thus, if the
cell filled with a solution be found to have (at 25°) a con-
ductance ¢, while filled with J; normal KCl it has a eonduc-
tance ¢/, then

¢ ;e ::0.002765 : conductivity required.

[Nore. It should be observed that most of the German
writers express conductivities of electrolytes in terms of that
of mercury, or, in other words, in Siemens’ units instead of
mhos. The Siemens’ unit is the conductance of a column
of pure mercury at 0°, one square millimetre in cross
section, and one metre long: it is equal to 1.0630 mbhos.
The specific eonductivity of mereury is 10,000 times this
(for conductance = %i , and here 4 = 0-01 sq. cm,
d = 100 ems.) or 10,630 mhos., Now as the resistance of
electrolytes is immensely greater than that of metals, a unit
equal to the ten-millionth part of the conductivity of
mercury, or 0001063 mhos, is commonly adopted, so that
the results may be expressed in whole numbers. Thus,
e.g., when it is stated that the conductivity of normal
potassium chloride solution at 18 is 91.9, this means
91.9 x 0001063 mhos. When the conduectivity is only
required for estimating the degree of dissociation it is
indifferent which unit is employed, as only relative measure-
ments oceur, but when caleulations on ionic velocities, and
go on, are introduced, there is distinct advantage in using
the systematic unit, the mho. Kohlrausch and Holborn,

F
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however, in their recent monograph Das Leitvermigen der
Elektrolyte (Leipzig, Teubner, 1898), have adopted the
systematic units, and recaleulated the entire mass of
numerical data which had previously been published in
terms of the Siemens’ unit. Since, therefore, those data are
now available, in the tables of the above-mentioned work,
the systematic unit will be exclusively used in the present
book. |

§ 13. Molecular Conductivity and Electrolytic
Dissociation,

On the view that electrolytic conduction takes place
entirely by means of the ions or products of dissociation
present, the conductivity of a solution should be propor-
tional to their number (at least in moderately dilute
solutions), since each atom or atomic group is acted on by
the electric force independently of the others. Now in an
infinitely dilute solution the molecules will all be dissociated,
and the conduction accomplished by a given mass of sub-
stance will be a maximum. This leads to the conception
of the ‘molecular conductivity,” which means the specific
conductivity, x, of the solution multiplied by its dilution

V, or say A, = Pk,

If in a solution the dissolved body were already completely
dissociated, then on doubling its dilution there would be
only half as many ions in each cubic centimetre, the specific
conductivity would be halved, and the molecular condue-
tivity be unchanged. But if the dissociation be incomplete,
the dilution will increase the degree of it; the specific
conductivity will be somewhat more than half that of the
stronger solution, and the molecular conductivity will be
increased—tending towards the maximum value which it
possesses when, in an infinitely dilute solution, the salt is
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entirely dissociated. Thus the ratio of the actual molecular
conductivity Ay to the limiting value A» expresses what
fraction of the salt is dissociated when its dilution is V.
Or using, as before, the symbol y for the degree of dis-
A i
W
quoted, comparing y as found electrically with y found by
the freezing point or osmotic pressure, were obtained.

The increase of dissociation by dilution is well shown by

the following numbers for K Cl at 18° (as measured by
Kohlrausch) :—

soclation y = —+—, it is in this way that the results previously

i ﬂl}u'*e::anm Conductivity Molecular Deqgree of
\ D‘]:ﬂgﬂu]% 5 .mhos). conductivity.  dissociation.
A
7 K. Ay = VK. ol
fhoo
1,000 o0.008z2 g8.2 .75
10,000 0.01119 111.9 0.86
100,000 0:001225 122.5 004
1,000,000 0-0001270 127.6 o.g8
10,000,000 0.00001295 129.5 0.99
o0 I31-2 1-00

The value of A for infinite dilution is obtained by extra-
polation from the others.

The dissociation in this case is into two ions, K and CI;
but the theoretical relation between the dilution and the
degree of dissociation

2

i e = constant

=)
does not hold : so that it is not possible to ealculate a ¢ dis-
sociation constant,” as in the case of nitrogen tetroxide
quoted above. The same is true of all the neutral salts
which are largely dissociated even in strong (normal or
decinormal) solutions, and the reason for it is at present
unknown. Weaker electrolytes, however, i.e. less dis-
sociated, and therefore less conducting, are found to follow
F 2
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the theoretical relation with remarkable closeness : solutions
of weak acids, in particular, have been found to follow the
law of dilution, a law which is usually associated with the
name of Ostwald, who has made very extensive researches
on the dissociation of acids. The following numbers* refer-
ring to monochloracetic acid at 14-1° may serve as specimen :
it should be noted that the acid is less dissociated in
2,060 litres than K Cl is in 10:—

V. Ay. ¥ (obs.) 7 (cale.)

20 51:6 0.166 0:163

205 132 0-423 0:43
408 170 0:547 0'543
2,000 251 o-Bob6 o.801

4,080 274 0.881 o-88
19,100 205 0:948 0944
20,700 300 0.963 0.971
o0 311 1000 1.000

The numbers in the last ecolumn are calculated from the
dissociation constant

]

¥ = 2f
K= m—}: L-5B a1t
the agreement with the observed numbers is practically
perfect. ,

The general conclusions arrived at with regard to the
condition of electrolytes in aqueous solution may be briefly
put as follows. Neutral salts are in general very strongly
dissociated, so that in moderately dilute solution they may
be treated, for many purposes, as completely dissociated ;
this is espeecially the case with regard to the salts of the
alkalies : the dibasic metals are a little less dissociated, but
still strongly so; and usually when the number of ions
formed by dissociation is large, as in the case of potassium
ferroeyanide quoted in the table p. 53, the dissociation is
less complete than when only two or three ions are formed.

! Van 't Hoff and Reicher, Osfw. 2, 781,
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The acids, on the contrary, vary extremelyin their degree of
dissociation ; they decompose into hydrogen ions, and the
residue of the molecule, or ‘acid radicle,’ and the acid
properties appear to be exclusively the effect of the free
hydrogen ions, and to he proportional to their quantity :
hence a strong acid means one which is largely dissociated.
Thus nitric and hydrochloric acids are as strongly dis-
sociated as the alkaline salts; sulphurie acid is nearly so ;
while the organic acids form an extended series with
diminishing dissociation constants, the study of which has
thrown much light on the connexion between their physieal
properties and the constitution of the molecules. The
following numbers will show the great variation of the
dissociation constant (K) :—

10° x K Degree of dissociafion

(at 25%). in ooy normal solution.
Trichloracetic acid . . 12I (e fslale)
Dichloracetic acid . . 5-I 0:981
Monochloracetie acid . 0155 0.602
salieylic acid « & . . 0.102 0.621
Aceaticacid . . . . . 0.0018 0.125

In developing the theory of electrolytic conductivity it
was remarked that, though depending on the action of 1ons,
it gave no information as to whether much or little of the
electrolyte is in the ionic state. Clausius, who first clearly
deseribed the mechanism by which the conduction takes
place, supposed that only an insignificant fraction was
dissociated at any time; and that view was generally held
until the work of Arrhenius, in tracing out the progressive
dissociation by dilution, and in comparing results with
those obtained by the plasmolytic and freezing-point
methods, showed that in many cases nearly the whole
dissolved salt exists in the form of ions.

In the case of weak electrolytes it is impossible to carry
the dissociation far enough to estimate the molecular con-
ductivity for infinite dilution, by extrapolation, as in the
case of K Cl. That can, however, be done indirectly. Thus,
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to take an example, the following numbers have been found
for acetic acid at 18°:—

c.C.
ﬁ r

m. :nnl.) F

mf 4.60

10‘; 143

10 4T

10’ 107
[ 352]

The conductivity of solutions much more dilute than
10,000 Litres to the gram-molecule is so slight that the
presence of traces of impurity in the water, and other
experimental errors, forbid acecurate results : the gap between
A =107 and A = 352 has to be bridged over by other
means, As a matter of fact, the limiting molecular con-
ductivity of the acid is derived from that of the sodium
salt : the possibility of doing so depends on the principle,
discovered by Kohlrausch, that each ion contributes inde-
pendently to the conduction, the total conduetivity being the
sum of the parts due to positive and negative components,

3 14, Partial Conductivity and Velocity of the Ions.

The determination of the partial conduectivities of the ions
depends on observations of the changes of concenfration
produced by electrolysis. To study this the more easily, let
us take a concrete example, viz. the decomposition of silver
nitrate solution between platinum electrodes. Imagine an
electrolytic cell constructed of the kind shown in Fig. 12,
consisting of two beakers, o and ¢, connected by the siphon
B, which for convenience may be constructed of a glass tube
with a side piece closed by rubber tubing and a spring-clip.
The whole is filled with silver nitrate solution, and the
platinum plates to serve as electrodes are placed, the anode
in A, the cathode in c. When an experiment has been made,
the siphon may be lifted out and the liquids in the beakers
analyzed. Let so much current flow as will deposit one
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milligram equivalent, 108 mgm., of silver on the cathode,
and consider the action taking place at a eross section of the
siphon. Under the influence of the electric force there the
charged silver atoms will be driven towards the cathode
with a velocity u, while the NO, groups will be driven in
the opposite direction with a velocity w’. Accordingly a
certain quantity, let us say  milligram equivalents, of Ag
will pass from the
anode vessel into
the cathode vessel :

: + =
but as meanwhile e | o
1 mgm. equivalent
of Ag is deposited & [

the cathode wvessel
will on the whole
lose 1 —xz of silver.
But observation
shows that there is
no accumulation of Ribaa.

fre= ioms in the

liquid under any ecircumstances, so the cathode vessel
must have lost a corresponding amount of NO,, and that
amount, | — 2 mgm. equivalent, must have flowed through
the siphon into A. The amounts of Ag and of NO, flowing
through the siphon (in opposite directions) are therefore in
the ratio of # to 1 — =, and this is the ratio of the velocities

IRETIRRIEnn

|
|
|
I
|
|
|

IO

|]|!!I
|
i
|

U T
ith whi e s
wi hich they move or =)

Chemical analysis will, of course, show how much
Ag NO, has disappeared from each of the two vessels

A and ¢, and hence give the ratio 5 of the velocities of the

ions. Hittorf in this way determined the relative velocities
for a large number of positive and negative ions. Thus in
the case of silver nitrate @ = 0.472, showing that the




72 PHYSICAL CHEMISTRY

negative NO, ions move rather faster through the liquid
than the positive Ag.

But each positive and negative ion carries the same
quantity of electricity with it (else when they united to
form a molecule that molecule would not be electrically
neutral) ; hence the strength of current due to each ion
must be proportional to its velocity, in other words the
conductivity of the electrolyte may be divided into two
parts, due to the two constituents separately, and these two
parts will be in the ratio of z to 1—ua.

Now in the case of strongly dissociated electrolytes the
measurements of Kohlrausch and others give the wvalue
of A, i.e. the molecular conductivity when completely
dissociated. This for silver nitrate solution is 116-5; com-
bining with this the observation of the relative velocities, it
follows that the partial (or ionic) conductivity of the Ag is
0:472 x 116:5 = 55-7, while that of the NO, is 60.-8. The
number thus obtained for the partial conductivity of an ion
is (allowing for experimental errors) the same, from which-
ever of its compounds it is determined : that fact eonstitutes
the proof of the assumption with which we started—that
the partial conductivities are independent of one another.

The following are some of the most important results
arrived at: the values for H and OH bheing derived from
the conductivity of strong acids and bases,

Partial (or ionic) conductivities at 18",

B e b GRS ¢l .. .« 659
NH, . . 642 Bri o & 666
A VA PR 1 Lo s . Bhig
LA = %e. i 4355 NO, . . ©6oB
Hg. & . 557 Olo; . . 562
H . 318 C,H;0, . 337

]

| OH. .. 194

One of the chief uses of this table of partial conductivities
is to determine the limiting molecular conductivity, and
hence the degree of dissociation of substances which it is
impracticable to dissociate completely. Thus in the case of
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acetic acid, quoted above, the conduction due to the C,H,0,
ion may be found from measurements on the sodium salt,
which like all the sodium salts is almost completely dis-
sociated at moderate dilutions. Being found 33 7, it follows
that A, for the acid is 33-7+4318 = 351.7.

Ostwald gives certain rules with regard to the more
complex organic acids, which show the regularity with
which the ionic velocity, in these cases, falls off with
increase of molecular weight. His values at 25° reduced
to systematic units are :—

Acids with 12 atoms Ax = 380

T I4 19 n = 379
" 5| s =378
Lk IE LK 15 — 3?5
T 22 ' n = 374
1 25 1 A —
" 3o 11 ;3 = 372

So far, we have only considered the relative velocities
of the ions; it is not difficult, however, to determine their
absolute amounts, Let # and «” be the velocities (in em.
per second) with which the ions are moving across a certain
section of the liquid, and f be the electric force, or gradient
of potential there (in volts per em.); ¥ the dilution
(ce. per gm. mol.). Then across one square cm. there flows
in a second the cation contained in a space whose length
is % cms, and cross section 1 sq. em., 1. e. % c.c.s. The mass
of cation contained in this volume is (provided the electrolyte

be completely dissociated) ;gm. equivalents. But one gm.

equivalent carries 96,540 coulombs, therefore the current
carried by the cation (per sq. em. cross section) is

(1
V
A similar expression holds for the anion, and as the total
current is the sum of the two, we have
96,540 (u+4u")

7

96,540 — amperes,

eurrent density = amperes,
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Now the conductivity is the ratio of the current density to
the electric force producing it, or
96,540 (u+u')

V£ 4
s G R o

T 96,540 96,540
Ax being written since the argument requires complete
dissociation. But A= may be divided into its component
parts, proportional to w and #’. For hydrogen, e. g., the
partial conductivity at 18° is 318 mhos.
Hence we may write
w = 318 f—= 96,540 = 0-00329 f.

Putting this result into words we may say, for example,
suppose the electromotive force of a Daniell cell (1-1 volt)
applied to electrolyze a dilute solution of hydrochloric acid,
between electrodes placed at a distance of 1-1 ems. Then
the potential gradient in the electrolyte is | volt per em.,
and accordingly the hydrogen of the acid will move in
the direction from negative to positive plate with a speed
of 0-00329 ems. per sec., or one centimetre in about five
minutes. The atoms will of course, as a matter of fact, be
moving about in all directions with a speed that is enor-
mously greater; i e. will share the undirected motions
common to all the atoms and molecules present, which
constitute its heat energy. These motions, however, would
lead the hydrogen nowhere, since they are distributed with
complete indifference in all direetions. What the electric
force does, is to superimpose on that a steady drift in
one direction, which will gradually lead all the hydrogen
atoms to the cathode, where they will appear in the
molecular form.

conductivity k =

whenece w4u




CHAPTER II

PHYSICAL CONSTANTS IN RELATION TO CHEMICAL
CONSTITUTION

Sysrematic study of the physical properties of a large
number of definite chemical compounds has led to certain
generalizations as to the way in which the physical constants
depend on the arrangement of the atoms in the molecule.
Knowledge of this subject is still in a very rudimentary
state, the laws or generalizations arrived at being purely
empirical, but it cannot be doubted that eventually, when
the constitution of the molecule of any compound is suffi-
ciently well known, it will be possible to calculate all the
physical properties of that compound from the properties
of its elements; just as it is now possible to calculate the
weight of the molecules from the weights of its component
atoms. At present all that is possible is to give an
account of the chief physical constants to be measured, the
apparatus used for measuring, and the leading empirical
results obtained.

As far as the determination of physical constants is
concerned, the material to be experimented on may be
divided into three classes— (i) fluids (liquids and gases), (ii)
ordinary—isotropic—solids, (iii) erystals. The first and
third of these classes are well suited to the purpose, pro-
vided sufficient care be taken to obtain the materials in
a state of chemical purity; ordinary solids, such as the
metals, on the other hand, are very difficult subjects of
investigation, because in general their properties—e. g.
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density, elasticity, eleetric conductivity—depend on the
mechanical treatment that the solid has undergone. So that
even if the preliminary difficulty of obtaining a chemically
pure material be overcome—which is not easy, because
frequently a small trace of impurity produces a dispro-
portionately large effect on the physical properties —the
material will show wvarying properties according as it is
cast, rolled, wire-drawn, annealed, &e., 1, e. according to
the previous history of the specimen used ; whereas fluids,
if of identical chemical composition, are always of identical
physical properties, or to use a mathematical phrase, the
various physical constants of a fluid are functions of the
state of the fluid at the moment, while in solids that is
not in general the case. Hence very few data of value
have been arrived at with regard to the physical properties
of solids.

§ 1. Density of Fluids.

The most important constant to measure in a fluid is its
density (or specific volume) under varying conditions of
temperature and pressure.

| If p be the pressure on the fluid,

T its absolute temperature,
v its specifie volume,
there exists a relation
f(po, 1')= 0,
which is called the characteristic equation of the fluid. The

- various measurements described below give the means of

determining the form and constants of this equation, over
various portions of the entire range of temperature and
pressure. The simplest instance of a characteristic equation

is that of a perfect gas, = RT

Another of importance is van der Waals’ equation, to which
we shall have to return in detail below. |




PHYSICAL CONSTANTS #r

The problem of determining the density under all possible
circumstances presents itself under different forms accord-
ing to the conditions of pressure and temperature: the
most important cases are—

(i) absolute measurement of density under ordinary
conditions ;
(ii) measurement of the coefficient of expansion under
constant pressure ;
(iii) measurement of compressibility at constant tempera-
ture ; 3
(iv) determination of the critical constants.

Apparatus for measuring the density of gases and
vapours has been described in chap, i. Liquids can be
measured in any form of specifie
gravity bottle or pyknometer, of
which the best pattern is the
Sprengel tube, as modified by
Ostwald. This consists of a
wide tube ¢ with a capacity of,
conveniently, 5 or 10 c.c., termi.
nating in the tubes a and b of
about one millimetre bore : @ is
drawn out slightly at the end,
b bears a mark near the middle
of the horizontal portion. The
tube is filled by dipping b under
the surface of the liquid in a
small dish, and sucking at the
end @ through an india-rubber tube. When full, the
rubber tube is slipped off, and the pyknometer placed
upright in a water bath; in two or three minutes it
acquires the temperature of the bath, and the quantity
of liquid in it is then adjusted to the mark on b. The
capillary effect of the narrow end of a keeps a full, so
that if a piece of filter paper be held against a, liquid will

Fic. 13.
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be withdrawn from b. If there is too little liquid, a drop
on the end of a glass rod is held against the end of a and
liguid will flow into 0. The tube is then taken out of
the bath, wiped with a linen or silk cloth, and weighed.
Evaporation does not take place rapidly from the small
exposed surfaces in a Sprengel pyknometer, so that it may
be used for water and aqueous solutions without any
trouble. For more volatile liquids, glass caps ground to
fit the ends serve to prevent evaporation.

The conditions of pressure and temperature under which
the weighing is made are sufficiently definite: for the
fluctuations of atmospheric pressure do not produce a
variation of more than 54505 part in the volume, while
the temperature is that of the water bath, and may con-
veniently be read to {3, which corresponds, for an ordinary
liquid, to a variation of about {55%5¢ in the volume. To
make a set of comparable measurements, it is desirable to
use a thermostat, so as to keep the pyknometer, during
filling, always at the same temperature. An account of
suitable thermostats is given in Ostwald’s Handbook of
Physico-Chemical Measurements, chap. v.

Two corrections have to be applied to the density as
measured : (a) for displacement of air, (b) for the density
of water at the temperature of observation. The density of
air may be taken as 0-0012 gms. per c.c. under ordinary
conditions of weighing: hence for every cubic centimetre
of liquid in the pyknometer 1-2 mgms. of air are displaced ;
but from that must be deducted the displacement by the
weights ; if the latter are of brass this amounts to 0-15
mgms. of air per gm. of weight. Accordingly the true
weight of water is 1:00105 times the apparent weight, while
to get the true weight of the experimental liquid we must
add 1.2 mgms, for each c.c. and deduct 0-15 mgms. for each
gram. If then three weighings be made with the pykno-
meter, (i) dry, (ii) full of water, (iii) full of the liquid to be
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measured, calling the difference of (i) and (ii) W, and the
difference between (i) and (iii) W, we have
true weight of water = W x 1-00105,
true weight of experimental liquid
— W4 0-0012 W,—0-00015 I,
and the specific gravity referred to water at the temperature
of the experiment is
D= W 40-0012 W, —0-00015 V"
W, x 1-00105
This must be multiplied by the density of water at ¢ to
give the actual density of the other liquid. The density
of water is given in the following table ': the temperature
is measured on the normal hydrogen scale,

Temperature. Lensity. Specific volume.
o’ 0-0998679 [-000I321
398 1 I

10 0.9997272 1-0002728
15 0.9991263 10008745
20 0.gg822908 1.0017733
25 0:9970714 1.0020372
30 0-9956732 1:0033456
35 09940576 1.0059779
40 0:9922417 1.0078190

$ 2. Thermal Expansion of Fluids.

The absolute density or specific volume of a liquid having
been determined at one temperature by the pyknometer,
the change of density with temperature may most con-
veniently be found by a dilatometer such as that shown
in Fig. 14, Tt consists of a bulb of 5 to 10 c.c. capacity,
provided with two capillary tubes: of these, one is merely
for the purpose of convenient filling, the other plays the
same part as the tube of a thermometer. The end of b is
immersed in the liquid to be measured, and by sucking
at a the dilatometer is filled as far as the lowest mark

' Thiessen, Scheel, and Diesselhorst, Wied. 60. 340-9 (97).




8o

EHYSICAL CHEMISTRY

on @. The end of b is then closed, best by a small glass

{

=

e
=

 —|
| e |

@

F1a. 14.

plate, held in place by a screw, and provided
with a serap of sheet rubber to make the joint
tight. The tube is then immersed in a water
bath, and heated till the liquid reaches the
various marks on the tube in turn. In order
to use a fine tube for @ and yet not too long,
several small bulbs may be blown on it. The
volume of the main bulb and of the various
divisions of @ is determined by ecalibration
with mercury. A more perfect closure of the
end of b may be obtained by drawing out, and
after filling fusing in the flame: but this alters
slightly the volume of the dilatometer at each
experiment,

If v, be the volume of the bulb and so much
of the tube as is occupied by liquid when at
the freezing point, », the volume occupied at £,
then the apparent mean coefficient of expansion
v, — Y,

tv, ‘

The coefficient is, however, actually greater
than this by the coefficient of expansion of
glass, which may be taken as 0.000025. If
the coefficient of expansion is the same at all
temperatures, the volume at ¢ may be written

v, = v, (1 +at) :
more generally an equation in three terms,
v, = v, (1 + at+bt%),
is required to express the experimental results
with sufficient accuracy. [In the latter case,

between o and ¢ is

the true coefficient of expansion at ¢, is

1 dv
e a+2bt.]
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§ 3. Vapour Pressure and Critical Point.

While observations with the pyknometer and dilatometer
are within the ordinary practice of a laboratory, and may
be made with ease on any liquid that is fo be studied,
measurements of compressibility of liquids are difficult,
and require more elaborate apparatus. The same 1s true
with regard to the compression of gases, when measure-
ments are to be made with sufficient accuracy to show
the deviations from Boyle’s law. We will therefore only
make use of certain results obtained, and refer for details
to the text-books of physies, and especially to the classical
papers of Amagat'.

When a gas is compressed, the temperature being kept
constant, it may condense to a liquid, or it may become con-
tinuously denser and denser but without showing any sudden
transition. Which of the two will happen depends on the
temperature of the gas; below a certain point called the
eritical temperature, liquefaction occurs on the application of
sufficient pressure; two layers of fluid—the denser, liquid,
and the lighter vapour—then exist in equilibrium ; if the
volume occupied by the fluid be then reduced further, that
will only result in the condensation of more of the vapour,
without rise of pressure, so long as any vapour is left. The
pressure existing when the two layers of fluid are in equi-
librium is known as the maximum or saturation pressure.
If the temperature be above the critical point no such
phenomena are observed, the fluid being homogeneous
however strongly compressed.

The eritical point may be observed by forcing a sufficient
quantity of gas into a strong glass tube closed by a mercury
column. The tube is surrounded by a jacket of liquid or
vapour to maintain a constant temperature, and pressure

' E. H. Amagat, dmn. Chim. Phys. (4) 29. (5) 8. 11. 19, 22. 28, 29.
L]
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applied by means of the mercury ; the temperature of the
bath is then adjusted so that compression can be carried out
without the formation of two layers, but on cooling very
slightly, condensation may be observed when the pressure
is given the right value. In this way the critical point for
carbon dioxide, which is about 31°, may easily be ohserved,
and the corresponding pressure, the limit to the saturation
pressure as the temperature reaches the critical value, is
found to be 73 atmos. If the substance experimented on
is liquid at ordinary temperatures the same process may
be adopted, and the fill-
ing of the tube needs no

P
special appliances, A
Py I few gases, e.g.hydrogen,

OXygen, carpon ImMonox-
ide, have critical points
much below the atmo-
spheric  temperature,
and accordingly require
special cooling baths,
but otherwise the ex-
Fie. 15. perimentation is similar.

In any case, the critical

pressure may be read off a gauge attached to the com-
pression apparatus, and the critical volume, 1. e. the specific
volume of the fluid under critical temperature and pressure,
may be estimated, at least roughly, if the compression
tube be calibrated ; for details, see S. Young'. When,
on account of high pressure or chemical activity, glass
tubes are not available for the experiment, a method
due to Cailletet and Colardeau?®, and used by them for
water, may be adopted. A steel tube of ample strength 1s
taken, and an amount of the fluid placed in it, shut off by

I 8. Young, Phil. Mag. (5) 33. 153-85 (1892).
? Cailletet and Colardeau. Ann. Chim. Phys. (6) 25. 519-34 (1892).
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mereury, such that on heating to the eritical point it will
neither altogether evaporate nor fill the tube with liquid ;
so long as the critical temperature is not reached, there will
be a definite saturation pressure corresponding to each
temperature, however much fluid be used, provided the
above condition is satisfied. If the results of the experi-
ments are shown graphically, a single vapour pressure curve
(Fig. 15) will be obtained. Beyond the critical point, how-
ever, the pressure in the tube will be greater, the more fluid
it contains ; and by making a series of measurements with
different quantities of fluid, a sheaf of curves will be

obtained, branching out from the ecritical point, which is
thus defined.

§ 4. Theoretical Relations at the Critical Point: Law
of Correspondence.

Numerous attempts have been made to express the results
of measurement on the relation of volume to pressure and
temperature by a single equation which shall be applicable
to both liquid and gaseous states. The most important of
these attempts is that of van der Waals. Other equations
than his have been found which express the experimental
results more closely, but they are more complicated, and
contain a greater number of arbitrary constants, and so
are less intelligible theoretically; we shall therefore only

refer to van der Waals’ equation ?,
RT

The characteristic equation to a perfect gas, p =—;

u
when applied to an actual substance, is found to depart
from the truth chiefly in the two following ways: (1) it
implies that when the pressure on the gas is indefinitely
increased the volume would be indefinitely diminished,

' Van der Waals, On the Continuity of the Ligquid and Gaseous States
- w @
Matter. English translation, 164 pp. Taylor & Franeis, London, "

G 2
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whereas experiment shows that the volume tends to a finite
limiting value, below which it cannot be reduced by any
pressure, however great ; (ii) when the volume of the fluid
is small there is an appreciable surface tension, which,
acting like an elastic skin over the fluid, balances a part of
the internal pressure due to the movement of the molecules,
leaving only the remainder to be equated to the applied
external pressure. The phenomenon of surface tension is
well known in liquids, and it may reasonably be taken to
depend on the closeness of the molecules of a fluid and the
consequent forces of attraction between them, and accord-
ingly should be shown by a highly compressed gas as well as
by a liquid. Van der Waals took the pressure thus produced
to be inversely proportional to the square of the specific

volume of the fluid, getting thus a term ;i to be added on

to the external pressure in order to arrive at the pressure

actually obtaining in the interior of the liquid: a being
a

a constant for each fluid. Hence there is a pressure p + p
to produce compression, and van der Waals assumed that
this is inversely proportional to the excess of the volume
over the limiting volume b, or

a RT

Dl ==

v—0b

This equation, which may be regarded as a first approxi-
mation to the truth, brings out, inter alia, the phenomenon
of the critical point: remembering that the critical point is
the limit at which the two states, liquid and saturated
vapour in equilibrium, pass over into a single state, gas,
it is possible to calculate the critical temperature (7'¢),
pressure (p¢), and volume (v¢), the results being

Ba
270 R

T{:i
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Pe= 57pe
Vo = 35

[Van der Waals’ equation is a cubic in », having in
general three different roots ; the critical point is that for
which the three roots are equal, i.e. the three values of v
corresponding to a given pressure and temperature become
identical. |

It follows that if the constants in van der Waals’ equation
be obtained by measurements taken over any range of
pressure and volume, the critical constants may be calcu-
lated from them, Or conversely, if it i1s more convenient
to measure the critical point experimentally, the equation
may be written down by that means, and so the volume
corresponding to any other pressure and temperature be
calculated, The most important of the three relations just
mentioned is the third, which states that the specific volume
in the critical state is three times the limiting volume under
indefinitely great pressure. Since in a liquid under
ordinary conditions the volume is nearly as small as the
limiting volume, the critical volume is approximately three
times that in the liquid state.

Van der Waals’ equation leads to a very important
conclusion if the volume, pressure, and temperature be
expressed as fractions of their eritical values. So expressed

they are called the reduced volume, say w = fs pressure
¢

:.U
7 = — and temperatur = —
Po ! emperature T 7,

for », p, and 7' in the original equation, we get

+ Substituting o, 7, and

(11'+ L%z){Bw—l}: 8r,

an equation contfaining no arbitrary constant. That is to
say, the relation between the reduced volume, pressure, and
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temperature is the same for all substances. This result
may be otherwise expressed as follows:—if two fluids be
taken under conditions of pressure and temperature, which
are the same fractions of their respective critical pressures
and temperatures, then their volumes will be the same
fraction of their respective critical volumes ; such conditions
are known as corresponding pressures and temperatures, and
the law is sometimes called that of corresponding states.

It should be carefully noted that though van der Waals’
equation leads to the law of corresponding states, that law,
if true, does not necessarily imply the truth of van der
Waals’ equation. The relations between volume, pressure,
and temperature may conveniently be represented by means
of a diagram in which p and » are taken as ordinate and
abscissa, and lines are drawn showing the relations at sue-
cessive constant temperatures (isofhermal lines). If such
diagrams be drawn for two substances, and then the scales
of one of them be altered so as to make the two ecritical
points coincide, the law of correspondence implies that the
two sets of isothermals will eoineide throughout, whether they
have the particular shape calculated from van der Waals’
equation or not. Amagat made comparisons of the kind
by means of an optical apparatus which formed a magnified
or reduced image of one diagram on the paper bearing the
other, so that a glance was sufficient to tell whether the two
coincided or not.

The most complete tests of the law of corresponding
states are contained in the papers of Amagat', who made
measurements on six gases and twelve liquids, in apparatus
of special construction, capable of standing 1,000 atmos.
pressure at a temperature of over 200" and 3,000 atmos. at
ordinary temperatures; and of Young’, whose measurements,
made on some twelve substances, all liquid under ordinary

L dnn. Chim. Phys. (6) 29. 68-136, 505-74 (93)-
2 8, Young, Phil. Mag. (5) 83. 153-85 (92).
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circumstances, reached to more than 400° in tempera-
ture, but in pressure only to some 75 atmos.; a range,
however, sufficient to include the eritical points of the
liquids chosen. Young chose fluorbenzene as a typical
organic liquid, for a standard of comparison, and prepared
tables showing, at successive corresponding temperatures,
the ratio of the saturation pressure of each liquid to that of
fluorbenzene ; if the law of correspondence be true, the
ratio of the vapour pressures will be constant. Similarly
other tables showed the specific volumes of the liquid and
saturated vapour of each fluid by comparison with those of
fluorbenzene, and again the numbers are constant or
variable according as the law of correspondence holds or
not. We have not space for anything more than brief
extracts from Young’s results, of which the first may be the
table of eritical constants, following.

L

Substance. Formula. | Mol. wt. T{f [mi::‘:lj. of | \&:C

(abs.). Hg) per

A e,
Fluorbenzeme . . . C.H.F g5-8 BE 12 | 2.822
Chlorobenzene . . . 'L'J: H: Cl 112.2 ggg.” gg:gm 2.731
Bromobenzene . . . C,H;Br 156:6 | 670. 33,912 | 2:059
{;duhenzena s H 2034 21, 33,912 | I.713

enzene . . . . . s .8 61, 6, .2
Carbon tetrachloride . C Gl: 1;3?-4.; 255.?5 34, ?gg ?-—;gg
Tin tetrachloride . . SnCl 250-3 | 501.7 28,080 | 1-347
Ethylether . . ¢ . (C;H,).0 73:84 | 4674 | 27.060 | 3-801
Methyl aleohol . . . CH,O0H 3193 | 5130 | 59,760 | 3-697
Ethyl alecohol . . . C,H,0H 45-90 | 516.1 47,850 | 3.636
Propyl aleohol . . . C,H,0H 59-87 | 536-7 | 38,120 | 3634
Aceticacid . . . . CH,COOH 59:86 | 504:6 | 43,400 | 2.846

From these numbers corresponding temperatures may be
reckoned, e. g. 410-4° abs. is, for fluorbenzene, 0-7335 of the

eritical temperature ; to this corresponds, for ethyl alcohol,
378.85% since

410-4 _ 37855 _ e
SEOEE o sl

Experiment shows that at 410-4° fluorbenzene has a vapour
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pressure of 3,000 mm., while at 378.55° aleohol has 2,042
mm. These two numbers are, however, not the same
fraction of the critical pressures of the two liquids: the

reduced pressures are
for fluorbenzene 7 = 5,000 — 0-0885
33,912 ’
2,042
47,850
Accordingly the law of correspondence is far from being
verified in the case of aleohol. On the other hand, it is
very approximately true for substances of similar chemical
constitution ; this appears in the following table for chloro-

benzene ;—

= 0-0427.

for aleohol 7 =

T T Ratio.
(fluorbenzene.)

0486 0.0006 0.998
0.639 0:0223 1-005
0733 0.0885 ©:993
a.822 0-2360 I-000
o gz28 ©-5000 1007
1:000 [-0002 I.000

The third column shows the ratio between the vapour
pressure of chlorobenzene and that of fluorbenzene. It does
not differ from unity by more than can be accounted for
by experimental errors.

The chief conclusions that Young arrives at are as
follows :—the law of correspondence is true very approxi-
mately, if not exactly, for the group of halogen derivatives
of benzene; it is a rough approximation to the truth as
regards comparisons between fluorbenzene and carbon tetra-
chloride, stannie chloride, and ether ; it is not at all true
for comparisons between fluorbenzene and the alcohols or
acetic acid, except as regards the molecular volume of the
liguid at corresponding temperatures or pressures, But the
three alcohols, methyl, ethyl, and propyl, show about as
much correspondence amongst themselves as in the group
CCl,, Sn Cl, (C,H,),0. Further, when only an approximate
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correspondence exists, it is closest, in the case of the volume
either of liquid or saturated vapour, at corresponding pres-
sures.

Certain empirical relations have been discovered in the
course of measurements on the critical state, of which one
of the most important was stated by Cailletet and Mathias,
under the name of the law of rectilinear diameter. It is
found that the sum of the densities of the saturated vapour
and liquid at any temperature is a linear function of the
temperature: this rule extends up to the eritical point
where the two densities become identical. Accordingly, if
a curve be drawn showing
therelation between densityn
and temperature T (Fig. 16), it
will be approximately para-
bolie in shape, the branch cn
showing the density of the
liquid under its own vapour
pressure, and cv that of the
saturated vapour. If the
mean between the two be
found, at various tempera- D
tures, points will be ob- Fic. 16.
tained, the locus of which
is a diameter of the curve ncv according to the definitions
of geometry. That diameter appears to be very exactly
a straight line, except in the case of water, and one or two
more abnormal liquids. As this law appears to hold, for
most liquids, quite up to the critical point, the eritical
density ean be found by marking off points on the diameter
and producing that line upwards till it reaches the eritical
temperature. This is preferable to direct measurement of
the ecritical volume, for, as appears from the curve, a very
small change in pressure produces a very great change of
volume in the neighbourhood of the critiecal point, so that

T
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the volume can only be determined roughly; the numbers
given by Amagat and others for the critical volume are
found by means of the law of rectilinear diameter.

Results of obhservations on the behaviour of fluids
under varying pressure and temperature may be con-
veniently expressed by the ratio of the actual to the
theoretical densify ; meaning by the latter term, the density
the fluid would possess under the given pressure and tem-
perature if it were a perfect gas. Now the molecular
volume of a perfect gas is = j;?: so that if v be the actual

molecular volume of a fluid at pressure p and temperature 7,

AT

the ratio v : —— is that between the actual and theoretical

RT
volumes, or L?t between the corresponding densities.
S. Young finds that at the eritical peint the latter ratio is
very close to 3.8 for benzene and its halogen derivatives
CCl,, SnCl,, and ether; while the anomalous liquids
examined by him give

Methyl aleohol 4:54
Ethyl aleohol 404
Propyl alechol 404
Acetic acid 5-03

To these may be added, from other sources,

Water 3-10 (Battelli)
Carbon dioxide 3-62 (Amagat)

It may be noted that, according to van der Waals® equa-
tion, we should have
RT, b Sa % 2?6": 85,
pe 270 a

while =i

So that the ratio of the actual to theoretical density at the
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eritical point would be 8: 3. It is found to be greater than
this in all the above cases, and van der Waals’ equation is
only to be regarded as a rough approximation to the truth.

§ 5. Atomie Volume.

While the general relations between volume pressure and
temperature have so far led to hardly any knowledge of
chemical constitution beyond the distinction between normal
and abnormal liquids, certain regularities have been observed
on eomparing the volumes of many different liquids under
more restricted, but still comparable, cirecumstances. Kopp
first employed the conception of the molecular volume, and
in order to get comparable results measured it always at
the boiling point of the liquid wunder atmospheric pressure.
In doing so he practically adopted temperatures such as
have since been defined as ‘corresponding,’ for the boiling
point of a liquid differs but little from two-thirds of its critical
temperature. Under this condition Kopp endeavoured to
show that the molecular volume may be regarded as the
sum of terms contributed by the various atoms in the
molecule, and which he accordingly called the afomic
volumes.

The atomic volumes of the elements entering into the
composition of organic substances are given by Kopp as

follows : —
carbon o oo 2o TLO
OXygen. . .« .« .« & T8
(Carbonyl oxygen) . 12.2
Hydrogen . . . . 55
Chlorine. . . . . 228
Bromine. . . . . 278
Iodine . . . . . 375
Bnlphur.o .o L St

These numbers are obtained by comparing the molecular
volumes of a large number of compounds, and are such as
come nearest to satisfying the conditions thus given, but
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they must not be looked upon as exact. The molecular
volume is not, in fact, an additive property ; i.e. it cannot
be expressed as the sum of parts each of which refers to
one of the atoms only; rather, for an exact treatment of
the subject, the constitution of the molecule would need
to be considered ; in one instance, indeed, constitution is
taken into account in the above list of values. The in-
fluence of an oxygen atom on the molecular volume of the
compound varies too much to be expressed even roughly
by one number, but oxygen compounds may be divided
into two classes, with an approximately constant atomic
volume for each; when the oxygen atom has both its
valencies saturated by the same carbon atom, forming the
carbonyl group (= C = 0), its volume in the ecompound
is 122, in other cases it is 7-8.

By means of the above table the molecular volume of
a liquid may be calculated with aecuracy, usually of two
or three per cent. As an example, acetone, CH,.CO .CH,,

Ehyos g3 Carbon atoms . . . . 330
6 Hydrogen atoms . . . 330

1 Carbonyl oxygen atom . 12.2

78:2

for the theoretical molecular volume.

Its molecular weight is 5805, and its density at its
boiling point (55.5°) = 0.749, hence the actual molecular
volume is 58:05+0.749 = 77-5.

It has been found more difficult to express the behaviour
of nitrogen by means of an assumed atomic volume, than
the other elements, as its influence varies largely according
to its position in the molecule. For further details with
regard to molecular volumes we must refer to Ostwald’s
Lehrbuch d. Allg. Chemie (vol. 1), where the subject is treated
at length ; many rules applicable to particular groups of
bodies have been worked out, but no generalizations of
importance arrived at so far,



PHYSICAL CONSTANTS 93

According to J. Traube', the molecular volume 1s more
exactly expressed by adding to the sum of the atomie
volumes a certain constant which he calls the co-volume.

§ 6. Refractive Index.

The refraction of light by transparent liquids furnishes
a set of physical constants which may be conveniently and
accurately measured, and which are found to possess
regularities similar to those of the molecular volume ;
much study has been devoted to the problem of calculating
the constants of refraction from the composition and con-
stitution of the compounds, and we shall give some of the
leading results below. When light passes from one medium
into another it is found, usually, that the incident ray, the
refracted ray, and the normal to the surface between the
media, are in one plane. (The exceptions are in certain
cases of refraction by crystals, with which we are not at
present concerned.) The angles made by the incident and
refracted rays, respectively with the normal, are called the
angles of incidence and of refraction. If these be called
¢,, ¢,, it is found (still with the exception of certain
crystals) that

{4, 8in ¢, = p,sin ¢,

where p,, p, are constants depending on the nature of the
media, and are called the refractive indices. It is immaterial
which of the two angles is regarded as the angle of incidence,
for if a ray of light will pass along a certain path in one
sense, it will pass along the same path in the opposite sense,
so that the incident and refracted rays are really inter-
changeable. Numerical values for the refractive indices
are obtained by choosing that of air, or of vacuum, as
unity. Accordingly, if one of the two media, say the

! J. Traube, numerous papers in the Ber. d. Deutsch. Ch. Ges., 1897,
and onwards,
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first, be air, as commonly happens, the above equation
reduces to
sin ¢, = p sin ¢,,

and measurement of the angles yields the value of 4, the
refractive index of the second medium. Air and vacuum
do not differ much in refractive index from one another,
but in exaet work it is necessary to define precisely the
standard adopted, which is most frequently air, free from
water vapour, at 15°C. and 760 mm. pressure. Such air
has a refractive index (for sodium light) of 1.000277 referred
to a vacuum,

The refractive index of a liquid may best be measured

R
N,__' ..--""-'--ﬂ- L'.,
e S -____.__....--"""r-r. r.-"""-'“'"r :dl-
_,_,—"f—'.’—,_ M‘H*"h__ ._,d"'di‘: |'I .
- L ' F
= c

Fia. 17.

by means of a spectrometer. A spectrometer consists
essentially of an illuminated slit placed at the principal
focus of a lens (the collimating lens) arranged so as to
throw a beam of parallel light on one face of a prism of
the substance to be measured; the beam is deviated on
passing through the prism, and on emergence received
by a telescope focussed for parallel rays. The path of the
light is shown in Fig. 17. aBc is a plan of the prism,
the refraction depending on the angle A between the two
working faces BA and ca. A ray follows the path rLmop,
making at the first surface the angle of incidence Lmw, and
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at the second the angle of emergence x’op. In general it
would be necessary to measure these two angles as well as

- the angle at A in order to find the refractive index of the
prism ; if, however, the prism is put symmetrically with
regard to the collimator and telescope, so that Lmx=n’op,
the number of angular measurements required is reduced
by one. It is then only necessary to observe the angle of
deviation (which is then a minimum), i. e. the angle between
Ly and op, or between the axis of the collimator and the
axis of the telescope. Then it may be shown that if

i = angle of the prism at a,
d = angle of deviation,

. t+d
Sln - .Ll} -

po= :
sin -
&

To measure a glass or a erystal, a solid prism is eut from
the specimen and its angles determined. For a liquid,
a hollow prism of glass is employed ; this is usually made
by drilling a hole 1 to 2 em. in diameter horizontally
through the prism between the faces aB, ac, and closing
the ends of it by carefully ground glass plates. A hole in
the top of the prism allows of pouring in the liquid and
inserting a thermometer ; the effective angle of the prism
of liquid is then the angle between the faces am, ac, as
the glass plates, if ground truly parallel-sided, are without
influence on the result, For details of construction and
use of the spectrometer reference must be made to the
handbooks of laboratory practice; it belongs, however, to
the most accurate of physieal instruments; an accuracy of
1 in 10,000 is easily obtained by it, and with a first-rate
instrument 1 in 1,000,000 may be approached. In order
to obtain such results, however, a corresponding degree of
accuracy must be attained in measuring the temperature




.

of the substance forming the prism. The temperature
coefficients of the refractive indices of solids are mostly |
small, and may be neglected except when the highest
precision is aimed at; that is not the case with liquids,
except perhaps water and aqueous solutions. The following
short table will give a nolion of the magnitude of the
correction involved : —

06 " PHYSICAL CHEMISTRY

Refractive indices for sodium light

at 18°, decredse per 1°,
Ethyl alechol . . . 1.3624 0:00040
Benzene . . . . . I.5024 64
Carbon disulphide . 1.6204 19
wateris o . . il CTdiggon o8

Accordingly, the organic liquids mentioned may be
measured to 1 in 10,000 if their temperature be observed
to about 1 degree, but to get results correct to six places
of decimals would™ need the practically unattainable con-
dition of a temperature
constant and known to
4o degree.

The  spectrometer,
however, is a somewhat
tediousand inconvenient
instrument to use, For
rapid measurement of
the refractive index of
a liquid several instru-
ments have been devised,

Fia, 18, of which probably the

best is that of Pulfrich.

The most essential parts of this are shown in Fig. 18, |

A right-angled prism stands with its faces vertical and
horizontal, and bears on the upper face a short glass tube
some 15 mm. in diameter. The tube is attached with
cement, and serves to contain the liquid to be measured,
of which one or two grams is sufficient; it is closed at
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the top by a cork, through which a thermometer passes.
A sodium flame at a distance of about one metre is focussed
by a lens so as to form an image edgeways on the surface
between the liquid and the glass of the prism ; the beam is
refracted downwards into the prism, making an angle with
the normal to the prism face which cannot be greater than
r, the eritical angle for grazing incidence. r is given by the
condition that
f, 8in 90° = p, sin 7 ;

whence sinr = !, where p, = refractive index of the liquid,
2z

j, = refractive index of the glass. Thus the limiting ray
makes an angle of incidence on the vertical face i = 90°—,
and emerges into the air making the angle ¢, given by
p, 8in (90°—7) = sine.
Hence
iy =k i = p, /1 —sin’i = +/u’,—sin’e.

The angle ¢ is observed by means of a telescope moving
round a graduated vertical cirele ; if the telescope be turned
so as to make the required angle with the horizontal, the
lower half of its field of view will come within the refracted
beam, while the upper half is dark ; the cross wires of the
telescope are set on the boundary between the two. The
setting may be accomplished with an accuracy of about half
a minute of are, corresponding to about 0-00005 in the
refractive index. The instrument is adapted also for use
with ‘hydrogen light,” i.e. the glow from a vacuum tube
containing hydrogen, and which consists of three rays, in
the red, blue, and violet respectively, and it may be used
with a heating jacket round the prism for measurements at
temperatures above the atmospheric.

The results of measurements of refractive index may he
more conveniently expressed by a funetion of the refractive
index and the density than by the index alone. The
refractive index, in fact, for a given substance depends

1
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on the pressure, temperature, and state of aggregation ;
being greater, the more dense the substance. The con-
nexion is most clearly seen in the case of gases, which
require special methods of measurement, for there the
indices are only slightly greater than unity; the excess
u—1, reckoned from vaecuum, may he regarded as due to
the gaseous matter present, and it is found, in fact, that
when the concentration (density) of the gaseous matter is
altered by pressure or temperature, the difference of refrac-
tive index from vacuum is altered in the same ratio; i.e.
if d be the density, or » the specific volume,

(p—1)w= 'ULT_El = constant for any one gas.

This quantity, known as the specific refracting power,
has been used in the case of liquids by Gladstone and
Dale, and by Landolt, to express the relations of refraction
to chemical composition. It is, in fact, nearly independent
of changes in density of liquids brought about by tempera-
ture, but it does not so satisfactorily express the effect of
a change from the liquid to the gaseous state. Thus, for
water (using sodium light), it is found that

(h—1)2

Liquid at o° 0:3338
10°  0-3338

100" 0.3323

Steam 0.3101

Another formula, proposed independently by Lorentz of
Leyden and by Lorenz of Copenhagen, is

p—1

p? 42
For gases, this quantity is almost exactly proportional to
the other, but for substances whose refractive index is

appreciably different from unity it gives different results.
It is found to possess a value more nearly independent

'?-:I-u
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of temperature and state of aggregation than the other;

thus for water, Liquidaitcs o ad6t

ia” a-206T
100" 0-2001
Steam 0.2068

It is, therefore, well adapted to show the influence of
chemical composition on refraction. If the value of the
specific refracting power as expressed by either of these
two formulae be multiplied by the molecular weight, the
result may be called the molecular refracting power; and
it is found possible to express it as the sum of atomic
refractions with about the same degree of accuracy as in
the corresponding case of molecular volumes,

The refractive index of all substances varies according
to the wave-length of the light used, being, with the
exception of a few anomalous cases, greater for short wave-
lengths (blue end of the spectrum) than for long (red end).
Definite points in the spectrum are distinguished by the
presence of bright or dark lines due to the action of certain
elements, bright when the emission spectrum of a gas is
observed, dark against a bright background in the spectrum
of the sun. The most prominent of these lines have received
the letters of the alphabet as names, those most employed
in measurements of refractive index being —

Wave length
(in air).

C (bhydrogen : ré&d) 6.563 x10~%em,

D, (sodium : yellow) 5-896

D, (sodium : yellow) 5:8g0

F (hydrogen : blue) 48615
The two D rays are very close together, so that in a spectro-
scope of small dispersion they appear as one, and are often
treated as such.

A large mass of observations has been aceumulated by
Briihl, Conrady, Kannonikoff, and others, from which
certain values for the atomic refractions of the elements
have been derived, expressing most nearly the experimental

H 2
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results. The influence of constitution is not to be neglected,
however ; if a fixed value be given to the effect of each atom,
only a rough approximation is obtained. To get the theory
into closer accord with facts, terms must be introduced into
the molecular refraction depending on the mutual connexion
of the atoms. Conversely, when this has been done, the
rules arrived at throw light on the constitution of any new
compound whose refractive index is measured, and may
therefore become a valuable aid in studying the constitution
of ecarbon and nitrogen compounds. Briihl, especially, has
made considerable advances in this direction, but his work
1s too long to reproduce here '.

The principal atomic refractions, caleulated from the

formula of Lorenz and Lorentz, are given in the following
table :—

C. 1), ., F—C.
Carbon. . . . . . . . .| =2.365| 2501 | =404 | 0039
Hydrogen' .. . . -« %. . I.103 I-051 1-139 | 0-036
Chlorine s .. <" & awa o . 6.0r4 | 5008 | 6.190 | 0.176
BrOmInes s . et s e 8.863 8.g27 | o211 | 0.348
Iodine . . . . . . . .| 13:808 | 14-320 | 14582 | o'744
Oxygen (hydroxyl) . . . . 1.506 | 1-52I 1.525 | oc-o19 | at20” C.
Oxygen (ether) . . . . . 1-655 1-683 1:667 | o-012
Oxygen (earbonyl) . . . .| 2328 | 2287 | 2414 | 0086
Nitrogen (attached to ¢ only) 2.76 il 2.05 | o-19
Additional for double € bond 1.836 1.j07 | 2056 | 0.23
Additional for triple € bond . | 2.22 — | 241 | o019

The values for the D ray are from Conrady’s measure-
ments, and do not agree very well with the others, which
are due to Briihl,

These numbers may be used in the same way as the
atomic volumes. Thus, e.g., benzene has at 20° the density
0-8799 and refractive index 1.4967 for the C ray ; hence, the
molecular weight being 78.05, the molecular refraction is

1.49672—1  78.05
1.4967%4+2  0-8799

1 J. W. Briihl, Ostw. 16. 103, 226, 497, 512 (1895) ; 22. 373 (1897) ; 25.
577; 28. 47 (18g8).

= 25:94,
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The value caleulated from Briithl’s numbers is

6 carbon atoms at 2:365 = I4:100
6 hydrogen atoms at 1.103 = 6.618
3 double bonds at  1.836 = 5-508

26.32

the error amounting to a little over one per cent.

In mixtures the specific refraction may be calculated from
those of the components, in proportion to the masses present.
Thus, if a mixture be made up of m, grams of a substance A
and m, grams of B, its refractive index p is given by th:
equation

'II]'.F,I mE

(Mg—1) vy = (1—1,7,

(I”‘l_']'}wl +

my + m, m, 4 Mm,

where p,, p, are the refractive indices of the components,
v,, v, their specific volumes, and v the specific volume of the
mixture ; or else by

m, u—1 ., p—1 1

[ 4] _— —_— —— —.—lv'
Myt 2 w2 2

The latter appears to be slightly the more exact of the two.
The rule is of importance because it may be applied to find
the specific refraction of one component when the other is
known ; thus, if a solid be dissolved in a liquid, its specific
refraction may be caleulated from the density and refractive
index of the solution, together with the corresponding con-
stants for the solvent alone.

The change of refractive index with change of wave
length in the light used is called dispersion. It may, e. g,
be measured by the difference between the refractive indices
of the same substance for the ' and F rays: and may be
referred to afomic dispersion in a manner similar to the
refraction. The differences between the atomie refractions
for the € and I’ rays, constituting the atomie dispersion
over that range, are given in the last column of the pre-
ceding table.



102 PHYSICAL CHEMISTRY

The dispersion of ordinary media may be fairly repre-
sented by an equation of the form (due to Cauchy)
Bl
e Ui
where A is the wave length of the light. If the wave
length be very great the later terms of the expression
become zero, and the refractive index is = A. The refractive

index for long wave length is closely connected with another
quantity—the dielectric constant.

+

§ 7. Dielectric Constant,

When a battery is connected to an electrie eircuit but
the ecircuit is not ‘closed,” i.e. a gap of non-conducting
material is left in if, a certain quantity of electricity flows
from the battery and accumulates on the two insulated ends
of the circuit, until their electric potentials become the same
as those of the poles of the battery with which they are
connected. The quantity flowing is, in an ordinary circuit,
almost immeasurably small, but if the metallic surfaces
opposed to one another, and constituting the ends of the
eircuit, are enlarged, the quantity may be greatly increased.
The arrangement of metallic surfaces is then called a con-
denser: thus a condenser may conveniently be made of two
parallel brass plates, separated by a thin layer of air, or of
two sheets of tinfoil separated by a sheet of glass or of
paraffined paper. The action of such a condenser may most
conveniently be expressed by means of its capacity, which
is defined as the ratio of the quantity of electricity flowing
on to the plates to the electromotive force of the battery
which causes it to flow. The unit of capacity corresponding
to the praectical units d¢f quantity and e. m, f. is called the
farad ; hence

e ___quantity in coulombs
capacity in farads = = T T

5
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The farad is, however, an enormously large capacity: so
that the millionth part of it, called one microfarad, is used in
practice,

It is found that the capacity of a condenser depends on
the nature of the insulating substance, or diclectric between
its plates: the capacity of an air condenser is increased
when the air is replaced by another dielectrie, in a fixed
ratio ; the ratio to air (or more strictly to a vacuum) is
called the dielectric constant of the medium. Now according
to the view that light is an electro-magnetic disturbance,
it may be shown (following Maxwell) that

i =

where K is the dielectric constant; only as K is always
measured by means of stationary charges or by oscillations
which are very slow compared with those of light, and
consequently of very much greater wave length, in order to
test the theory K must be compared with the refractive
index for indefinitely long wave length, or

A= K.

This relation appears to be strictly true for gases—which
are absolute non-conductors. E.g. Boltzmann found for air
at 0° and atmospheric pressure (referred to vacuum),

K = 1.000590,
while 4*=1.000576. . . . . (Benoit)

It is nearly true for a certain number of liquids ; thus
toluene at 20° gives
K = 2.227,
A% = 2.176,

but it is not even approximately true for liquids that are not
very good insulators. Water, and even aleohol, belong to
this class, for though pure water is very much less conducting
than solutions of salts and acids, it is millions of times more
so than the hydrocarbons. Accordingly, while u® is less
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than 2 for both water and alcohol, the dielectric constants of

those liquids are,
Aleohol (at 147) 25.8
Water about) 8o.

The expression for the specific refraction given by Lorenz
and Lorentz is, however, based upon the above consequence
of the electro-magnetic theory of light. It was shown by
Clausius that if a dielectric be regarded as composed of a
number of conducting spherical atoms immersed in a non-
conducting medium (the ether), then the increase of capacity
of a condenser due to the dielectric could be accounted for,
and the dielectric constant calculated in terms of the space
actually occupied by the atoms. Calling the latter quantity
u (fraction of the whole volume),

1+ 2u
1l —u
L
e
and if e

e

= #2 + 2 5
consequently the volume (per gram) actually occupied by
the atoms is obtained by multiplying this expression by the

specific volume 2,

fir —

whence

e —1
e !:n +_2 v,
and a constant is thus arrived at necessarily independent of
pressure, temperature, or state of aggregation.

Apart, however, from any theory as to its connexion with
the phenomena of light, the dielectric constant is coming to
possess considerable importance for chemistry. It is observed
that the substances possessing the highest dielectric con-
stants are those which when used as solvents are the most
effective in promoting reaction between substances dissolved
in them, and especially in causing electrolytic dissociation,
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and the acid and alkaline reactivity accompanying dissocia-
tion. Thus water, methyl aleohol, formic acid, and liquid
ammonia possess the highest known dielectric constants,
and they all produce marked electrolytic dissociation.

The method now usually adopted to measure the dielectric
constant of a liquid is modified from the Wheatstone bridge
method for resistances'; the arrangement of apparatus is
shown in Fig. 19. The ‘quadrilateral’ of the bridge is
formed of two resistances, r, r,, each of about 40,000 ohms,
and two condensers, ¢,, ¢, The latter are of adjustable
capacity, being made of a pair of metal plates with a sliding

F1a. 10.

glass plate between ; when the glass plate is pushed in to
replace the air between the metal surfaces the capacity is
increased, and by a known quantity proportional to the
movement of the plate: the latter is regulated by a micro-
meter screw, so that the change in capacity of either
condenser is readily caleulated. An induection coil, 1, similar
to that used in measurements of electrolytic resistance,
supplies eurrent to the system, and a telephone, m, is
placed between the junctions of the condensers to their
respective resistances. When the ratio of the capacities is
inversely as that of the resistances (¢, : ¢, = &, : ,), the con-
jugate condition is attained, i. e, no eurrent will occur in the

! Nernst, Ostiw, 14. 622-63 (1894).
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telephone circuit. In practice the resistances, ,, R,, ale
made equal, and therefore the minimum sound in the
telephone indicates that ¢, =c¢,. ¢ is a trough provided
with electrodes ; it is filled with the liquid to be measured,
and constitutes a liquid condenser ; by means of the key x
it 1s placed in parallel, first with ¢, and then with o,.
Suppose ¢, ¢, adjusted to equality and ¢ then placed in
parallel with ¢,, the capacity of that branch is increased,
and the micrometer of ¢, must be turned till equilibrium
Is restored ; the distance through which the micrometer is
turned then measures the capacity that has been added to c,
L e. the capacity of the liquid condenser. The minimum in
the telephone is, however, usually somewhat indefinite,
owing to slight conduction through the liquid. To remedy
this two very high adjustable liquid resistances, s,, s,
are put in parallel with the condensers and adjusted so
that the total conductivity is the same on both sides of
the quadrilateral ; the indication of the telephone then
becomes elear,

§ 8. Viscosity.

The coefficient of viscosity and the surface-tension of
liquids have also been measured, with a view to determining
the influence of the atoms and of their arrangement on the
physical properties of the molecule, especially in organic
compounds. To measure the viscosity the method invariably
adopted is to observe the rate of flow of the liquid through
a capillary tube.

It may be shown that if a liquid be forced through
a capillary tube by means of a constant pressure, the co-
efficient of viscosity n (as defined in the introduction) is

determined by mritp

Ty
where 7w = 3.1416, » = radius of the tube, I = length of
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tube, ¢ is the time taken for the volume v to flow, and p the
pressure applied. If in this equation the length and radius
are expressed in em., the volume in c.c., the time in sec.,
and the pressure in dynes per sq. em., the coefficient will
be obtained in C. G. S. measure. Practically the pressure
is applied by means of a ‘head’ of the liquid itself, or
of water or mercury; the head of liquid must then be multi-
plied by its density and by the acceleration of gravity to
eive the pressure in the required unit.

For absolute measurements all the quantities in the above
equation must be observed; but usually the viscosity of
some well-known liquid, such as water, may be taken as
a standard, and that of any other liquid determined by
observing the comparative rates of flow through the same
capillary tube. If the pressure in a pair of comparative
observations be produced by the liquids themselves, and the
head be the same in the two cases, the comparison may be
conveniently made by observing the time of flow of the
same volume of each liquid, and then it follows from the

above equation that

4 D,
ﬂ_ﬂ e E:I "...')2}
where D stands for the density, and the suffixes 1, 2 refer to
the first and second liquids respectively.

A very convenient apparatus for comparative measure-
ments has been deseribed by Ostwald, and is shown in
Fig. 20. It is constructed entirely of glass tubing: bd is
the capillary, terminated above by a bulb & of three or four
c.c. capacity, A pair of marks ¢ and d are made on the
capillary itself, and the neck just above the bulb where
the tube is narrowest. The wide end e fis bent up so that
the whole apparatus may be arranged in a water bath,
with the working parts well immersed. This is important,
because the viscosity changes very rapidly with the tem-
perature (often two per cent. per degree), so that unless the
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temperature of the liquid in the capillary is accurately known,
measurements are useless. To use the apparatus a fized
volume of liquid is introduced at f by means of a pipette,
and a being attached to a water pump, the liquid is sucked
up till it rises above the mark ¢; it is then allowed to flow
down again, and the times at which the level falls to ¢ and
to d ohserved. If the same volume of each liquid be used,
the difference of level between the two tubes (i. e. the head
of liquid) at the moment of passing either mark is neces-

sarily the same in the two cases, and although
/" the head varies a little during the course of
the experiment, the preceding equation will
hold good. Only a small amount of liquid is
needed, and it may obviously be used again
and again ; it is necessary to use some care
in avoiding dust in the liquid, as that would
partly choke the capillary, and so lead to
error ; but the precaution is the less difficult
the wider the capillary, and as the pressure
used in Ostwald’s apparatus is small the
capillary need not be very fine: a diameter
of half a millimetre usually suffices to make
the time of flow reasonably long.

When it is desired to measure the coefficient
in absolute units, it is necessary to determine
the length and diameter of the capillary tube
used. To determine the diameter is not easy, since it is
a small quantity, and as it occurs in the equation, raised to
the fourth power, a small error in measuring it produces
a much larger error in the result: the diameter is usually
found from the weight of mercury required to fill the tube ;
and the variation of diameter must be found by calibrating,
as in a thermometer.

Thorpe and Rodger' have measured the coeflicient of

1 Phil. Trans., 1894, or more briefly Proc. Roy. Soc. 55. 148.

FiG. =o.
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viscosity of a large number of organic liquids over a range
of temperature extending from the boiling point of each
liquid down to 0°C. The apparatus, which was more
elaborate than that of Ostwald, and admitted of determining
5 in absolute units, was nevertheless constructed entirely of
glass, and arranged so that it could be immersed in a bath
of water or glycerine.

Thorpe adopts Slotte’s formula to express the influence of

temperature, viz. :— %

"=a+n”

in which b, ¢, n are constants, and ¢ the temperature centi-
grade, In the case of most liquids (not water or aleohol)
this may be simplified to

[

= T A

The chief conclusions arrived at were that (1) in homolo-
gous series of compounds the viscosity increases with the
molecular weight ; (2) that it is greater for normal than for
the corresponding iso-compounds; (3) that it is generally
less for the more symmetrical of a pair of metameric
substances than for the other; (4) it is changed by a definite
amount by substitution, e.g. of a halogen for hydrogen, but
not by the same amount on substitution of a second halogen
atom. The lowest members of each series are abnormal
in their behaviour ; and the rules given do not apply to the
liquids regarded as ‘associated’ (e.g. alcohols, glycols,
water) ; these associated liquids possess unusually large
temperature coefficients of viscosity. The authors tabulate
(1) the coefficient of viscosity (1) for the various liquids;
(2) the product  x v#, where v is the molecular volume : this
product is called the molecular viscosity, being proportional
to the force required to drive a molecule with unit velocity
through the liquid ; (3) the product n x », called the molecular
viscosity work, from being proportional to the work required
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to move a molecule with unit velocity through a distance
equal to the mean distance between the molecules of the
liquid.

These three quantities may be fairly expressed as sums
of terms relating to the component atoms, with others
referring to the more important features of configuration in
the molecule; but the comparison must be made at the proper
temperatures. The boiling point of each liquid (as used by
Kopp) will serve: Thorpe and Rodger give the following
values for the molecular viscosity (in dynes x 10%) at the
boiling point under atmospherie pressure :—

Hydrogen . . . . 8o

Carbon . . . < toB

Hydroxyl uxygtn . 196 (—C—0—H
Ether oxvgen . 35 (—C-0-C-)
Carbonyl oxygen . 243 (=C=0

Ether sulphur . . 155(-C-8-C-)
Chlerime; o it o 0 2By

Bromine . . . . 420 (in monobromides)
Bromine . . . . 479 (in dibromides)
Todine” = 0% = . i5e0

Iso-grouping . . . 15

Double bond . . . 113

Ring-. o - . : < BI6

The values calculated from these data are usually within
five per cent. of the truth. The fact that boiling points are
not strietly corresponding femperatures may be expected
to produce a greater error here than in the molecular
volumes, since the variation with temperature is greater ;
but an attempt to use ‘corresponding temperatures,’ as
defined by van der Waals, did not lead to any better results,
on account of the uncertainty of the eritical data.

A third method of comparison was to choose such tem-
peratures as made the slope of the viscosity temperature
curve the same in all cases, 1.e. the temperature variation

d
of the wviscosity (-E;E ) constant for all the liquids. The

viscosity at temperatures so chosen may be expressed by
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means of atomic constants somewhat better than the same
quantity at the boiling point. Outstanding discrepancies
are attributed to either (1) influence of the constitution of
the molecule other than in the half-dozen important cases
tabulated above ; or (2) molecular aggregation.

§ 9. Surface Tension: Molecular Aggregation
of Liguids.

The most definite evidence of molecular aggregation is,
however, that afforded by measurements of surface tension.
An extensive research on this point has been made by
Ramsay and Shields’, containing measurements of the
surface tension of certain liquids from atmospherie tempera-
ture up to their eritical points, and deductions which allow
of caleulating the actual molecular weight of the liquids. We
will begin by deseribing the simpler of two forms of apparatus
used by the anthors, and which will serve as a good example
of the well-known -capillary-tube method of measuring
surface tension. a (Fig. 21) is a glass tube of about 1 em.
diameter to contain the liquid: inside it is placed the
capillary, @, sealed on to a wider tube, b, which serves to
keep the capillary upright and in the centre of A, while
allowing it to move freely up and down. At ¥ a small hole
is blown, which puts the liquid inside the capillary into
communication with that outside : and inside » is a spiral
of iron wire., H u is a magnet which by its attraction on
the iron wire serves to draw the capillary down to any
desired point; by its means the level of liquid in the capil-
lary is adjusted to one or two mm. from the top of @. The
adjustment is important, because the theory of the capillary-
tube method assumes that the radius of the tube is measured
at the point to which the liquid rises: the diameter can
conveniently be measured at the end with a microscope,

! Phil. Trans, 184. 647.
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and if the liquid meniscus be always
brought very close to the end, the
radius so measured may be taken

as correct, independently of any
w\ slight variation in bore of the tube.

0-2 to 0-3 mm. is a convenient bore
for most liquids. The liquid is
placed in the tube a, well boiled to
§ drive out air, and the end 1 sealed.
The apparatus is then fitted into
a small water or vapour jacket c to
ensure a known temperature, and
the difference of level between the
inner and outer menisci measured
with a travelling microscope. A
small correction must be made for
the fact that the cross section of
A is not very great, and conse-
quently the liquid stands a little
higher in it than it would in a
vessel of indefinitely great area.
; The surface tension is given by
i T = yghr (D—d),
: where D is the density of the liquid,
- : and d (in this case) the density of
@ the saturated vapour; the latter
! becomes considerable as the eritical
point is neared, but at low tempera-
tures may be neglected.

The apparatus above described
was only used at moderate tem-
peratures, a more elaborate form
serving for the experiments above

) 100°, But an even simpler arrange-
Fig, 2r. ment serves when the surface tension

£
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is measured between the liquid and air, as is commonly the
case: the tubes may then be left open.

The laws which the surface tension of liquids follows are
best expressed by the quantity known as the molecular
surface energy. The surface energy per square cm. 18
numerically equal to the surface tension per linear cm.,
and is therefore expressed by 7; but if it be referred to an
area containing a constant number of molecules more
intelligible results are obtained. If ¥ be the molecular
volume of the liquid (c.c. per gm. mol.) the cube root
of V= V* will be proportional to the average distance
between the molecules in the liquid, and hence the square
of that quantity (V) will express an area on which a constant
number of molecules is distributed. The product 7¥# is
therefore the surface energy calculated for a fixed number
of molecules, or, briefly, the molecular surface energy.
Ramsay and Shields find that the molecular surface energy
is a linear function of the temperature over a very wide
range. At the critical temperature (f¢) liquid and vapour
become identical, so that the surface between them dis-
appears, and the surface tension, of course, becomes zero.
Accordingly the expression

V=K (tc—t)

1s nearly true, the surface energy at any temperature (¢)
being proportional to the number of degrees that temperature
lies below the critical point. More precisely it is found
that the temperature should be reckoned from about six
degrees below the critical point, and that in the neigh-
bourhood of the eritical point itself the relation is more
complicated, but to determine the constant K for any liquid
it is only necessary to measure the molecular surface energy
at two temperatures and divide the difference by the interval

of temperature, d
5 H=_ 3 N
[01 e (rV }}

I
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It is found that K has approximately the same value for
all liguids which show no signs of molecular aggregation.
The value is about 212, but it fluctuates about five per cent.
on both sides of that average. The agreement is, however,
sufficiently good to show that there is a definite physical
meaning attributable to the constant ; the meaning becomes
clearest when the equation is compared with the character-
istic equation of a gas, viz. py=RT. K plays in the former
equation a part analogous to that of R in the latfer, as
becomes apparent in the parallel statements :

‘In all normal gases, at temperatures equally removed
from the absolute zero, the product of the pressure into the
molecular volume is the same.’

‘In all normal liquids, at temperatures equally removed
from their critical points, the produet of the surface tension
into the “ molecular area ” is the same.’

The latter statement is, however, considerably less exact
than the former.

If, however, the moleeular weight of a substance in the
liquid state be greater than that expressed by its usual
formula (based on observations of the vapour), then the
molecular volume will be greater in the same proportion ;
if the rule with regard to molecule surface energy still
remains true, it is clear that the value of K in the above
equation (¥ being calculated from the usual chemical formula)
will be too small. As a matter of fact, Ramsay and Shields
found the following values for certain abnormal liquids
over the range 16° to 46°:—

I L.
Methyl aleohol 0.033 3:43
Ethyl aleohol 1.083 2-74
Propyl alechol 1234 2.25
Glyeol aleohol 036 2.92
Formic acid 0:902 3.61
Acetic acid 0.goo 3-62
Propionie aecid 1440 177

These are all liquids which from their other physical

i, . e e i i, .

o il
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properties give indications of the existence of complex
molecular aggregates ; if then we assume that K has always
the value 2:12, and modify the preceding equation by writing
2V for the molecular volume instead of ¥, the experiments
will allow of calculating 2. 'We have approximately

T (:;-:l?')% = (tc—1t) x 2-12

‘more correctly the differential equation

d
e 8 — 92.12]
dg{T(m}} F=12:121

x will then express how many times the molecular weight
(or volume), as calculated from the usual chemieal formula,
must be increased to give the true molecular weight (or
volume); it may be called the factor of association. The
values of # given in the above table are calculated in that
manner : rise of temperature regularly produces a decrease
in the value of #, indicating that the molecular aggregates
tend to break up on heating, This is shown by the values

for water :—
; Factor of [ ; Factor of
Temperature. association. Temperalure. association.
5 3-81 85° 2:79
25° 344 Io5. et
45° 313 | 1355 247
65" 2.96 |

Accordingly the average weight of a molecular group
in water at 5% appears to be 3.81 x 18; it is obvious from
this that the groups must be of varying size, consisting of
either four, three, two, or one H,0: rise of temperature
causes a gradual dissociation of the larger groups, so that
at no temperature are all the molecules in the liquid uniform
so long as molecular aggregation exists at all.

I2
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§ 10. Constitutive Properties : Rotation of Polarized
Light.

The physical properties so far studied, in this chapter,
belong to the class known as additive, i. e. the measure of the
properties for the entire molecule may be regarded as made
up of parts, each of which is peculiar to one atom. Of such
properties weight is the typical example, and indeed the
only one that is strictly additive. The weight of a molecule
is arrived at by adding together the weights of its component
parts ; the forces between the atoms exercise no influence on
the weight to be attributed to each atom. In other cases,
e. g. molecular volume, the constitution of the molecule
exercises a more or less marked influence, yet the general
behaviour is additive: the atoms possess much the same
properties as if they were not combined. There are,
however, other physical properties which bear an intimate
relation to the constitution, so that a comparatively small
change in the arrangement of the molecule may alter them
entirely, The best instances of such constifutive properties
are (1) rotation of polarized light, (2) absorption of light with
accompanying production of colour.

Ordinary light consists of vibrations at right angles to the
direction in which the light is travelling, the direction of
the ray, such vibrations being called transverse. If a plane be
drawn at right angles to the ray, the luminous vibration may
take place in any manner in that plane, and in general the
figure deseribed by a point in the plane will not remain the
same for any length of time. By certain devices, however,
it is possible to obtain light which retains precisely the same
characteristics for any length of time, and which therefore
consists of vibrations of a definite and permanent figure.
Such light is called polarized, and is obtained either by
reflection or refraction at certain angles, or more commonly
by transmission through a crystal. The simplest kind of
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polarized light is that in which the figure deseribed by
a vibrating point is a straight line merely—the point oscillates
to and fro along a short straight line at right angles to the
ray. For greater intelligibility let us assume that the ray
is travelling vertically upwards (along the axis of a polarizing
microscope), that it then encounters a ‘ polarizer’ (Nicol prism,
tourmaline plate, &e.). After passing through the polarizer
the vibration is exclusively in one direction, say east and
west, because the polarizer absorbs any component vibration
north and south that the light may previously have possessed.
Further on the ray meets an ‘analyzer’ (another Nicol or
tourmaline); if this be placed in the same way as the polarizer,
it will allow the east and west vibrations to pass through it
unchanged ; but if it be rotated 90" it will now only allow
north and south vibrations to pass through it, and will
consequently absorb all the light that has passed through
the polarizer, and the field of view of the mieroscope will
be dark. Light of the kind produced by a Nicol prism or
a fourmaline plate is called plune polarized, and the plane
of polarization is that containing the ray and a certain axis
in the polarizer (the longer diagonal of a Nieol prism).
Whether the vibrations constituting light are in this plane
or at right angles to it, is immaterial ; it is sufficient for
practical purposes that the plane of polarization can be
identified by turning the analyzer till it extinguishes the
light, when its axis is at right angles to the plane required,
and the analyzer is said to be ‘crossed’ to the polarizer.

If now certain substances, e. g. quartz, be put between the
polarizer and analyzer, the illumination of the field of view
1s partly restored, but on turning the analyzer through
a definite angle it can be extinguished again : this shows
that the light on emerging from the quartz is still plane
polarized, but the plane has been rotated. The measure of
the rotation is easily found if the analyzer be mounted in
a graduated circle. It may take place either to the right
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or to the left, being counted right-handed when, travelling
along the ray of light in the direction in which it is going,
the rotation is clockwise ; or in the previous example, if the
light passing vertically upwards is originally polarized east
and west, and is rotated through north-east and south-west
towards north and south. The angle of rotation is in general
different for light of different colours, so that when white
light is viewed through a polarizer, a rotating medium, and
an analyzer, it is decomposed into colours, a phenomenon
known as rofatory dispersion. Rotation of the plane of
polarization is effected by numerous erystals, and by a certain
number of organie substances both pure and in solution,
e. g. turpentine, tartaric acid, sugar. It is found that the
angle of rotation is proportional to the length of active
substance traversed by the beam of light, and when the
concentration is variable (as in solutions), to the amount
of active material per unit volume. Accordingly the specific
rotation [a] may be defined as being, for fixed temperature
(207) and kind of light (sodium light D ,

2° O
|:I:I.:|ﬂF =1'EE3

where ¢ = observed angle of rotation (in degrees),

| = length of active material (in decimeters),

¢ = concentration of active material (gms. per c.c.\.
In case of a pure substance ¢ becomes identical with the
density.

All transparent substances, when placed in a magnetic field,
are found to rotate polarized light; and this phenomenon,
studied especially by W. H. Perkin, has been reduced to
atomic values, in the same way as the molecular volume
or the refracting power, and therefore belongs to the class
of additive properties. But the more interesting case of
rotation, which does not require a magnetic field to produce
it, and therefore called ‘ natural’ for distinetion, occurs only
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in a small minority of (organic) bodies, and ds purely |
constitutive. It is regularly associated with the Iuass.me of gl
an asymmetrical carbon atom, i. e, a carbon atom connected

to four different kinds of atom or atomic group. Thus
malic acid has the formula

H
HDDG——(lj— CH,— COOH
ol
one of the carbon atoms being connected to the four diverse
groups, COOH, H, OH, CH,COOH, and the substance is
accordingly optically active. But the most striking peculiarity
is that if a body is optiecally active at all, there are always
at least two isomeric forms of it, which rotate the plane
of polarization to right and to left respectively. These
forms are usually identical in every other particular, boiling
point, density, &c. Van 't Hoff has given the theory of
optical isomerism by considering the arrangement of the
atoms in space. If a carbon atom be regarded as the
centre of a tetrahedron, and the four groups attached to it
be arranged at the corners of the tetrahedron, then if all
four groups are different, two arrangements are possible,
which are not ‘congruent,’i. e. one cannot be transformed
into the other by any rotation of the figure ; one is, in fact,
like the image of the other as seen in a mirror, and these
two arrangements constitute the dextro- and laevo-rotatory
isomers, DBut if two of the four groups become identical
then the dextro- and laevo- arrangements become identieal,
for by simply rotating one of them it is seen to coincide
with the other. This point cannot be satisfactorily illustrated
by diagrams, but is easily demonstrated by a simple model,
which may be constructed of a cork with four pins, bearing
coloured balls of wax at their ends. The theory is fully
confirmed by observation. When an optically active sub-
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stance is produced in nature by the action of organisms
(e.g. in fermentation) often only one isomer is found, but
when the compound is produced synthetically the two are
always produced together and in equal quantity. The
synthetie produet (pure or in solution) is therefore a mixture,
in which the two components neutralize one another ; and
it 18 not possible to separate the two by the usual methods
(fractional distillation, fractional erystallization, &e.), because
the physical properties of the isomers are the same. But
if the compound be crystallized the ecrystals will often
be found to show ‘hemihedry,” i.e. a difference in shape,
such that one kind is like the reflected image of the other,
clearly the effect of the corresponding difference in shape of
the molecules : the two kinds of erystals can then be picked
out and dissolved separately. The two solutions thus pre-
pared will be found to show right- and left-handed rotation.

When a compound contains two similar asymmetric carbon
atoms in the molecule, three isomers are possible: (1) the
carbon atoms may both be dextro-rotatory ; (2) they may both
be laevo-rotatory; (3) one may be dextro- and the other
laevo-rotatory. The latter form is inactive, but unlike the
mixture of (1) and (2) it cannot be separated into active
components, for the compensation takes place within the
molecule itself, There are therefore four different forms of
the substance. Such a ease is tartaric acid,

H

HOOC-C -C—COOH
|

OH OH
which is known as (1) the dextro-, (2) the laevo-rotatory acid,
(3) the neutral (undecomposable)form ; (4) compound erystals
(racemic acid) analogous to a double salt and formed by
union of a molecule each of (1) and (2); this form also is
neutral to polarized light, but can suffer transition into
a mixture of the two active acids.
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If light from a luminous flame or an electric lamp be
examined by means of a spectroscope, a spectrum is formed,
which is a continuous band of colour changing gradually
through the various hues from red, orange, yellow, green,
and blue, to violet. If now a coloured transparent substance
be placed between the light and the spectroscope—a plate of
the material if it be solid, a glass cell containing it if it
be liquid or in solution — then a part of the original spectrum
is found to be absent: the absent portion may be a con-
siderable length in the middle or at one of the ends, or
it may consist of dark bands of more or less well-defined
position. Gases also can be examined in this way, and are
found to show dark bands, or, frequently, very narrow and
sharply defined dark spaces called lines. In any case the
phenomenon indicates that some kinds of light are absorbed
by the substance in question, while other kinds are not.
The spectrum really extends beyond both the red and
violet, only the human eye is not sensitive to radiation
beyond those limits. In the infra-red it may be studied
by means of a thermopile or bolometer, i. e. a very sensitive
thermometric arrangement which absorbs the radiation and
is raised in temperature in consequence. In the ultra-violet
the radiation is so feeble that it cannot well be measured
by any thermometer yet invented, but it produces an effect
on a photographic plate held to receive it, and it may be
made visible if thrown on a fluorescent screen. In these
ways the presence of characteristic absorption lines and
bands has been shown in the invisible parts of the spectrum,
and frequently a substance which is colourless and trans-
parent, i. e, does not absorb any of the visible rays, is found
to give bands in the infra-red or the ultra-violet. The
absorption of any kind of light is found to follow the rule

I = I(1 _}')dr
where I, = intensity of original light, I = intensity after
passing through a layer of thickness d, and y is a constant,
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called the coefficient of absorption, i.e. of the original light ;
the fraction y is absorbed by passing through 1 em. of the
substance ; of that which penetrates the first centimetre the
same fraction is absorbed by the next centimetre, and so on,
We may say then that the absorption of light by any
substance is characterized by a coefficient which has different
values for the different kinds of light, and may indeed,
in the case of gases with a line speectra, have a very high
value for a certain wave length and be zero for another
wave length immediately adjacent. The degree of abserption
does not in fact vary continuously, as a rule, but occurs in
particular parts of the spectrum corresponding to particular
modes of vibration of the molecules of the absorbing sub-
stance. The modes of vibration are highly characteristic
for each substance, and are often entirely altered by a small
change in constitution. Thus N, O, is a very slightly coloured
gas, but it dissociates into NO,, a dark brown gas showing
a great number of absorption lines in the spectrum. The
effect of substitutions has been studied in the case of certain
groups of organic substances, and certain empirical rules
obtained as to the displacement of the absorption bands.
The absorption bands of dye-stuffs dissolved in concentrated
sulphuric acid show, in general, a displacement towards the
red on introduction of the hydroxyl, methoxyl, methyl,
phenyl, and carboxyl groups, and the halogens; while
substitution of the nitro- and amido-groups, as well as
addition of hydrogen, produces a displacement towards the
violet ; the effect being more marked the greater the mole-
cular weight of the substituting radicle.

Since many colourless substances possess an absorption
band in the ultra-violet, it is possible, by introducing a radicle
of the former group, to bring that band into the visible
spectrum, say into the violet: the substance then possesses
the colour which is obtained by combining all the colours
of the spectrum with the exception of violet, a greenish







CHAPTER III

THE PRINCIPLES OF THERMODYNAMICS

[ Nore.—Throughout this chapter log. means natural
logarithm (to the base ¢); common logarithms must be
multiplied by 2-3026... to reduce to natural. This must be
remembered in working out the examples on pp. 136, 140. |

¥ 1. The Laws of Thermodynamics,

There is one group of physical properties, purposely
omitted from the preceding chapter, of which the treat-
ment has reached a much more advaneed and scientifically
intelligible stage than any other; the relations of tempera-
ture at which chemical transformations take place, and the
quantities of heat involved in those transformations, can be
studied under the guidance of definite and general principles,
such as are still wanting in regard to the various physical
properties so far considered. Temperature and quantity of
heat form the subject-matter of that branch of physies
known as thermodynamies, or the theory of heat; and
thermodynamics is a deductive science. It consists in the
analytical development of two principles, known as the first
and second laws of thermodynamics, principles which have
been established by direct observation, and which there is
every reason to believe are universally true. Mathematical
deductions can therefore be made from them with perfect
certainty and strictness of argument, and the results of
experiment may be generalized by means of the deductions
obtained, Thermodynamies is, therefore, a subject properly
to be compared with dynamies itself, but differs from
dynamics in that the dynamical concepts, mass and energy,
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are regarded as simple, i. e. not further analyzable, while the
thermodynamic concepts, quantity of heat and temperature,
are not simple, and indeed not filly understood. For of
the two, quantity of heat is energy, but only a special kind
of energy which is more readily distinguished from other
kinds by its relations to the human senses than by any
specifically dynamical property; and temperature, so far
as it is understood, appears to be a somewhat recondite
dynamical relation (average molecular kinetic energy) of
the particular systems which possess the kind of energy
known as heat. These conceptions may he dealt with in
either of two ways. First we may try to form an approximate
idea of the real nature of quantity of heat and temperature,
and then apply the usual dynamical methods to those ideas ;
compare the deductions arrived at with experimental results,
and so by successive steps correct the original views as to
the strueture of the molecular systems considered. That is
the method of the molecular or kinetic theory; but, while
it has the advantage of offering a closer insight into the
properties studied, it is necessarily tentative, and it has
the disadvantage of being extremely difficult to ecarry out
mathematically, The second method is to accept the con-
ceptions of quantity of heat and temperature as ultimate,
and to accept the two laws with regard to them simply
on the basis of observation, and to deduce what is possible
from that. This is the method of thermodynamics ; it is
certain, so far as it goes, and it is mathematically easy ;
and in the present state of science it is by far the more
fruitful and important. Indeed, as applied to chemistry
it has of late proved so fruitful that all the leading results
in the quantitative study of chemical reactions, together
with such phenomena as the change of freezing point and
of vapour pressure in solutions, may now be regarded as
firmly established on a thermodynamiec basis.

An initial difficulty of the subject lies in the variety of
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ways in which the body of theorems may be presented.
The most convenient method seems to be, after a statement
of the two laws, to deduce first certain results of the first
law of thermodynamies, then to apply these to the properties
of a certain ideal substance—a perfect gas—and by that
means obtain a quantitative definition of temperature ; then
by the use of the second law the notion of temperature
may be generalized, and an analytical expression given fo
the second law itself. The rest then follows by simple
mathematical methods. This treatment of the subject is
essentially that of Clausius, and the present chapter is
mainly arranged from the first three chapters of his
treatise '.

The laws of thermodynamics, in the words of Maxwell,
are :—

(1) *When work is transformed into heat, or heat into
work, the quantity of work is mechanically equivalent to
the quantity of heat’;

(2) ‘It is impossible for a self-acting machine, unaided
by any external agency, to convey heat from one body to
another at a higher temperature’ ;

—the latter being translated from Clausius’ statement. The
meaning and importance of these laws will become apparent

in the sequel.

§ 2. The First Law,

The first law of thermodynamics is merely a particular
case of the law of the conservation of energy. The doctrine
that the various forms of energy—visible kinetic energy,
the energy of gravitating bodies, of elasticity, of electric
currents, of chemical affinity, of heat, and so on—are all
essentially forms of one quantity, and that that quantity
is neither increased nor decreased when one kind is trans-
formed into another, grew up in the middle of this century,

1 Clausius, Mechanische Wirmetheorie (ed. 2), 1876.
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supported chiefly by experiments on the conversion of
mechanical work into heat. Joule, and others, showed
that when in the action of a machine mechanical work
is spent without any apparent effect, an amount of heat is
produced by friction, compression, or otherwise, which
is numerically proportional to the amount of work spent.
Hence, it is natural to express the observation in the form
given above; the ratio of the work spent fo the heat
generated is called the dynamical equivalent of heat; the
value of it is given in the introduction, but in the equations
of the present chapter no mention will be made of it, since
any quantity of heat oceurring in the equations may be
regarded as measured in ergs, and so needs no reducing
to dynamical measure. In making numerical applications
of the theoretical results, it is sufficient to multiply any
quantity of heat that is expressed in calories by the appro-
priate factor: usually 42,000,000 is a sufficient approximation.
The first law of thermodynamies is, however, worth stating
independently of the more general law of the conservation
of energy, on account of the peculiar position of heat as
a mode of energy. For while the mutual convertibility
of all the other kinds is subject to no general restrictions,
that is not the case with heat. All other kinds of energy
can be converted completely into heat, but heat cannot,
under any (practically attainable) circumstances, be com-
pletely converted in another kind of energy. Hence, for
the purposes of thermodynamies, heat must be treated as
a distinet quantity.

When heat is imparted to a body it may be used up in
two ways: it may remain in the body itself, increasing the
stock of energy contained (or internal energy), or it may be
handed on to some other body in the form of mechanical
work, in which case it is said external work is done, because
the energy is then passed on to a system external to that
whose changes are being considered. For example, when
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heat is imparted by the furnace of an engine to the water
contained in its boiler, part of the heat may be spent in
increasing the internal energy (in the form of heat) of the
water, thus raising its temperature, while—the steam
expanding into a cylinder—the remainder is spent in
doing mechanical work by means of the piston on some
machinery. What becomes of the energy afterwards is
immaterial ; so far as the working subsiance, the steam,
is concerned, it is so much external work done. We are
thus able to apply the first law of thermodynamics to the
case of any particular body (‘working substance’) and state
it in the form :—

‘Heat supplied = increase of internal energy of the
working substance + external work done,’ or in symbols,

Q=U,—~U,+W, . . . . . (1)

where ()=heat supplied to the working substance (measured
in dynamical units), U, is the internal energy of the working
substance before the action considered, U, the same after,
and W the work done on other bodies.

'With the notation of the ealeulus it may be put in the
differential form 20 — Gl ot i e

The external work is usually done by effecting some
visible motion; in the last chapter of this book certain
electrical cases will be considered, but with that exeeption
the external work will always be work done against a fluid
pressure, Thus, if a fluid (the steam in the former example)
enclosed by a piston expand, the work done is measured by
the product of the force exerted on the piston into the
distance the latter moves; but the force is equal to the
fluid pressure applied multiplied by the area of the piston,
and the area multiplied by the distanee through which
the piston moves is the increase of volume of the fluid.
Hence we arrive at the result that :—

‘Work done by a fluid in expanding against a pressure
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equal to its own = the pressure x increase of volume of the
fluid.’

If v, be the volume of the fluid before the expansion, and
v, after, p the pressure, then

W =p(v,—v,).

(The pressure may not remain the same during the expan-
sion, but if not p must be regarded as the mean pressure.)
Hence we may write the first law of thermodynamies for
such systems as—

Q=0T +plo;=odi e o o« 42)
|or A= d U-Epdy, " - e s W 2i8)

for an infinitesimal expansion, and if p varies with » in any
known manner this'may be integrated accordingly. |

The internal energy of such a system consists of two
parts: (1) the heat or temperature encrgy, 1. e. the energy of
motion of its molecules ; (2) the volume energy or potential
energy it possesses on account of forces between the mole-
cules. The amount of the former is defined by the tempera-
ture of the fluid, that of the latter by its volume. The
volume energy (part of the internal emergy of the fluid
itself) must be carefully distinguished from the external
work done in change of volume, p(v,—v,). We shall see
immediately that a perfect gas possesses no volume energy,
since there are no forces between its molecules; but this,
of course, does not imply that it is incapable of doing work
. on expansion, for such work may be done at the expense of
its temperature energy.

' In mathematical language the distinetion is expressed by
writing the total variation of internal energy '—

d, U dp U
b U= 25T =2,
o7 Qv ]
i ayﬁ P i - u
The symbol 5, means the partial differential coefficient of z with

respect to = taken on the assumption that y is constant.
K
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§ 3. Application to a Perfect Gas.

The next step is to apply this law to the ideal substance
known as a perfect gas, the ideal to which the actual gases
approximate. The properties of a perfect gas are :

(1) Its characteristic equation is of the form

o — RS e R o (B
(see introduction) ; or in other words, it obeys the laws of
Boyle and Gay-Lussac.

(2) Its internal energy is independent of its volume.
This was first proved by an experiment of Joule, in which
he allowed air to expand from one vessel in which it was
compressed into another which was evacuated. No work
was done by the gas in expanding, since there was no
counter-pressure for it to overcome ; no heat was communi-
cated to it during the expansion, hence its internal energy
must have remained the same. DBut observation showed
that the temperature of the gas was unaltered. Now, as
the total internal energy remained the same, its volume
energy could only have increased (or decreased) in conse-
quence of a decrease (or increase) in its heat energy; the
absence of change in temperature therefore proves that
the change in volume does not occasion any change in

energy.

| That is, %EE =0 for a perfect gas.] . . . (4)

We may now define a scale of temperature, for if a
perfect gas be heated in an inexpansible vessel, then
setting v constant in the characteristic equation we have

ped,
i. e, the pressure is proportional to the (absolute) tempera-
ture, and may be taken as a measure of it; similarly, if
the gas be heated at constant pressure, the volume is
proportional to the temperature. In either of these ways
a gas thermometer is employed to determine temperature,

e ——
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and it is found that the melting point of ice is very close to
273° on the gas scale, the interval between the melting and
boiling points being taken as 100°

Suppose then a gram-molecule of a perfect gas be heated
through a range of 1° while its volume is kept constant ;

the amount of heat absorbed, say /Ay, is the molecular

specific heat at constant volume. But if it be heated through
1 at constant pressure, p, it will expand by an amount
= %: where v, 7' are the original volume and temperature :
it accordingly does external work to the amount of p x %,

The increase of its volume energy, as we just saw, is nil,
consequently the heat absorbed must be as much as before,

plus that required to effect the work j;,u . Calling the

quantity A the molecular specific heat at constant pressure,
we have
Kpo= K+ F—;-}:

or by the characteristic equation
Kp=Nep2lie 5 e = U(B)
The ratio ﬁ—, which is important, will be expressed by
v
the symbol G.

Hence the specific heat at constant pressure is greater
than that at constant volume by the amount R = 1.98
calories per gram-molecule for any gas that is approximately
perfect.

When a gas expands under the condition of constant

I

L
== where BT is

temperature (isothermal condition) p =

a constant ; hence, to find the heat absorbed during a finite
expansion v, to a:'g, we have

e RT' d
fd@ -“’ fw RTIng—+de

K2
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but dt/ is zero, since the temperature does not change, and
U/ is for a gas independent of the volume. Therefore

the heat absorbed %
Q = RT lﬂg (_wz). o NN b R {ii}
1

There remains another important case of expansion, viz.
that in which no heat is imparted to or withdrawn from
the expanding fluid ; it is called isentropic. This case is
nearly realized when steam expands very rapidly in the
cylinder of an engine, for the operation is too rapid to
allow much communication of heat to or from the walls
of the eylinder.

In this case 1
d0=0=dU+ R-?Edr,

or 0=Xpdf’+(f(p—ﬁ’p)%dv,
dT dv

which gives on integration
B
L (2,

and by means of the characteristic equation

=1

TE —_ ?‘_’E LY — Pﬂ & -
-E'_('I}l) ——(FJ:) P . . . {I}
Hence the work done by the gas in expanding isentropi-
cally from v, to v, is

or by means of the preceding equation (7)

Shse R - T
W= (1 Tl,.....(m

G—1
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where 1', T, are the temperatures possessed by the gas at
the beginning and end of the expansion respectively.

§ 4. Reversibility.

The processes just considered belong to the class known
as reversible. If during the expansion of a gas its tempera-
ture be maintained constant, heat must be supplied to 1t to
the extent just calculated ; for that purpose a source of heat
must be available whose temperature is higher than that of
the working substance, in order that heat may flow by
conduction. But the source need not exceed the working
substance in temperature by a finite amount ; any excess,
however small, will suffice to make the heat flow, though
more slowly the smaller the difference of temperature.
Similarly, if it be desired to compress the gas again without
allowing its temperature to rise, heat must be withdrawn
from it, i.e. it must be placed in communication with
a body of lower temperature, to serve as a receiver of
heat ; but, again, the receiver may be as little as we please
cooler than the working substance. Hence, to reverse such
an isothermal process, it is only necessary to change the
temperature of the external body, which serves as source
or receiver, from a little warnier to a little cooler than the
working substance. Perfect reversibility would be the
ideal limiting case in which the change of temperature
was vanishingly small. Such reversibility is, of course,
unattainable in practice in an actual steam engine, e. g.
the time available for heating and cooling is short, so that
the steam must be heated by means of furnace gases which
are hundreds of degrees hotter; the heating is therefore
irreversible : the heat cannot be made to flow back into
the furnace gases by reversing the motion of the piston.
Similarly, with regard to the transfer of mechanical energy
in expansion, we have to distinguish the limiting case of




134 PHYSICAL CHEMISTRY

reversibility from the actual one of irreversibility. The
limiting pressure against which a fluid can expand is equal
to its own pressure; if the pressure resisting the expansion
be less, the expansion will take place more rapidly, but less
work will be done; and in order to reverse the process and
compress the fluid, the external circumstances will have to
be altered to a finife extent, the pressure which was less
than that of the fluid being made greater. The expansion
will therefore only be reversible when the pressure applied
to the fluid (say, by a piston) is constantly equal to the
pressure of the fluid itself; the expansion of steam in a
cylinder approaches this condition as nearly as the speed of
working required allows, while the extreme case of irreversi-
bility is seen in the experiment of Joule mentioned above,
in which air was allowed to expand into a vacuum. There
no work at all was done, since there was no counter-pressure
to overcome, and the process could only be reversed by an
entire change in the circumstances of the gas. The calcula-
tions given above for the work done in isothermal and
isentropic expansion apply, it must be noted, only to
reversible expansions, and consequently give the mawimum
work which can be done by the expanding gas.

‘A process that can in no way be completely carried out
backwards is called irreversible, all other processes reversible.
That a process may be irreversible it is not enough that it
cannot be direetly reversed—that is the case with many
mechanical processes that are not irreversible—but it is
required that, even with the aid of all the resources
occurring in nature, no means exist by which, after the
process has taken place, the initial conditions may be
exactly restored’ (Planck).

§ 5. Entropy of a Perfect Gas.

The volume of a fluid, and its internal energy, are both
quantities which are completely definite when the pressure
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and temperature of the fluid are defined: if a fluid pass
from one state, defined by the co-ordinates p, 7', to another
defined by p, and T,, its volume changes at the same time
from a certain value », to v,, no matter what intermediate
states may be passed through; and the same is true of
the internal energy, which may change from U, to U, by
a definite amount. Briefly, the volume and energy of
a fluid are functions of its co-ordinates. There is another
quantity, also a function of the co-ordinates, which is some-
what obsecure in its nature, and difficult to grasp, but which
i1s extremely important for the theory of heat, and offers
the simplest and clearest mode of expression of the second
law of thermodynamics: this funection is the entropy. To
arrive at a notion of its meaning, we will first consider
the processes already deseribed as isentropie, 1. e. of constant
entropy. Such a process consists in a reversible expansion
or compression in which no heatis supplied to or withdrawn
from the working substance. If then we begin by defining
the entropy as a quantity which remains constant during
an isentropic process, we may deal first with a perfect gas
and make use of the equation

Q=dU+pdv=0,
or KpdT + %Edﬂ=ﬂ,

which on integration gives
Kylog T+ I log v = constant.

This then is a quantity whose value remains unchanged
during the expansion, and if we assume that the entropy of
a perfect gas

S = Kylog T'+ I log v+ constant,

we shall satisfy the conditions so far laid down.

The constant is arbitrary, and must be found by defining
some standard condition of zero entropy: the condition
may conveniently be that defined by the freezing point (7')
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and atmospheric pressure (p,), so that if 4, is the molecular
volume under those conditions, the entropy of a perfect gas
is given by
S = ffp—lngﬁ +Rlugi-— S MR
Example. To find the entropy of saturated carbon dioxide
vapour at 20°. The saturation pressure at that temperature
is 59 atmos. The specific heat at constant volume is 0-154
calories per gram, i.e. 0-154 x 44 per gm. molecule, and
R = 1.98 calories. The volume » may be calculated on the
assumption that the gas is perfect, as v = v, x £48 x 4.
Hence
203
273%59

§=0-154 x 44 log 223 + 1.98 log — 7.453,
the unit of energy being the calorie. This is the moleculur
entropy.

From the expression for the entropy it follows that in
passing from the condition (v,, 1) to (v,, 7},) a gas increases
in entropy from

S, = Kylog (i'z';) + L log (;;)

to 5= prlng(%) + Rlog(~2),
Lt L]
whence
S,—8, = Ky 10g(%)+ fflng(;zs). e (10)
al 1

The quantity thus defined has obviously a definite value
when v and T (or pand 7') are given: it is therefore
a ‘function of the co-ordinates’; the next point is to show
in what relation it stands to reversible and irreversible
changes. (1) In an isentropic (reversible) change the heat
communicated to the working substance is zero, so that
no change of entropy implies no communication of heat
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(in a reversible process). (2)In an isothermal (reversible)
process the heat communicated according to (6) is

Q = RT log (5 ),
1
but the increase of entropy is by (10)
S,—8, =R lﬂg(%):

so that S, S:% £ g T e e S EIETS)
But any change whatever may be accomplished by means
of successive steps which are either isentropic or isothermal,
so that as the entropy of the gas in any given condition
is the same, by whatever means that condition is arrived
at we may conclude generally that :—

“When a perfect gas suffers any reversible change, the
increase in its entropy is found by dividing each quantity
of heat communicated by the temperature at which it is
received, and adding together the quotients so obtained.’

Or symbolically

riS:%;; it ol i
but in a reversible change we have seen that
d@ =dU+pdv ;
therefore
Q8 = d U—+-p{£@;
and = ””’d”

The next step is to show that the quantity thus found—
the entropy—is the criterion of the possibility of change
in a system of perfect gases; but to this end a system
must be considered, such that no outstanding effects remain
in other bodies, in other words an isolated system. Imagine
two gases separated by a partition that allows free passage
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of heat from one to the other, but prevents equalization
of pressure, and let the system be isolated from any sur-
roundings, Then a reversible change might oceur in which
one of the gases expanded while the other contracted.
Suppose that during the process a quantity of heat @, is
converted into work in the first gas, while in the second
a quantity @), is evolved at the expense of work. Since
the process is reversible the quantities of work must be
equal, and therefore @, = @,, and this amount of heat will
simply flow through the partition from the contracting gas
to the expanding. The former therefore loses entropy to
the extent % » while the latter gains %, where 7' is the
common temperature of fthe two gases, and these two
quantities are equal, so that the total entropy is unchanged.

Here we have an instance of a reversible process, and
the accompanying change of entropy is zero: the same
may be shown to be true of any other instance, and we
may conclude that in any reversible change of an isolated
system of perfect gases the total entropy remains constant.

Next, if the change is irreversible. As a type of this,
consider Joule’s experiment in which a gas expands into
a vacuum ; the system is isolated, for no communication
of heat takes place even if no precautions are taken against
it, the temperature of the gas remaining the same during
the expansion. The change of entropy may be caleulated
from

S:Kﬁ]ﬂg(%) + Iﬂlog(%):
0

and since T remains the same while » increases, it is obvious
that the entropy must inerease. There is however no means
of reversing the process and restoring the gas to the smaller
volume without the interference of some external agency,
i.e. the converse process which involves a decrease in the
entropy of an isolated system is impossible. This argument
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too may be extended to the consideration of other cases, and
leads to the very important conclusion that any action of
an isolated system of perfect gases leads to an increase in the
total entropy of the system, except in the limiting case of
reversible action in which the entropy remains constant.

§ 6. Entropy as the Criterion of Equilibrium
in general.

Thus far in developing an expression for the entropy,
and in considering the relations between that quantity and
the equilibrium of the system concerned, we have dealt
only with perfect gases. The same arguments may, how-
ever, be extended to cover any substance whatever. It is
true that we cannot always find an explicit expression for
the entropy, because to do so requires a knowledge of the
characteristic equation of the substance, and the character-
istic equation is only known approximately, if at all, for
real substances. To find the general condition of equilibrium,
however, does not require any sueh detailed knowledge. It
may be shown that there always is a function possessing
the same properties as the entropy of a gas: a function
defined by the condition that if the body goes through
a reversible process in which it absorbs a quantity of heat,
@, while its temperature is 7, then

a%' = S-z_’gu
the increase in the wvalue of the function between the
beginning and end of the process. This funetion is called
the entropy of the substance, and plays the same part with
regard to equilibrium as in gases., Here the temperature
is to be measured on the gas scale, so that the temperature
as calculated from the properties of a perfect gas really
possesses a meaning which is independent of the properties
of any special substance; for this reason the term absolute
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scale of temperature has been adopted. The absolute scale
1s very nearly rendered in practice by the indications of
a constant-volume hydrogen thermometer.,

Example. To calculate the entropy of liquid earbon
dioxide at 20°,

That of the saturated vapour was shown above to be
—7:453 : 1n condensing the vapour gives out 34 calories per
gram, that being the latent heat of carbon dioxide at 20°, or
34X 44 per gram-molecule. Hence it loses entropy to the

34 x 44
extent e 5:106. Therefore the molecular entropy
of the liquid is —7-453—5.106 = — 12.559.

Now although the entropy has been defined by means
of the quantity of heat absorbed in a reversible change,
no restriction is implied as to the application of the results
obtained. For the entropy of a substance depends ex-
clusively on its condition at the moment considered ; that
condition defined, say, by means of the pressure and
temperature, the value of the entropy is fixed, just as that
of the volume of the body is fixed, no matter whether
the condition has been arrived at by reversible or irre-
versible processes. For instance, the entropy of carbon
dioxide in the liquid state at 20° has been calculated above
by means of reversible processes ; but should liquid earbon
dioxide at 20° be allowed to evaporate in vacuo, and then
be cooled by contact with melting ice—both of which
processes are irreversible—till it is at 0°C. and one atmo-
sphere pressure, its entropy would be —12-559 in the first
state, and 0 in the last, so that the change in entropy
would be the same as in the reversible path between the
same initial and final states,

The entropy of any substance (referred to the same sub-
stance in some standard condition as zero) may, then,
be calculated if only sufficient experimental data exist,
although the form of the equation connecting the entropy
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with pressure and temperature is not as a rule known.
The quantity calculated in the numerical examples above
is properly called the molecular entropy, i. e. the entropy
per gram-molecule of material. The total entropy of
a body may easily be found by multiplying its molecular
entropy by its mass expressed in mols,; and the total
entropy of a system is the sum of the entropies of the
separate parts,

Next, reasoning with the aid of the results for perfect
gases, already obtained, it may be shown that any reversible
process in an isolated system leaves the total entropy of
the system unchanged, while an irreversible process causes
it to increase. We have therefore arrived at a universal
criterion of the possibility of change, or in other words
a universal criterion of equilibrium. This may be put as
follows :—

* An isolated system isin equilibrium when any possible change
in it causes its total entropy to increase.’

Or,

‘ The entropy of an isolated system tends to a maximum.’

Symbolieally this may be expressed by saying :—

‘If S be the total entropy of an isolated system, then,
according as 8S <or> 0 for any proeess, that process will
be (1) impossible, (2) possible but irreversible. If 85 =0
the process belongs to the limiting (and practically unattain-
able) class of reversible actions.’

This then is the mathematieal expression of the second
law of thermodynamics. Any problem in thermodynamies
may be solved by means of it and the equation to the first
law already obtained.

§ 7. Deduction of the Law of Mass Action.

Despite the great place occupied by thermodynamic
reasoning in theoretical chemistry, and the variety of special
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cases to which it has been applied with sueccess, there are
practically only two theorems involved. These are on
(1) the chemical equilibrium in a system of perfect gases
maintained at constant temperature; (2) the influence of
temperature upon chemical equilibrium. These two theorems
have proved so fruitful that, either by their direct application
or by analogy, they allow of systematizing nearly all the
phenomena of chemical dynamics,

The first of the two is to a certain extent identical with
the empirieal law stated by Williamson, and by Guldberg
and Waage, as to the influence of mass on chemical equi-
librium ; but while a striet thermodynamie proof may be
given in the limiting case of gases treated as perfect gases,
no indication is given by the thermodynamie reasoning as
to what error is involved in applying the law to actual
gases at considerable concentration. Experiment shows—
as we shall see in the following chapter—that it is practically
true for gases, and by analogy, for solutions over somewhat
wide limits of concentration.

As applied to gases it may be expressed in the following
way :—

Let there be a mixture of gases 4, B, C, D . . . be-
tween which the reaction

I-:'_dﬂ --!—I.-"H-B-l- e

can take place. (Here for convenience all the terms are
put on the left-hand side, with positive or negative sign as
required, v4, vg, &ec., being whole numbers. K.g. the
formation of steam from oxygen and hydrogen would be
written — 2H, — 0, + 2H,0 =0, so that in that case
vy = — 2, vyg = — 1, v = +2, there being an increase in
the quantity of steam, and a decrease in that of hydrogen
and oxygen.)

Let the concentrations in mols, per c.c. be U4 Cp . ..
Then the product of the concentrations, each raised lo a power
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equal to the number of molecules of its own kind occurring in the
reaction, 18 constant. Or

i e = (e o Bt MO )

A

E. g in the equilibrium between hydrogen, oxygen, and

steam at high temperatures
C: X G;ﬂl X 0;;:(} =K

Here K is called the reaction constant.

The law is often expressed in the corresponding logarithmic
form, vylogCy+vplog Cp+ ... = log &,
or briefly Dulogi@ —lconst R TN (12 )

The reaction constant is a quantity which might be caleu-
lated from a sufficiently complete knowledge of the thermal
properties of each gas of the system ; but practically it is
determined by experiments on the equilibrium between the
gases, To prove the law we have to show that if in a
mixture of gases the concentrations are in agreement with
the equation just stated, then a small change made in accor-
dance with the conditions of the system will not occasion
any change in the entropy of the system. Such a change
will be the conversion of a small amount of the reacting
gases according to the equation

vad+vpgB+ .. = 0.

Since we desire to obtain the condition of equilibrium at
constant temperature, and the reaction is (in general)
accompanied by an evolution of heat (+ v¢ or — v€), we may
suppose the reacting system placed in thermal communica-
tion with a reservoir of heat (say a mass of melting solid)
capable of abgorbing (reversibly) all the heat generated
without changing its temperature T, which is also the
temperature of the reacting gases. We shall then be
dealing with an isolated system, and can apply the con-
dition of maximum entropy.
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In 1 c.c. we have of the first gas €'y mols., therefore its

molecular volume (dilution) is = 6; Inserting this in
A

the expression for the entropy of a gas, we have for the

molecular entropy

7
M*pr,,lug,,+fﬂloggl i ) o 18
AT

but since the temperature is constant thmughﬂut we need
not write this expression out at length, but put

S84 =j_4—-fflﬂg0‘g.

Of this gas there is a quantity C'4 mols., so that it has on
the whole the entropy
0= (..?.-! —fflﬂg U,;) ;
the total entropy of the mixture (per c.e.) is therefore
S"=ZC (j—L log C).
Next suppose that a small quantity of the gas is transformed
according to the reaction considered, so that 6C 4 mols of 4
are produced, §Cp mols, of B, and so on, while the volume
of the gas remains unaltered. Then the entropy of the gas
will change from two causes: (1) the quantity of A present
will alter (increase or decrease according to the part the gas
A plays in the reaction), and so with the others; (2) the
new quantity of 4 will still oceupy 1 c.c., so that its concen-
tration will be greater or less than before, and therefore its
molecular entropy less or greater than before. Both these
changes are taken into account in differentiating a product
of two factors, and we get for the inerease in entropy of
the gas
88 = Z(j—Rlog().8C+2C.0(j—RlogC);
but since j is a constant, this
60
iC

=3;j.80—R31og C.5C—R2C .
— 3 (j—R).5C—RZ1og C.5C,
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R being put outside the sign of summation, since it is the
same for all gases.

Now the quantities 8, 8C,, &ec., taking part in the re-
action, are proportional to the whole numbers v,, v,, &e., or
say 6C, = v,0y, and so on. Then we may write

88’ =3 (j—R)v.dy—RZEvlogC . 0y.

To this must be added the increase of entropy of fthe

reservoir ; the latter absorbs the quantity ¢. 6y of heat that
i

is liberated, hence its increase of entropy is 65" = %;

and adding together the two increases d.S” and 85" we get

the total increase of entropy of the system
08 = (2 (j—R)y—RZvlog € + L)y,
Hence for equilibrium we must have

S (j—B)p—RIvlogC + £=0, . . (14)

but since the first and third terms on the left-hand side are
independent of the concentrations, we may divide by I and
write the condition that must hold between the concentra-

tions Zvlog €' = constant.

Guldberg and Waage’s law is thus established for the case
of a mixture of perfect gases ; its meaning will be elucidated
in the following chapters, where repeated applications to
experimental cases will be made.

§ 8. Thermodynamic Equation between p, v, S, and 7'

The second thermodynamical theorem which is of impor-
tance for theoretical chemistry is based upon a certain
relation that exists between the pressure, volume, tempera-
ture, and entropy of any substance; or, in other words,
between the first three of these quantities, and the heat

L
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involved in a change in the condition of the substance.
As stated by Maxwell the relation is as follows :—

‘The latent heat of expansion is equal to the product of
the absolute temperature and the increment of pressure per
degree of temperature at constant volume.’

The meaning of this is perhaps more easily grasp-d if it
be expressed symbolically. By latent heat of expansion is
meant the heat absorbed when one gram-molecule of the
substance expands by one cub. em. ; the expansion may be
due to a fall of pressure, or to change of state from solid to
liquid or liquid to vapour (in this case the heat is commonly
spoken of as becoming ‘latent’), or to chemiecal reaction
accompanied by change of volume. If for any of these
causes an amount of heat ¢) i1s absorbed by one mol., whilst
it expands from v, to v, the latent heat of expansion is
Q

v, —

measured by

Again, if the substance is heated

'] 1
from 7', to 7, not being allowed to expand, and in conse-
quence rises in pressure from p, to p,, the increment of

pressure per degree is _PLP L. The relation, therefore,
is that =2l
?r % ?IE—PL — __0 e

Tz '"Tl b Yo=Y
Here T may conveniently be regarded as the mean between
T and T, but those two temperatures must not be far apart.

More strictly we may write the equation in the differential

form . T 270

0T — v

but since d@ +— 1' = dS, this is
O, 50T By Salk O18)
o 1! dv

(The notation used is that of Clausius, in which the
independent variable which is to be regarded as constant
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is expressed by a suffix to the sign, o, of partial differentia-
tion.)

To prove the relation the most convenient way is to
consider the variations of the quantity U — I'S. This,
which will be written F, has been variously called the
‘frea energy,” or ‘available energy,” or ‘thermodynamic
potential at constant volume.” I is a quantity of energy
(for U is the internal energy of the substance, and the other
term 7'S represents a certain quantity of heat), and, moreover,
it is a quantity which is definite and always the same for
a given substance in a given state, since U, T, and § are all
definite in amount for any given state of the substance.
Now any variation of the quantity F may be expressed by

dF = dU—d(T5) =dU—-TdS—S8dT,
according to the well-known theorem on the differentiation
of a product. But
TdS = dU+ pdv
(ef. p. 137) ; hence we may put
dF =dU—SdT—(dU +pdv)=—8dT—pdv, . (16)
and regarding 7" and » as the independent variables
I dp k7
a_ff'- =% and % — —P.
But since F'is a function of the variables 7' and v, we know
from the caleulus that
e I Al

UL T e
hence Iz 5 za*’f’,
v o

the result to be proved.

(This result may be illustrated graphically by Fig, 22,
in which pressure and volume of the substance are repre-
sented by ordinate and abscissa. The free energy I of the
substance when in the condition A is represented by the

L 2
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shaded area oam bounded by the line of constant volume A,
the line of constant temperature a0, and the lines of zero pres-
sure and of zero entropy. If the state of the body is changed
by a small amount, from A to B, the free energy is increased by
the area qBpo, and decreased by the area apxm. A change
effected at constant temperature is shown by ap, and is
accompanied by a decrease of free energy apsxm = pde, so

P

F1a. 22.

dp I
dw

shown by ac, and is accompanied by an increase in free

energy gepo = Sd 7"; but as S has a negative value to the left

that = — p. A change effected at constant volume is

‘ﬂF
of go, it follows that % = S. TFurther, both
d oF d IF
—i‘} 7 _Efi.:' dedl and E 37 d7 dv

are represented by the area Acep, and so are obviously
identical.)

§ 9. Deduction of the Influence of Temperature on
Equilibrium.

The thermodynamic equation just proved may be applied
to two groups of cases: (1) discontinuous changes, (2) reac-
tions in a homogeneous system. With regard to the former,




THE PRINCIPLES OF THERMODYNAMICS 149

which includes fusion, evaporation, sublimation, and a cer-
tain class of chemical changes which are accompanied by
an abrupt change of physical state, such as from rhombic
sulphur to the other crystalline form of the same sub-
stance, the application is quite straightforward, and will be
considered in detail in chap. vi. On the other hand, the
application to the changes accompanying reaction in a gas
or dilute solution, for which Guldberg and Waage's law
holds, may most conveniently be formulated with the aid
of the reaction constant as follows :—

Let E4, Ky, &ec., be the quantities (in gram-molecules) of
the gases A B ... present originally in » c.c., and let the

reaction V4 A —!—I-'j;,B—|— e =)

take place between them to the extent y, i e. v,y gram-
molecules of 4 are formed, vy of B, and so on; y may be
called the degree of reaction by analogy with the degree of dis-

3 S
sociation. We have to evaluate the two equal quantities ;—5

'k
and ;'l; - Now when the system of gases expands by

a small amount the degree of reaction is altered, and in
order to keep up its temperature it must be supplied with
heat, (1) to supply the increase of internal energy consequent
on the reaction proceeding further; (2) to do external
work. Or, i

d@) =—gq a—J dv + pdr,

where g is written for the ‘ heat of reaction,’ i.e, the decrease
of internal energy due to reaction between the quantities of
the reagents occurring in the equation.

i (
Hence, as didi= j:'?’
S I r
S AR T

Again, if the system of gases is raised in temperature while
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its volume is kept constant, its pressure rises (1) by the
direct effect of temperature on the pressure of each gas ;
(2) because the degree of reaction is altered, and therefore
the number of molecules present. Or,

WP _ P, Wp

ST Ty i
Comparing the last two equations we get

g 9z% - dep.  Ouy
=5 G . 18
i En}f i dy A o7 )

This expression takes a simpler form if, instead of the degree
of reaction, the reaction constant K be introduced ; the latter
is defined by

log £ = Zvlog € = Zylog

L’+1:]f

Differentiating this equation under the conﬁltiﬂn of constant
temperature, and therefore constant i, we have

—fgd? — @Ey =11
E+vy v :
whence Py
drw E +uvy
Ay 2y

Further, since £» represents the increase in the number
of molecules due to the reaction,

dy v

by the characteristic equation to a gas.

Lastly, from

E
log K = Zrlog- __+u;

if ¥ = constant we get

9, log A
oy log A i oy ¥ " Oy et Al
AT T Eyvy 3T o7 -_E v
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Introducing these three results into the expression (18)
q

for ?.‘_'_r’
- e o, log K
P ;
{ !." T Y 5 "'
o Oy Bl SOR RREES e U8 B g8
7 pIRT) v p= o7
P -
K +vy

This may be regarded either as an equation for determining
the heat of reaction g, if the reaction constant K has been
measured at more than one temperature ; or for calculating
the effect produced by change of temperature on the re-
action constant, if the heat of reaction be known. Numerous
examples of its use will be given below.

§ 10. Alternative Deduction.

In the preceding section we have given, on account of
its important place in the history of theoretical chemistry,
a proof of the theorem on the influence of temperature on
equilibrium, substantially identical with that adopted by
van 't Hoff, to whom the theorem is originally due. Instead,
however, of basing the proof on the thermodynamic rela-
tion, we may follow up directly the reasoning of § 7 and
obtain an easier deduction, The former method brings the
law of temperature-influence into its natural relation with
the influence of temperature on discontinuous changes ; the
present method illustrates its equally natural relation with
the law of mass action.

The proof is as follows : —

In equation (14) the quantity j is an abbreviation, having
the meaning

= !\rplog% — R log »,

0
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(see equation (13)). Restoring the full expression to (14)
we get

log?.EKyv—log7,. EKyv—Rlogw,. Sv—R,Zy

—R.ZvlogC+ £=0. . . (20)
Differentiating with respect to T '
S el

Now ¢ is the heat of reaction at constant volume, i.e. the
decrease of internal energy due to the reaction, or say
q= U—U’, where U is the internal energy of the sub-
stances disappearing in the reaction, U/ of the substances

d
fovmed, THenee ﬁ, will be the difference between the rates

of increase with temperature of U/ and U’ respectively ; but
the rate of increase of internal energy is the thermal eapacity
at constant volume expressed for each substance by Ay 1.

Hence 2Kpv = %, and the equation reduces to

d q
—RdTEu]DgC— i 0.
Remembering the definition of the reaction constant K this
may be written ; r
Y Lrgrs SEpoRl =Y (21)
ik o7

identical with (19).




CHAPTER 1V

CHEMICAL DYNAMICS OF HOMOGENEOUS SYSTEMS

§ 1. Law of Mass Action.

I~ treating chemical dynamics two principles of division
may conveniently be adopted, according to the problem to
be studied: we may consider separately the velocity of
chemical changes, and the state of equilibrium reached
when the change is over; or, according to the chemical
systems dealt with, we may consider first equilibrium and
velocity of changes in a homogeneous substance and then
in a heterogeneous group of substances. Further, the
phenomena may be studied either empirically from the
observations or in the light of thermodynamic reasoning.

In the present chapter we shall deal only with homo-
geneous systems, leaving the more complex case to the
next chapter; and shall defer thermodynamic treatment
of either till chap. vi, using for the present only directly
observed results, with occasional aid from the conceptions
of the molecular theory.

A system is said to be homogeneous when ordinary
observation does not show it to consist of disparate parts.
Thus any mixture of gases is homogeneous—its physical
properties, such as density, transparency, smell, extend to
the minutest fraction that can be mechanically detached.
It is only by chemical processes that it can be shown to
contain different substances. So too with a solution or
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mixture of liquids. Chemical reactions can therefore oceur
within a homogeneous system consisting of mixed gases or
mixed liquids. Solids do not, under ordinary circumstances,
unite to form a homogeneous mixture.

Reactions sometimes oceur which apparently lead to
the total disappearance of some reagents present in the
mixture, and appearance of othersin their stead. Thus, if
oxygen and hydrogen be mixed in the right proportions,
and raised to a moderately high temperature, they are
completely and irreversibly converted into steam. But
that is not the most usual or most general case. In general
reactions are reversible, leading to a certain state of equi-
librium in which all the reagents concerned are present.
Thus, in the formation of hydriodic acid at moderate tem-

peratures, H,+TI, = 2HI

When equilibyium is reached it is found that both hydriodie
acid gas and the uncombined elementary gases are present,
mixed ; and further, that the same state of equilibrium 1s
reached whether we start from a mixture of H, and I, or
from pure HI, provided the temperature and pressure of the
systems be the same, and a sufficient time is allowed for
equilibrium to be reached. Such a reaction is called rever-
sible, and is expressed by a modification of the sign of

equality, thus:— H -+l == 2 HI

It is not certain that any reactions are really irreversible ;
thus, in the case quoted previously, it is possible that a
little of the oxygen and hydrogen remains uncombined,
even at the lowest temperatures, as certainly some does at
high. In any case apparently irreversible reactions may
be treated as if they were reversible, only with the
reagents on one side of the equation prevailing enormously
over those on the other. Thus the laws of reversible
reactions may be looked upon as general, and including
those of irreversible reactions as particular cases.
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The most important result that has been arrived at, with
regard to equilibrium in a homogeneous system, is the law
of mass action, frequently known by the name of Guldberg
and Waage’s law. This law, which was stated and proved
in the preceding chapter, for perfect gases, may be con-
sidered also from the point of view of the molecular theory,
and as that theory deals with the actual structure of
chemical systems, a more intelligent insight into the cause
and meaning of the law may thus be obtained than is
possible by means of thermodynamic reasoning only. The
most essential point in the molecular conception of a gas
is that the independent moving particles (molecules) com-
posing the gas are assumed to be so far apart that for the
most part they do not appreciably affect one another ;
mutual action of the molecules only takes place in the brief
time oceupied in a collision between them. On this view
it is easy to follow out in a general way the effect of
changes in concentration of reacting gases. Thus, to take
the simplest case first, suppose we have a mixture in equal
volumes of hydrogen and chlorine. A certain number of
collisions in which a hydrogen molecule strikes one of
chlorine will oceur in a second ; and in some of these colli-
sions combination will take place. Now let the concentra-
tion of the hydrogen be doubled, so that there are twice as
many hydrogen molecules in a given volume ; then twice as
many will collide with a chlorine molecule per second, and
twice as much hydrochloric acid will be formed. TIf the
concentration of the chlorine be doubled the same effect
will be produced, so that if both concentrations are doubled,
say by compressing the gaseous mixture into half the
volume, then four tindes as many collisions will oceur in
unit volume in unit time, and the wvelocity of reaction (i. e,
quantity of combination per second) will be quadrupled.
Here the action is not complicated by any appreciable reverse
reaction, as hydrochloric acid gas does not dissociate notice-
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ably at moderate temperatures. Next suppose two molecules
of the same kind are required to effect the reaction, as in
the formation of water. Then the rate of combination will
be proportional to the number of collisions in which the
required two molecules of hydrogen and one of oxygen
meet ; and this number will be quadrupled by doubling the
concentration of the hydrogen, while it is only doubled by
doubling the concentration of the oxygen. Generally we
may say that if we have a reaction in which

IJ,]zl +1-"ﬂ.B—i—

combine to form new substances, the velocity of the reaction
will be

RE S5eC
where k is a constant.

Next suppose the reaction to be reversible, e.g. the com-
bination of hydrogen with iodine vapour. Then collision
of a hydrogen with an iodine molecule will sometimes
(according to the speed of the colliding molecules and other
circumstances) lead to combination ; but collision of two
molecules of hydriodic acid will sometimes lead to the
decomposing into the elements again, Among the large
number of molecules both processes will be continually
taking place, and the state of equilibrium eventually arrived
at means nothing more than that the composition and
decomposition of HI oceur at the same rate, If then
we write the equation to a reaction between gases

I fl-I—HﬁB-I'— ,.4?_1-"1;1%1{-%1}_5;.1?-!— cainy

the velocity of conversion of the left-hand system into the
right is

kﬂ':d}{f};ﬂ..,;

that for conversion of the right-hand system into the
left is

VM VN
BOy xCgy vy
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and for equilibrium

; wAr L
pOn R O IR0 X6

B
1 VN 1
Gl oiell SE A =
or v gﬁﬁx ==K
BB e

This is Guldberg and Waage's law, as stated in chap. 11,
only here we see that the reaction constant K may be

regarded as the ratio between the two velocity constants
& &G

§ 2. Chemical Equilibrium: Gases.

The number of gaseous reactions that have been studied
is small, partly because not many such reactions which are
reversible and take place at conveniently attainable tem-
peratures are known, and partly because the experimental
difficulties are considerable. It may be noted here that
the methods available for the quantitative study of a chemical
reaction fall into two groups: (1) chemiecal analysis, (2)
measurement of some physical constant. The first of these
methods is not in general applicable, as it consists essen-
tially in removing some one or more components of the
mixture to be analyzed in order to weigh ; but the removal
of any component alters the system and tends to set up
a new state of equilibrium. E. g suppose it were desired
to find to what extent hydrogen and iodine combine at
4407; this could not be done by removing the hydriodic acid
formed at that temperature, because then the state of
equilibrium arrived at would be upset, and more hydrogen
and iodine would combine till by repeated removal of the
products all was converted into hydriodic acid. If, how-
ever, the reaction is very slow, it may be possible to carry
out the analysis before sufficient time has elapsed to allow
of an appreciable change in the equilibrium, especially if
the reacting system can be cooled before analysis, since all
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reactions go on more slowly at low temperatures, Otherwise
recourse must be had to the measurement of some physical
constant of the unaltered mixture of reagents,

The simplest class of reversible reactions is that of
dissociation, in which a single molecule breaks up into two
or more. The well-known case of nitrogen tetroxide,

N.O, = 2NO;

has been fully worked out by Natanson’, who measured
the density of the partly dissociated gas under varying
pressures by a direct process similar to Regnault’s method
for gas densities. Applying the law of mass action to this
case, we have ok

N,
Oie =

where Cxo, is the concentration of the NO, present
(gm. mol. /e.c.), and Oy, o, that of the N,0,. A series taken
from Natanson’s experiments is given on p. 50 ; as may be
seen from that, the values of K found from determinations
at pressures varying from 60 to 600 mm. are satisfactorily
constant.

Next, we may consider the typical and often-quoted
reaction between gaseous hydrogen and iodine,

H,+ I, = 2HI,
studied by Hautefeuille, Lemoine, and very fully by Boden-
stein >, The law of mass action takes the form

Cu,x O, _

-
I['J[I

X,

The method adopted by Bodenstein was as follows:—
A number of glass bulbs, each of about 15 c.c., were filled
with pure hydriodic acid gas at the atmospheric temperature

1 Natanson, Wied. Ann. 24. 465; 27. 613.
4 Bodenstein, Ostw. 13, 56 ; 22, 1.
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and a pressure of §, 1, 1}, or 2 atmospheres. The bulbs were
then sealed off and heated for a measured time by means of
baths at a known temperature, varying from that of steam
(100) to vapour of pentasulphide of phosphorus (5187). The
bulbs were then rapidly cooled and their eapillary points
opened under caustic potash solution ; the solution dis-
solved the hydriodic acid remaining, as well as the iodine
liberated, leaving the hydrogen. The bulb was weighed
with the caustic potash contained ; next filled completely
with potash and weighed, and finally emplied, dried, and
weighed, In this way Bodenstein determined (1) the
volume of the bulbs, and hence the weight of hydriodic
acid originally contained in them ; (2) the volume of
hydrogen liberated, and hence the weight of hydriodic
acid decomposed. In a second series of experiments the
bulbs were filled with a measured amount of hydrogen
and a weighed amount of iodine to begin with, and
treated in the same manner as before. The results of
experiments made in vapour of sulphur (448%) are shown
in Fig. 23. The abscissae represent the duration of the
experiment, ordinates the fraction of hydriodic acid remain-
ing. The upper curve shows how, when all the gas
originally present is HI, decomposition goes on at first
rapidly, then more and more slowly, till in about two hours
the state of equilibrium is reached, in which about 22 per
cent. of the HI is decomposed ; the lower curve shows the
combination that takes place when free H, and I, are
present to start with, and the same state of equilibrium
reached in about the same time,

According to the equation C'y, x €1, +C’5; = K pressure
should be without influence on the equilibrium of hydri-
odic aeid ; for if the concentration of the gaseous mixture
be doubled, both numerator and denominator on the left-
hand side will be increased fourfold and the value of I
remains unaltered. This is generally true of reactions in
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which the total number of molecules formed is equal to
the total number destroyed, and was directly verified by
Bodenstein. who found at 448°

Original pressure of HI i I 18 2 atmos.

Fraction decomposed 0.2019 02143 0-2225 0.2306
The agreement of these numbers is only moderately good,
but would be better if it were possible to allow for a certain
absorption of HI by the glass of the bulbs,

From these numbers we may calculate the reaction con-
stant: let C be the original concentration of hydriodie acid
in an experiment in which that gas alone is present to start
with, and let ¥ be the degree of its dissociation when equi-
librium is obtained, we then have present C (1-y) of HI, yC
of H,, and yC of 1,, so that -

POXNC. = e
G =ge =R
and with y = 0.2198 K = 0.01984 (at 448°).

Now if hydrogen and iodine not in molecular proportions
react together, the law of mass action will enable us to
caleulate the amount of HI formed, by means of the above
value of K, Thus if one molecule of H, react with @ mole-
cules of I, and y be the amount of free hydrogen remaining,
we have Oy, =y, C,=a—1+4y, Ca; = 2(1—7); wherefore

Y (a—1+7)
=y
From this equation y may be calculated, and the quantity

of HI = 2(1—y) compared with that found by experiment.
Bodenstein found

= 0-019384.

H, I, o  HIcalee  HI obs
.0, c.c. H, . 0. c.c.
20.57 5.22 . o254 10:19 10:22
2053 25-42 1.238 3496 34:72
19-99 100-98 5-048 39-22 39.62

The gases are measured at 0° and 760 mm., and the weight
M
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of 1odine reduced to the volume it would occupy if gaseous
under those conditions.

§ 3. Equilibrium in Liquids.

The conelusions arrived at as to equilibrium in gases may
be extended to dilute solutions without change, since, as
pointed out by van 't Hoff and others, the dissolved sub-
stances when dilute behave as if their molecules were free
from mutual action, like those of a gas. It is found ex-
perimentally, however, that the law of mass action is not
only true for dilute solutions, but frequently for liquid
systems without restriction of concentration. The best
known instance of its application to liquid mixtures is in
the formation of esters, e. g.

CH,COOH + C,H,OH = CH,COOC,H, + H, 0.

This reaction proceeds so slowly that the method of
chemical analysis is available ; the course of the reaction can
be followed by removing a specimen at intervals and titrating

the acid eontained.
The law of mass action indicates that

G’ eater X G water

—

O actd > (F ateoliol.

!

and here, as in the preceding case, the volume occupied by
the mixture does not come into consideration, since if all
the concentrations are changed in the same ratio, the value
of K remains the same.

If the molecular quantities of acid and aleohol be mixed,
it is found that two-thirds of each are converted before
equilibrium is reached, so that calling C the original con-
centration of each, we have

e MOIRC

T ke &
If, next, one molecule of acid react with a molecules of
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alcohol, and 7 be the quantity of acid converted, then in
the equilibrium condition the concentrations of the reagents
are acid 1—7, aleohol a—7, water and ester each y, whence

(1—y) (=9
and solving we get 2
y=2%(a+1— Vai—a+1).
This equation represents very well the results of experiment,
as may be seen from the following table of observations by
Berthelot and Péan de St. Gilles : —

. v (obs.). v (cale.). | @ v (obs.). v (ealc.).
0.05 0.05 0:049 0:67 0-519 0.528
0.08 0.078 0078 I- 0.665 0.667
o.18 0-171 0:I7L | I-5 o-81g 0785
o 28 0.226 0.232 | 2. 0.858 0.845
033 0.203 0-31T 2424 o-876 o864
0:5 0.414 0:423 | 8 0:966 0:945

Here, Guldberg and Waage’s law is true, although, far
from the solution being dilute, the reagents oceupy the
entire volume of the liquid.

When one of the reagents is present in immensely greater
quantity than the others, its concentration is practically
unaltered by the reaction. This is the case with the solvent
in a dilute solution, if the solvent takes part in the reaction.
Thus, in the preceding example, if alcohol and acid, instead
of acting on one another in the pure state, are each dissolved

in much water and then mixed, the small amount of water
formed in the esterification will make no sensible difference

to the concentration of the water. Thus in the equation
U ester X g water
C acid X € alconol
the factor C yater, being constant, may be transferred to the
right-hand side, and the law of mass action takes the form
G ester ’
O acia X O niau'h; = i
and K’ is often treated as the reaction constant.
M2

= K
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More often the solvent does not take part in the reaction,
and then 1t need not be taken into account, the dissolved
substances being treated as if in the gaseous state.

We have seen in chap. i that in all electrolytic solutions
the dissolved substance may be regarded as dissociating into
atomic groups called 1ons ; these differ from ordinary products
of dissociation only in being associated with positive and
negative electric charges, and accordingly the law of mass
action may be applied to them. In the case of weak
electrolytes, organic acids, and weak bases like ammonia,
the law is strictly verified, and the dissociation constant
may be measured (see dichloracetic acid, p. 68). There the
reaction is

CH 01, COOH == CH Cl, CO0’ + H' ;
the positive ion is indicated by a (), the negative by a ('),

following the convenient usage of Ostwald. Guldberg and
Waage’s law indicates that .

Coro,cooxCr X
C oH c1,000H :

and measurements of electric conductivity show this to be
the case. If an electrolyte break up into more than two
ions, the dissociation usually takes place by stages ; thus,e.g.

H, 80, => HSO', + H,,
and H +HSO, Z=8S0",+H +H';

each reaction having its own equilibrium condition.

The law of mass action, however, does not seem to apply
to the dissociation of salts and strong acids and bases, in
other words, strongly dissociated electrolytes. Of these
an example (K Cl) was given on p. 67. It is found that
instead of

Ck Ca

Ckal

= constant,
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or, since the two ions are necessarily equal in amount,
C%;on==C sait = constant,

the purely empirical relation
C"* jon = C'* a1t = constant,

introduced by Rudolphi and van’t Hoff, holds approximately.

Measurements of the degree of dissociation of electrolytes
may be made by several other methods as well as that of
electric conductivity, The physical constants of the solution,
such as the freezing point (p. 55) and the density (vid. inf.),
may be made use of for the purpose ; and information may
be derived from the cafalytic effect the solution has on the
veloeity of certain reactions, such as the inversion of cane-
sugar. When the degree of dissociation is known, it can be
employed in the solution of more complex problems of
equilibrium in which the electrolyte takes part. Some
important instances of that will be considered next.

When two electrolytes containing a common ion are
mixed, the equilibrium between them can be calculated by
means of the dissociation of each electrolyte separately. As
an example, we will take the equilibrium between acetie acid
and sodium acetate as studied by Arrhenius .

The method adopted was a catalytic one: the rate of
inversion of cane-sugar in aqueous solution is found to depend
on the acidity of the solution, and is in fact a measure of
the free H-ions present. Now the rate of inversion of sugar
at 54-°3 by &5 normal H Cl has been found,

k= 469 x 10~* per minute,

Le. 469x107° of the sugar present is inverted in one
minute by H Cl of the strength stated, and at that degree of

dilution hydrochloric acid is practically completely dis-
sociated.

I Ostw, 5. 6.
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The dissociation of acetic acid may be caleulated from the
Equatiﬂn Giiun":"gm]t — 1'615;{ ].ﬂ-'_ﬂ

(eoncentration in gram-molecules per ec.c.), and for quarter-
normal acid is 0.008. Hence, if the rate of inversion is
proportional to the quantity of H-ions present, it should be

0-008 x
50
for quarter-normal C,H,0,. This is precisely the number

Arrhenius found experimentally.

If now acetic acid of that strength be mixed with a small
amount of sodium acetate of concentration n, the quantity
of acetyl ions present is increased by the amount dissociated
from the sodium acetate. and which may be approximately

A

caleulated from the relative molecular conduetivit T

o

kE=469x107% x = 0.75x 10

We have then equilibrium between hydrogen ions of con-

; : A
centration Cy, acetyl ions of concentration Cp+ %—: and
undissociated acetic acid of concentration %5 —Cq, so that

A
C'u j‘i‘— + UH)

= fLGl5 08

roo0 —UR : ;

from this equation the value of Cy may be caleulated, and
consequently the rate of inversion. The results of Arrhenius’
experiments are in good agreement with the numbers so
caleulated, as the following table shows:—

A
— +  10°k (obs.). 10" (cale.).
nm
¥ + gy norm. C;H,NaO, og12 0 122 0.128
T 10 1 0:76 o-070 0.079
" 70 5 0739 0 040 0.040
14 3 Lk 0-713 o019 0017
» } 5 0.692 0-0105 o.0088

It will be noticed that the presence of a very small
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amount of the salt is sufficient to reduce the dissociation of
the acid to one-sixth of its amount : this is due to the much
areater degree of dissociation of the salt itself.

§ 4. Avidity.

The ecaleulation in the above ease is doubtful on one
point, for as sodium acetate does not follow the usual law of
dissociation (Ostwald’s law), its degree of dissociation must
be calculated from its conduectivity. But the dissociation so
caleulated is that it would possess when in solution alone ;
when mixed with acetic acid its equilibrium is slightly
displaced, and the concentration of the acetyl ions is
accordingly not given quite accurately by the method
adopted above. The problem of equilibrium can, however,
be more completely solved in the case of two weak acids,
each of which follows Ostwald’s law of dissociation, and
whose dissociation constants are known.

Let the two acids Z H, Z H be mixed with a quantity of
base MOH, insufficient to neutralize them completely, and
let &,, K, be their dissociation constants. Then the law of
mass action yields the equations

Cy, x O . Gz e
_1 __I —_— _!_'l ] Ij = ji:

2 e i
Czn Cz,n

Now the uncombined (weak) acids, in presence of their own
salts, will hardly be dissociated at all, as in the case of
acetic acid and sodium acetate, so that C'y may be neglected
in comparison with the concentration of the undissociated
acids, Oz;n, Cz.u, and the latter quantities may be taken as
expressing the amounts of uncombined acid dissociated or
not. Again, the salts are almost entirely dissociated, so that
the concentrations of the undissociated parts, Z M, Z,M,
may be neglected in comparison with the dissociated, and
Cz,, Cz, practically express the amounts of the two salts.
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Hence, dividing the first of the above equations by the
second, we get

e g Oz X Cz,1 _ salt Z M x acid Z,H
K, Og,xCzu salt Z,M x acid Z H

If the concentration of the total base and total acids are
each unity, and ¥ be the amount of the first acid neutralized,
I —y is the amount of the second acid neutralized, 1—y of
the first remains free, and y of the second. Hence

K4S AAEDR0) S Vg K,
HE T = =) L= K
We see then that the equilibrium is governed by the
relation between the dissociation constants of the two acids.

If we write the reaction
ZM+ZH Z=ZM+7Z,H,

we see that this is a reversible reaction on which it is nof
necessary to make special measurements to determine the reaction

constant, since that constant is equal to E .

K,
The ratio (T-_-—) expresses the ratio in which the base

shares itself between the two acids, and is called their
relative avidity. The relative avidity of two weak acids is
therefore equal to the square root of the ratio of their dissociation
constants. The same rule holds for bases which follow the
law of dissociation when in presence of acid insufficient to
neutralize them completely. Ostwald’s measurements of
the relative avidity afford an excellent example of the use
of a physical method to determine equilibrium : the method
adopted was to measure the density of the solutions in order
to determine how much of each of two salts was formed.
The example refers to equilibrium between nifric and
dichloracetic acids, a case in which the method of electric
conductivities is unavailable, since nitric acid does not follow
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the ordinary law of dissociation, and consequently does not
possess a dissociation constant ',

1 kg. solution eontaining 1 gm. mol. KOH occupies at 25° 050.668 c.c.

1 73 14 HNO, T 966 623 .,
Sum - 1917.-201 ,,

Volume after mixing : - - ) : 1937:337 »
Expansion . : 1 ; : . : 20.046 ,,

i kg. solution containing 1 gm. mol. KOH occupies at 25° 950.668 c.c.

1 3] 1 CHCL,CO0H yi 947-371 »
Sum - 1808.045

Volume after mixing : : . : : 1010.991 .,
Expansion £ - : . : s : 12946 ,,

Hence, if on adding nitrie acid to potassium dichloracetate
the latter were completely converted into nitrate, the volume
would increase by 20.-046—12.946 = 7:100 t.c. Actually,
the following numbers are found : —

2 kg. solution containing 1 gm. mol. CHCL,COOK occupy 1910:.991 c.c.

r k. - ¥ HNO, 7 g66.623 ,.
Sum - 2877-614 ,,

Volume after mixing : . ; ; . 2883.275 ,,
Expansion ¢ : : . . : ; 5661 .,

Hence we may conclude that 5.:661—+7.100 = 0.80 of the
dichloracetate is decomposed, and the relative avidity is

HNO,: CHCL,COOH = 0:80: 020 =4 : 1.

Measurements of avidity can be made in a similar manner
with the aid of any appropriate physical constant. A good
example is to be found in the measurements of Jellet® on
the partition of hydrochloric acid between alkaloids made
long before the electrolytic dissociation theory was suggested.
The alkaloids used were quinine, codein, and bruecine, and
the measurements were made by means of the angle of

L L f. prakt. Chem. 18. 340.
* Jellet, Trans. Irish Acad. 25. 371 (1875,
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rotation of polarized light. The reaction constant in the
equation

Quinine + Codein HC1 2= Codein + Quinine HCI

was found to be 2:03, i. e. quinine and codein, in equivalent
proportions, would share HCl between them in the ratio

v/2.03:1. Similarly the reaction constant between codein
and brucine was 1.58, and between brucine and quinine 0-32 ;
the product of the three 2.03 x 1.58 x 0-32 = 1.026 or ap-
proximately unity. This is in agreement with the view
that the reaction constant is the ratio between the dis-
sociation constants of the two bases, for calling the dissocia-
tion constants K ¢y, K &5, K g respectively, it is obvious that
the product
Aoy, Koo, = Hpe
K ¢, 3 Kpy y m_
Double decompositions between salts, acids and bases, may
also be studied with the aid of knowledge of their degree of
dissociation, and important conclusions arrived at. The
theorems involved are, however, more elaborate, and will not
be discussed here ; a full account of the subject is to be found
in the writings of van 't Hoff'. It may be remarked that
according to the dissociation theory the neutralization of an
acid by a base consists essentially in the formation of water
from its ions. When acid and base are ‘strong,’ i. e. highly
dissociated, nothing else occurs. Thus, e. g., the reaction of
nitrie acid with soda is

Na'+OH’+ H + NO’;, = Na'+ NO,+H,0,
the Na and NO, being in the ionic state both before and
after the reaction, so that the change is in reality only that

expressed by OH L H = HO

The reaction of any strong acid with any strong base is

115

' Lectures on Theoretical Chemistry @ Lectures on Double Salfs.
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therefore essentially the same process. This view 1s con-
firmed by experience, sinc> the heat liberated on neutralization
is the same for all strong acids and bases (cf. chap. vi).
When either acid or base is weak the process is more
complex, for the acid or base is but slightly dissociated,
while the salt is nearly completely so ; e.g. the neutralization
of ammonia by acetic acid may be written

NH,0H + CH,COO0H = NH', + CH,CO00’ +H,0.
Thus in addition to the formation of water from itsions, the
previous dissociation of the ammonia and acid is implied.

§ 5, Dissociation of Water.

Water itself is dissociated, to a small but appreciable
extent, into the positive and negative ions, hydrogen and
hydroxyl. This is evidenced by the conduectivity which
even the purest obtainable water possesscs. Water very
carefully purified, and freed from dissolved carbon dioxide
and ammonia, has a conductivity of 0.04 x10°° mhos,
according to Kohlrausch'. This number, with the aid of
the ionic velocities of H and OH, gives 1-07 x 10! as its
degree of dissociation, i.e. 1.07 x 107 gm. molecules exist
in the ionic state, in every c.c. of water. Several important
conclusions may be drawn from this as to the part played
by water in certain reactions, Thus salts of weak acids
and bases are to some extent dissoeiated hydrolytically, 1. e.
by the action of water itself as a very weak acid, or very
weak base (vid. inf.). Arrhenius® found in that way
1.1 107" as the degree of dissociation. Wys® has in
a similar manner calculated the degree of dissociation of
water from the rate of esterification it produces, and finds
1-2x107"; and Ostwald® obtained 1 x 107! at 25° as the

! Kohlrausch and Heydweiller, Ostw. 14, 317,

* Arrhenius, Ostw, 11. B27.

* Wys, Ostw. 11, 492 ; 12, 514: Van Laar, 1. e., 18. 736.
' Ostwald, Osfw, 11. 521 ; Bredig, 1. c., 11, 8zg.
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value of the same constant by reasoning based on the
electromotive force of a gas battery (chap. vii). The
remarkable agreement of these numbers, all obtained by
different methods, and referring to a phenomenon so much
the reverse of obvious, must be regarded as a very strong
argument for the correctness of the @lectrolytic dissociation
theory, on which they are all based.

¢ 6. Hydrolysis.

Water is capable of acting either as a weak acid, or
a weak base. E.g. suppose hydrochloric acid be added to
neutralize a very weak base, such as urea, in aqueous
solution: then the acid will divide itself between the urea
and the water, just as it might divide between two other
bases of comparable strength, such as ammonia and
methylamine. Writing M for the base, we have to do
with the reaction

MCI+H,0 = HCl + MOH,

or in terms of the electrolytic theory, if the salt be nearly
completely dissociated, but the weak base hardly at all,

M +CI'+H,0 = H +Cl'’+MOH,

or simply M’ +H,0 > H' +MOH.
Applying the law of mass action to this case, we have
Cu X Criom _ dorat.
Un

the factor Cn,o being left out of the equation, since water
is present in practically unlimited quantity and its con-
centration may therefore be regarded as constant. This
conclusion was verified experimentally by Walker, who
treated normal hydrochloric acid with varying amounts
of urea, and determined the quantity of hydrogen ions
remaining in solution by the rate of inversion of ecane-
Sugar.
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We may, however, learn more by taking the dissociation
of water explicitly into account, That dissociation 1is ex-

pressed by H,0—H' +O0H/,
and accordingly should be calculable by means of an
equation

Uﬂ x Con =5

Cn,0
in which K is the dissociation constant of water. If, as
in the section on avidity, we compare this formula with the
corresponding one for a weak base

Omx Con _
G'HIGH
we get
G];_[ = 01[9_1-’[ o8 £ o CH x U\IDII L 1 CH(
CuxOuo K’ e i ’

identical with the equation previously found for hydrolysis,
only that we now have the means of calculating the
reaction constant.

Precisely similar relations hold in the case of a salt
formed by a strong base and a weak acid (ZH), leading
to the result that

CorxCzn K

-OE = Kﬁ

where K is the dissociation constant of the aeid. Tt is
in this way that the value of K has been calculated from
experimental data by Shields’. Thus a 0:0952 normal

solution of sodium acetate is hydrolyzed to the extent of
0-008 per cent. at 24°-.2, so that

Con = Censooom = 0:00008 x 0-:0000952 (gm. mol./e.c.),
Coms coo = (1 —0-00008) x 0:0000952.

To be quite systematic, the concentration of water ought
to be taken as {5 (gm, mol. per c.c.), hut it is usually taken

X Ci-r,ﬂ,

1 QOstw, 12. 184.
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as unity, or in other words, ignored altogether, in the
equation of Guldberg and Waage's law. Accordingly the
reaction constant for hydrolysis of sodium acetate is

Couax Oz N
=061 %107"12 = .
P 2 =

But K”, the dissociation constant of acetic acid at
25% =1-81 x 10~ ', whence

K =1-1%10""°,

Now, since Uy = Con and C'go is assumed to be unity,
it follows that +/A = 1.05x 107" is the concentration of
the hydrogen or hydroxyl ions in pure water at 25°

The phenomenon of hydrolysis is more marked when
acid and base forming the salt to be hydrolyzed are both
weak, but in that case a different equation holds good.
Here we must assume that both acid and base are but
slightly dissociated, while the salt is nearly completely so.
We get accordingly the reaction

MZ+H,0 ZZ MOH +ZH
practically in the form
M +Z +H,0 ZMOH + ZH,
and the law of mass action is expressed by

Cyor X Czu _ Cwon x Ozn
Cux Oz C* sar

So that if the total concentration of each reagent is doubled,
the numerator and denominator of the fraction are each
quadrupled, and equilibrium still holds : or, in other words,
the degree of hydrolysis is independent of the concentration.
This conclusion is approximately confirmed by the experi-
ments of Arrhenius and Walker on the hydrolysis of
aniline acetate ',

= const.
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§ 7. Influence of Temperature on Equilibrium.

Since the state of equilibrium existing at any one
temperature can be expressed by a single quantity—the
reaction constant—the effect of change of temperature can
only be to change the value of that quantity. The problem
then is to find the variation of the reaction constant—K—
with temperature ; the variation is, as shown at the end
of the last chapter, intimately connected with the heat of
reaction. The connexion will be dealt with in detail in
chap. vi ; here we may be content with some experimental
data, and with such light as reasoning based on the kinetie
theory throws on them.

Equilibrium in a dissociating gas is regarded as being
the result of two processes: the decomposition of some
molecules, and the recombination of the dissociated parts.
The former may be, and probably is, in most cases a
spontaneous breaking up of a molecule in consequence of the
relative motion of the atoms composing it, although in some
cases the breaking up may be brought about by collision with
another molecule, But the reserve process can, obviously,
only take place when the combining parts come within
one another’s range of action. Now rise of temperature
means increased average velocity of the molecules, and
since by repeated collisions a repeated interchange oceurs
between the various forms of energy in the molecule, the
relative velocities of its parts will be increased too, so that
there will be a greater chance of the attractive forces
between the atoms being overcome, and the molecule flying
to pieces. On the other hand, there will be an inecreased
number of collisions between the dissociated parts of
the molecules, offering opportunities for recombination ;
but this will be compensated by the fact that, as the
colliding parts are moving more rapidly, they are more
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likely to fly past one another’s range of action, and so avoid
recombination.,

Thus, on the whole, the effect of rise of temperature is
to increase the degree of dissqciation. This is regularly
observed to be the case. Thus the table quoted on p. 50
shows that at 21.5° N, O, is only dissociated to the extent
y = 0-174 at a pressure approaching that of the atmosphere :
but at 130% under atmospheric pressure the density of the
gas Is that of NO,, showing that the dissociation is practi-
cally complete. Two observations of Deville and Troost
on the same gas at atmospheric pressure give

Specific gravity. Degres of dissociation.

¥
26.7° C. 2.63 0-1096
I11-3 1.65 0 9267

Again, sulphur vapour is progressively dissociated on
rise of temperature. The phenomenon here is not so
simple, and it has been suggested' that three kinds of
molecules occur in the vapour—§S, S, and S,, and that
the dissociation takes place in two stages,

S, =28, 48, and 8,22 39,

Several gases have been observed to dissociate slightly
when heated to high temperatures, the most noteworthy
instances being (1) iodine vapour, which consists of diatomie
molecules at low temperatures, but monatomic at high ;
(2) earbon dioxide breaking up into ecarbon monoxide and
oxygen ; (3) steam, which dissociates into oxygen and
hydrogen. These gases are quite stable at moderate tempera-
tures, and only dissociate appreciably when near the highest
temperatures practically attainable, but it is to be presumed
that if they could be heated sufficiently they would be
decomposed completely, like nitrogen tetroxide. The cases
of steam and carbon dioxide are, however, possibly not

! Riecke, Ostw. 8. 430.
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strict dissociations ; thus the reaction in the case of steam
may require the interaction of two molecules, as

2H,0 Z2H,+0,,
or it may take place by the spontaneous breaking up of
one molecule, H,0—>H,+0,

with subsequent combination of two oxygen atoms to form
a molecule. In either case the reaction is not so simple
as in dissociation proper, and the argument given above
as to effect of temperature cannot be applied with certainty.
If now we proceed to a case in which undoubtedly two
molecules are involved, the reaction
2HI = H,+ L,

it is impossible to say beforehand whether rise of tempera-
ture will favour the decomposition or the formation of
hydriodic acid. Experiment shows that!®

Fraction of HI decomposed at 350° 0-1946

i o 4487 o-2198

1. e. rise of temperature favours decomposition, but only
to a small extent.

In solutions no general rule can be given, for the degree
of dissociation sometimes increases, sometimes decreases
with rise of temperature—doubtless the interaction between
solvent and dissolved substance prevents the possibility
of applying simple kinetic reasoning. Examples of this
will be considered in chap. vi in connexion with the quantity
of heat evolved in dissociation.

The same may be said of reactions between liquids other
than solutions: amongst the best known of such reactions
is the formation and decomposition of ethyl acetate (p. 163).
The reaction constant here is = 4 not only at atmospheric
temperature, but without appreciable change up to 220°
But no general rule can be given, for some reactions proceed
further, some less far, on rise of temperature,

! Bodenstein, Ostw. 22. 16.
N
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§ 8. Velocity of Reaction.

For the study of wvelocity of reaction in homogeneous
systems, the same methods are available as for determi-
nation of equilibrium ; but with the difference that attention
must be paid fo the time during which the materials are
left in contact. The problem is, however, in most cases
complicated, not only by reversibility of the reaction itself,
but by secondary reactions that may set in, due to the new
products formed, and in some cases to action of the walls
of the reaction vessel, or of the solvent. Hence the com-
paratively limited number of cases in which it has been
found possible to trace clearly the mechanism of the pro-
cess. In the sense of the law of mass action, the veloeity’
of a combination between » 4 molecules of a substance A,
rp of B, &e., is given by

EC 0 s
where £ is a constant ; but in general the reaction is reversible,
so that if M, N, &ec. be the produets formed, they at once
begin to suffer conversion in the inverse sense at the rate

EECE R =

and the net rate of conversion 1s the difference

VA VE fAVM VN
RO A G = RO

When this expression becomes zero in consequence of the
decrease in €4, Cp ... and inerease in Cyr, Cy ..., equilibrium
is reached. In each of these expressions the velocity of
reaction is measured by the quantity converted per unit
volume and per unit time, and the quantity per unit volume
must be expressed in the unit adopted for C.

In many cases the converse reaction practically does not
take place, and then it becomes much easier to follow the
course of the change. Such cases may best be classed
according to the number of molecules taking part in the
reaction; we have therefore first to deal with the dis-
sociation of a single molecule.
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(a) Monomolecular reaction.

Here there is only one concentration to consider: the
velocity is expressed simply by £ C, and since the velocity
means the rate at which the substance is dissociated, we
may say that

. dC iy
[_‘33 = kC, orin wards}

the rate at which the dissociation takes place is constantly
proportional to the concentration of the dissociating sub-
stance present; as the latter falls off in consequence of the
progress of the reaction, the velocity falls off too.

An example of such a reaction (in gaseous form) is to be
found in the decomposition of arsine. This takes place
simply according to the equation

AsH,= As+3H,

and the subsequent combination of the hydrogen atoms to
form molecules has no influence on the primary reaction.
The reaction has been studied guantitatively' by enclosing
arsine at atmospheric pressure in a glass bulb closed by
a capillary, through whieh it is connected to a merecury
manometer.. The bulb is heated, e. g. in a bath of dipheny-
lamine vapour (310°%), for several hours, and as one molecule
of arsine is replaced by one and a half molecules of hydrogen,
the pressure gradually rises, and the extent of decomposition
at any moment may be determined by that means. An
experiment gave the following results : —

Cc
Timie in hours. Pressure (mm.), (_J' k.
o
o 784.84 I- .
3 878.50 076133 0-0908
4 904-05 0:60367 914
5 gz28.02 0.63514 goB
6 949 28 0-58097 905
7 969-08 0:53051 904
8 987-19 0-48435 906

' Kooij, van 't Hoff, Studies in Chemical Dynamics (18g6), p. 2.
N 2
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The third column gives the concentration €' of the arsine
at the moment of observation, expressed as a fraction of
the original concentration; the fourth column gives & the
velocity constant, the unit of time being the hour. Thus
during the first three hours the concentration fell by
0-23867, or 0-07956 per hour, but during that time its
average value was
(140-76133) — 2 = 0-88066.

Hence, as k is the ratio between rate of concentration and
existing concentration,

k= 0.07956-=0-88066 = 0-0903.

This reasoning is, however, not quite exact, since the con-
cenfration does not keep at the average value 0-88066, but
varies continuously, The numbers in the last column of
the table were actually obtained by integrating the differential

equation % = k& C, which yields
¢,
log, ( ﬁ) =

whence & may be caleculated. The statement k= 0-0908
may be put into words as follows:—If arsine were kept
for an hour at 310°% and the amount decomposed were
continually replaced by a fresh supply, so that its mass
remained always the same, then 0-0908, i.e. 9-08 per cent.
of the amount originally present, would be decomposed.
The decomposition of phosphine has also been studied by
Kooij with similar results, so that it is to be regarded as
a monomolecular reaction.
The best known monomolecular reaction among liguids
is the inversion of cane-sugar, according to the equation,
C.H,0,+H,0=2C,H,O0,.
A molecule of eane-sugar in aqueous solution combines with

a molecule of water and breaks into a molecule each of the
isomers dextrose and laevulose. The reaction is excessively
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slow in pure water, but in presence of acids becomes mode-
rately rapid, and in any case it is practically irreversible,
Jane-sugar solution rotates the plane of polarization of
light right-handedly to an extent that is roughly propor-
tional to the concentration, the mixture of dextrose and
laevulose is on the whole laevo-rotatory; hence the progress
of the reaction can be followed quantitatively by measure-
ments with the polariscope. Though two molecules are
involved in the inversion, one of them being water belongs
to a substance present in very great excess, so that its
concentration may be left out of account ; we may therefore
anticipate that the reaction will follow the rule for mono-

molecular change, viz. Iﬂg(%—‘)z kt, and this is verified

accurately by experiment ; indeed the above expression was
arrived at empirically before the law of mass action had
been propounded. Thus, Wilhelmy found for 20 per cent.
sugar solution in presence of half-normal lactic acid at 25°
the following numbers :—

t (minutes). a (angle of rotation). : ]ngg%r” = k,
L]
2. 34-50 =
1435 31.10 0000054 I
4315 25-00 543
7070 20-16 5309
11360 - 13-98 532
14170 i To.61 530
16935 : 7:57 533
19815 | 5.08 ._ 528
20925 | — I.65 526

whilst the completely inverted mixture (ft= ) gave
a=—10.77.

(b) Bimolecular reaction.

When two molecules, 4 and B, react together, and the
action is irreversible, the expression #C,C s holds for
the quantity converted in unit volume and unit time ; if
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the two molecules are of the same kind, this, of course,
simplifies to kC"

| Calling the original concentrations €'y, €'z, and the
amount of either consumed per unit of volume y (the
‘ degree of reaction’), we have

Cu=Cup—y, Cp=0Cp—.

The velocity of reaction is represented by “Y . so that we

dt
obtain the differential equation
o
— S = k(Cao—1) (Cr—),

—dy
(Gdu —7)(Cg,—7)
This may be solved by resolving into partial fractions, giving
dy 1 1
C4,—Chp, (0.4”-—? ~ Cp—Y
whenece on integrating
1 Uﬂn

= kdt.

or

) — et

m]ug G,:_r,,-—}* = kt + const. ;
but when {=0, z=0,
1 C g,
so that 0, log PA,D, = const.,
and finally
k= 1 log (Opy —7) Cato

(Cay—Cr)t © (Cay—7)Cry
But in the important particular case of U4, = Cp, = C, say,
this expression becomes indeterminate. We then have

- X =r(C,-
whence AL s
t(Cy,—v) C,
This equation obviously holds when the two molecules are
of the same kind. |




CHEMICAL DYNAMICS OF HOMOGENEOUS SYSTEMS 183

As a typical instance of a bimolecular reaction, we may
consider the saponification of the esters—a reaction that
has been much used as a means of ¢stimating the activity
of bases. The reaction for ethyl acetate and soda is ex-
pressed by the equation

C,H,000CH, + Na OH = C,H,OH + CH,COO Na,

or, in terms of the electrolytic dissociation theory, since
both soda and sodium acetate may be looked upon as eom-
pletely dissociated,

C,H,00CCH,+ OH’ = C,H,0H + CH,CO0’;

in either case bimolecular.

The reaction is a somewhat rapid one, but it is possible
to determine its course by a simple titration of the excess
of soda remaining. In order to do so with success, the
specimen to be titrated must be brought under the burette
only a few seconds before the moment at which its strength
is desired, and the estimation completed in the shortest
time possible. Solutions containing ;%; gram-molecule per
litre are of convenient rapidity in action.

The majority of reactions appear to be bimolecular, but
of course many of them are more or less reversible, and
consequently not so simple in their course as the above
example. A few instances of trimolecular reactions have
been discovered and followed out quantitatively, but none
in which more than three molecules take part. This
is not to be wondered at when the mechanism of the
reaction is borne in mind., A trimolecular reaction is one
in which a simultaneous collision of three specified kinds
of molecules is required to effect the rearrangement of the
atoms ; such collisions will clearly be very much rarer
than collisions between two molecules, and accordingly the
materials will much more often react In a manner that
can be accomplished by ordinary dual collisions. Simul-
taneous collision between four or more molecules must be



184 PHYSICAL CHEMISTRY

still rarer, so rare, indeed, as to have no practical influence
on the course of chemical reactions. This reasoning is the
more markedly true, the more dilute the reacting system
considered, and it should be remembered that Guldberg
and Waage's law, whether based upon thermodynamics, or
on reasoning from the kinetic theory such as that used
above, has only been proved to hold for very dilute systems,
gases or solutions, although in particular cases it may be
true for greater concentration; the assumptions made in
the kinetic proof are that the molecules are so far apart as
not to influence each other sensibly except during collision,
and that the volume actually occupied by the molecules
may be neglected by comparison with the whole volume,
and experiment shows that these conditions are about
satisfied for decinormal solutions and gases (a gram-molecule
of gas at atmospheric pressure occupies about 22 litres;
hence a ‘decinormal gas’ is at 2.2 atmospheres pressure
at 0%).

(¢) Trimolecular reaction.

If one molecule each of A, B and C combine, the velocity
of reaction is £ C4 Cy Cp; if two molecules of A combine
with one of B the expression becomes £C,®Cg; and if all
three molecules are alike, it reduces to £#C°. The course of
the reaction may be calculated in a way similar to that
used for the bimolecular reaction, and if the three molecules
are alike, or, being different, are present in equivalent
proportions at the beginning of the reaction, we arrive at
the conclusion

L1 (20,7
¢ 2{:’&3 (Gn""}"}:

where ¢ is the time since the concentration of each reagent
had the initial value €, and y is the extent by which the
original concentration of each has fallen off, at that time.
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A reaction of this kind, studied by Noyes and Cottle ', is the
reduction of silver by sodium formate,
2(,H,0,Ag+HCO,Na

= 2Ag+(00,+C,H,0,H+C,H O, Na.
The silver and sodium salts may be looked upon as com-
pletely dissociated, so that the above may be written,

2Ag ' +HCOO' = 2Ag+ CO,+ H,
and subsequent combination of the hydrogen ion with the
acetyl residue. It may therefore be expected to be trimole-

cular, and so it was actually found. A series of experi-
ments at 100° with decinormal solutions gave

{ (minutes). C. ke (trimol.), k (bimol.).
o 0-10000 — -
2 06604 30.8 2.57
4 ‘05334 31-3 2-19
6 04684 29.6 1:89
9 03784 33-3 1-83
T4 03235 30-6 I 61

The last two ecolumns give the wvalues of k caleulated
according to the tri- and bi-molecular formulae respectively.
It is clear that the former only is applicable,

§ 9. Number of Reacting Molecules.

The last example is a good instance of the way in which
it is possible to determine the number of molecules taking
part in a reaction. It often happens, however, that secondary
influences, such as the subsidiary reactions of the products
formed, or in gases the influence of the walls of the con-
taining vessel, are sufficient to obscure the somewhat narrow
distinetion between mono- and bi-molecular, or between bi-’
and tri-molecular reaction, when studied in the way already
described. There is another method in which the dis-
tinetion between the various kinds of reaction is more
marked, viz. that of comparing the velocity for different

! Ostw. 27. 570.
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degrees of concentration. In a monomolecular reaction
the velocity is proportional to the concentration, velocity
being measured by rate of decrease of the concentration
itself; hence, if the volume in which a certain mass of
reagent occurs is doubled, the °‘velocity of reaction’ is
halved, but the total amount of reagent converted remains
the same as before; in other words, the fraction of the
whole mass converted in a second is independent of the
density of the reacting substance. In a bimolecular
reaction the velocity is proportional to the produet of two
concentrations, or to the square of one; so that if the
volume be doubled, the quantity reacting per second in
each cubic centimetre is reduced to one quarter, and the
total amount of reaction is but half that occurring when
the same mass of reagent occupies the smaller space. In
the same way, the velocity of a trimolecular reaction is
proportional to the cube of the concentration, and we may
conclude that the percentage of the reagents converted in
a given time will be (1) constant, (2) inversely proportional
to the volume, (3) inversely proportional to the volume
squared, according as the reaction is mono-, bi-, or tri-
molecular.

This test has been applied to the formation of cyamelide,
which is a polymer of cyanic acid NCOH. The latter is
a gas, and gradually suffers transformation into the solid
cyamelide, at ordinary temperatures ; if its volume be kept
constant the pressure gradually falls, and serves as a measure
of the falling concentration. The experiment' was made
by filling with eyanic acid a small bulb, terminating below
in a tube in which mercury was kept at a constant level.
In 23 hours the pressure fell from 188.84 to 153-46, or at
the rate of 1538 per hour. The bulb terminated above
in a tap, leading to an equal-sized vacuous bulb ; this tap
was now opened so as to allow the gas to double its volume.

! Van 't Holf, Studies in Chemical Dynamics (18g96), p. 108.
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Then in the course of 20 hours the pressure fell from 79-01
to 76.04, or 0.1485 per hour, or 10-4 times as slowly as
before. Now the average pressure in the first part of the
experiment was 2.21 times as great as that observed after
opening the tap, so that if the reaction were bimolecular
it should go (2:21)*=4-88 times as slowly after opening
the tap as before, but if trimolecular (2:21)'=10-7 times
as slowly. The conclusion is that three molecules take
part in the reaction, and that the formula of cyamelide is
N,Cs0:H .

In most cases the molecular formula usually adopted as
expressive of the complete effect of a reaction involves
a much larger number of molecules than that required to
effect the principal reaction. Sometimes the molecular
formula may be simplified, so as to correspond to the real
process, if the electrolytic dissociation of the reagents is
taken into account; more often, however, two or more
reactions occur simultaneously, and the molecular formula
only gives the total change, affording no insight into the
steps by which it is brought about ; e. g. the combustion of
phosphine is usually written

2PH,+40,=P,0,+3H,0,
but it i1s not really hexamolecular. Van der Stadt' showed
that it is in its first stage bimolecular, and was even able
to obtain the products of the primary reaction, meta-
phosphorous acid and hydrogen, in theoretical quantities,
proving that reaction to be
PH,+0,=PO,H + H,.
In some other gaseous reactions the first stage of the process

has been distinguished ; e. g. in the combustion of acetylene®,
which as a whole runs

2C,H,+50, = 4C0,+2H,0,

1 Ostw. 12. g22,
* Bone and Cain, J. C. 8. 71, 26.
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the first stage is again bimolecular, viz. : —
C,H,+0,=2C0+H,.
In many other cases the number of molecules taking part

in the primary reaction has been determined, but it is not
possible to say with certainty what that reaction is.

§ 10. Avidity Measurements by means of Veloeity
of Reaction,

Several reactions have been employed to determine the
strength or avidity of acids and bases, i. e. the concentration
of the free hydrogen or hydroxyl ions they contain. This
can be most easily and satisfactorily done when the reaction
is a catalytic one, taking place under the influence of the
acid or base, which itself remains unchanged in quantity.
The most perfect instance known of such a reaction is the
inversion of cane-sugar already discussed. It is catalytic;
it can be followed by a simple physical method—that of
the polarimeter—which does not in any way interfere with
the progress of the reaction; and its wvelocity is approxi-
mately proportional to the concentration of the hydrogen
ions producing it. The proportionality is closest in the
case of weak acids; it may be tested by a glance at the
following table, which shows (1) the strength of the acid in
half-normal solution, obtained by comparison of the rate
of inversion with that for hydrochloric acid, the dissocia-
tion of which is practically complete; (2) the degree of
dissociation as caleulated from the electrolytic conductivity,
both at 25° from the measurements of Ostwald :—

Rate of Degree of Dissociation

inversion. dissociation. constant.
Dichloracetic acid . 0277 0-272 B IO
Monochloracetic acid 0:0484 0.0542 1.55 x 10"
Formic acid . . . 0.0153 00245 0-214 x 10"
Acetic acid . . . 0.0040 0.0060 0.018 x 10—*

For acids stronger than dichloracetic it is not possible
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to state a dissociation constant, for they do not follow the
usual law of dissociation; but for such acids the rate of
inversion serves to indicate the order of their strength,
although not proportional to it; e.g. the rate of inversion by
HC! increases more rapidly than the concentration, although
the concentration of the hydrogen ions necessarily increases
less rapidly than the total concentration of HCl. Some
secondary influence, due probably to the negative ion In
the solution, here complicates the results.

Another reaction which has been employed for deter-
mining the strength of acids is the decomposition of esters,
especially of methyl and ethyl acetates. The reaction, e.g.

CH,00CCH, +H,0 = CH,OH + CH,COOH,

is really a reversible one, but (p. 163) when one of the
reagents is in great excess the equilibrium is driven so far
in the opposite direction that it may be looked upon as
irreversible. Thus if methyl acetate be taken in dilute
aqueous solution, the decomposition due to mutual action
between molecules of ester and molecules of water so far
prevails over the recombination, that the rate of decom-
position practically follows the rule for a monomolecular
reaction. Like the inversion of cane-sugar, this reaction
only goes with measurable velocity in presence of acids,
and to a first approximation is proportional to their
strength, 1 e. to the concentration of the hydrogen ions
they contain. The progress of the decomposition may be
followed very easily by titrating the acetic acid formed.

Another reaction, studied by Ostwald in connexion with
measurements of avidity, is the decomposition of acetamide
by acids, e, g.

CH,CONH,+HCl+H,0 = NH,Cl + CH,COOH.

From the point of view of the electrolytic dissociation
theory, this may be regarded as

CH,CONH, + H,0 = CH,C00’+NH,,
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and subsequent combination of the acetyl ion with hydrogen,
except when the solution is so very dilute that acetic acid
remains dissociated. The velocity of the reaction may most
conveniently be studied by decomposing the ammonium salt
formed by means of sodium hypobromite, and measuring
the nitrogen evolved. Here again the velocity is not strictly
proportional to the strength of the acid used, on account
of the influence of the neutral salt (NH, Cl) ; the salt increases
the activity of the H-ions, and so makes strong acids appear
stronger than they really are.

There is no reaction available for measuring the strength
of bases which is so convenient and satisfactory as the
inversion of canesugar for acids. It has been attempted
to use the conversion of hyoscyamine (C,, H,, NO,) into its
isomer atropine’, since that is a process which takes place
catalytically under the influence of hydroxyl ions. Both
alkaloids rotate polarized light, but to a different extent, so
that the degree of conversion can be easily measured ; un-
fortunately atropine suffers a further change, decomposing
into tropic acid and tropine, which complicates the results
and makes them of little value for estimating the con-
centration of the hydroxyl ions.

The reactions which have been successfully used for the
purpose are not catalytic ; the best known of them is the
saponification of esters already referred to (p. 183). The rate
of saponification by various bases has been determined by
Ostwald, Reicher, and others, and the velocity constant of
the reaction indicates the order of strength of the base, 1. e.
the concentration of the OH-ions in it; but in the case of
weak bases (ammonia, allylamine) the velocity is far from
proportional to the strength of the base taken by itself, for
the neutral salt formed in the reaction decreases the degree
of dissociation of the base enormously in a manner precisely
similar to the effect on weak acids (p. 166) already discussed.

! Will and Bredig, Ber. 21. 2777.
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Another reaction, employed by van 't Hoff, is the de-
composition of sodium monochloracetate,

CH,Cl. COONa+ NaOH = CH,OH . COONa+ NaCl,
which takes place under the influence of bases with formation
of sodium glycollate.

In any measurements by means of the velocity of reaction
especial care must be taken to maintain constancy of
temperature, since, as will appear below, the velocity of
reaction is influenced enormously by temperature. The
temperature coefficient of velocity of reaction is commonly
as much as 10 to 12 per cent. per degree, so that an error
of only one-tenth of a degree in the temperature at which
the reaction is earried out would involve an error of more
than 1 per cent. in the result arrived at.

§ 11. Velocity in Reversible Reactions.

‘When the converse of a reaction takes place to a measurable
extent, or in other words, when in the state of equilibrium
the substances written on the left as well as on the right
hand side of the equation exist in measurable quantity,
there are two velocity constants instead of one to determine,
and the problem of determining them becomes more com-
plicated. Fortunately it is not necessary in practice to get
a general expression for the velocity at any stage of the
reaction. It is sufficient to measure (1) the initial velocity
of reaction when the first set of reagents is mixed to obtain
k, and (2) the initial velocity when the second set is mixed
to obtain &’. For the velocity at any time is expressed by

L]
VA VB 7 VM VN
E:G..'I 'Cﬂ £ w _k CM IGN EE ]

(p- 178), but if the system AB. .. be taken to start with, then
for some time the quantity of MN... formed will be so
I small that the second term in the above expression may be

regarded as negligible, and the reaction may be treated in

I3
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the same manner as an irreversible one, and % deduced by
one of the equations already given, according as one, two,
or three molecules of the substances AB. . . react. Similarly
by starting with JMN'... only, the quantity of AB. .. present
may for some time be neglected, and we have the means of
calculating %’

A good instance of such a determination is given by van 't
Hoff from the experiments of Knoblauch'. The reaction
studied was the formation of an ester,

CH,COOH +C,H,0H = CH,CO0C,H, + H,0.
In the first place, acetic acid was dissolved in a mixture
(in molecular proportions) of alcohol and water, and HCI
added to accelerate the reaction. This liquid contained, at
25°, the temperature at which the reaction was carried out,
1 gram-molecule of acetic acid, and 12.756 gram-molecules

of alecohol per litre. The progress of the reaction was
found to be

Velocity of conversion.

Time (minutes).  Concentration of ester, a0
t. e =
o 0-
44 0-1327 0-00302
55 0.1628 000307
62 0:1847 000208
70 o-2128 0:00304

dC : :
The mean value of = 0-00303. It is clear that during

this period the velocity is practically unaffected by the
products formed ; we may therefore set

VE]ﬂGit-jT = kCacid . G!Llﬂﬂ]lﬂlr
or 0:00303 = kx 1 x 12.756,
whence k = 0-000238.

In the second place, ethyl acetate was dissolved in
a mixture of aleohol and water, to which HCl was added
as before. The mixturecontained 1 gram-molecule of ethyl

L Ostw. 22, 268,
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acetate and 12-215 gram-molecules of water in one litre, and
the reaction took place as follows :—

: ; Velocity.
Time (minutes).  Concentration of acid. ac
2
o (s]
78 0.0777 0.000066
86 o086z 0.001003
g4 0-.093 0-000g89

the mean value of the velocity being 0-000996. But in this
case the velocity is = & Cester - C water, Whence

k" = 0-0000815.

The ratio 77 is therefore 2.92, and according to p. 178 this

should be equal to K, the reaction constant. Knoblauch
allowed the reaction to proceed till equilibrium was reached,
and from the quantities then present found K = 2.84
a satisfactory confirmation of the kinetic theory of reaction.

Similarly Bodenstein found for the decomposition of

hydriodic acid oHI > H, +1,

at 440% that the velocity of the partial reaction from left
to right (decomposition) is £ = 0.00503, and for the reverse
reaction (formation of HI) & = 0.365, whence
&
= 0-0138.
But measurement of equilibrium gave as the reaction
constant K = 0-0146 in agreement with the ratio of velocities.

§ 12. Temperature and Velocity of Reaction.

The velocity of a reaction invariably inereases, and that
very rapidly, as the temperature rises. The mode of de-
pendence on temperature is well illustrated by the known
phenomenon of the saturation pressure of an evaporating
liquid : evaporation may indeed be looked upon as a simple
case of chemical reaction (not, of course, in a homogeneous

t ’ l.. L - -
el H,0 (liquid) = H,O (vapour).
0
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Here we have a reversible conversion hetween two different.
kinds of molecular arrangements; equilibrium is established
when the number of molecules of water evaporating per
second is equal to the number of steam molecules condensing.
As the temperature is raised the velocity of evaporation
increases, and to enable the opposite process to balance it
the concentration of the steam must be increased (and
therefore its pressure). The rate of rise of the pressure
consequently gives a notion of the rate of increase of the
evaporation process with rise of temperature, and to a first
approximation the pressure is found to follow the logarithmic

rule logp=a+bT,
where @ and b are constants; or, in words, for each degree

rise in temperature the pressure is raised by a constant
fraction of its value. E. g. we find for water at

Temp. Press. (mm.). Dif. per 1° (mm.), % increase per 1°.
20" 17:39 :
EIB 18_49 I'Iﬂ' 6"1;
o I-17 6.10
a8 £9;20 .2 6.06
239 20-8-9 29 i

The percentage increase per degree is here nearly constant ;
more closely examined it is found to fall off a little as the
temperature rises. Thus for a higher temperature we have

80" 35464
81° 56696 14:65 4-05

Here, while the actual rise of pressure per degree is more
than tenfold that at the lower temperature, the fractional
rise is 4 per cent. as against 6 per cent.

Similar relations hold between wvelocity of reaction and
temperature. Thus, for example, the rate of inversion of
cane-sugar was found, in one experiment, to vary as follows :—

Temp. k. log k. Diff. per 1°.
40° 73:4 1-8657 DIOREL6
45° 139 2:1430 Q_le::’m
50° 268 2.4281 0-05260
55" 491 2:6911

It will be noticed that the small rise of 15° in temperature
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. causes the reaction to go seven times as fast, but that the
differences in log & per degree are approximately constant,
i. e. the value of I is increased by the same fraction of itself
for each degree. The mean difference in the logarithm is
0-05502, and the number corresponding to this 1-1135 ; this
is the ratio between the velocity constant at {+1 and that
at t°, so that the increase per degree is 11-:35 per cent.

Most reactions vary in velocity from 8 to 12 per cent. per
degree ; the change produced by 100° is therefore extremely
large. Thus the decomposition of dibromosuceinic acid in
aqueous solution,

G, H, Br, 0, = C,H.Br0O, I HEr,
oceurs more than 3,000 times as rapidly at 101° as at 15°.
It is consequently inevitable that the number of reactions
convenient for measurement should be small, for in most
cases the velocity at such temperatures as are conveniently
attainable is either too rapid to measure, or so slow that it is
uncertain whether combination occurs at all. The following
table, quoted from wvan 't Hoff’s Lectures on Theoretical

Chemistry, summarizes all the best known cases :—

Reaction. Velocity (time in minutes). miﬁi:‘g,
lE".'I'L!= P+H, . K9 = ©0.000006 |k;, =  ©.0003T 1-97
AsH, = As+H, . . kisg = 000035 Ragr = 0:0034 2.07
CH,C0,C,H, + NaOH Ky = 2i307 Eigy= 2I.648 6-51
GH GDNIL. Aq . 65° to 100° = 7.80
ECI{} +FeS0,+ H S{}* ’ Tt oy kyg = 7.15 9:33
CH, [.rl CO,Na+ NaOH kg = o.000822 Kizg = 0217 9:77
OH. C]GDg]‘f Aq kg = owoocoozz22 |k, = 0.00237 9-81
G*H Br.0, . A ki3 = o0.00000967 |k, = 00318 10:24
GHEDHCHECI + K(}H F Kays = 068 Kisg = 5:23 11-13
CH,CHOHCH,Cl + KOH . Ky = 49 kpg = 3I 11.02
LDH CDHDH Cl+ KOH . . |kyys =193 Kisg = TI0O 11.02
(CI—L)EC{}HG[GH;} HC1 + KGH g5 =103 kis.o = 940 10.87
q o” to 61° — 11.61
HuDU,H +CH,I . ky = o0.00336 ksyy = 2125 12.81
Diazoamido into ﬂ.midouzﬂ-
benzene . ks = o0.000T lpyy = 0:0042 13.28
In‘li%erﬂﬁnﬁﬂf sugar. ks = 0.765 I 35:5 13.76
+ . Kiggs = ©-00031 Kinirs = K .
Rﬁ‘ﬂ)irﬂtlﬂn of plnnts e o’ to 25“3 ity -—0 e IEEI
| ction of enzymes 60° to 75° — 2.17
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The unit of concentration in the above table is the quantity
expressed in the formula, in grams, per litre.

Only two gaseous reactions are mentioned in the table,
and their coefficients are much smaller than any of the
others ; this no doubt is largely due to the mmuch higher
temperature of the reaction—from 256 to 512° C. Another
gaseous reaction has been measured, viz. the decomposition
of hydriodic acid 2HI>H,+1,.

For this Bodenstein found
ko = 0-0,942, Xy, = 0-000588, kﬁmz 0.-1059,

From these numbers the rate of increase is caleulated to be
4.37 per cent. at 500° and 6-56 per cent. at 300°, a number
comparable with reactions of liquids rather than of gases'.
It may be noted that the velocity of gaseous reactions is
especially difficult to measure, for the reason just men-
tioned ; thus van 't Hoff attempted to determine the rate
of combination of oxygen and hydrogen at 4407 but without
obtaining any results of value, as the phenomenon observed
depends largely on the state of the walls of the vessel,
a new glass vessel behaving quite differently to one that
had been in use for some time.

§ 13. Explosions.

When a system capable of chemical change is heated, its
behaviour will differ according as the change is accompanied
by an absorption or evolution of heat: if the former be the
case, the natural tendeney to cooling by radiation, conduection,
&e., will be augmented by the progress of reaction ; the
temperature will thus be kept down and the velocity of
reaction will not exceed that proper to the temperature at
which the system is maintained by the heating appliances
used. If on the other hand, the reaction is exothermie, i. e.

' Ostw. 29, 314.
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accompanied by evolution of heat, we have to distinguish
two cases : (1) the evolution of heat is not rapid enough to
supply the loss by conduction, &ec., then the temperature
will not rise indefinitely and the reaction will proceed quietly;
(2) the evolution of heat more than compensates for the loss,
then the reaction will produce rise of temperature, and the
rise of temperature increase the velocity of reaction in-
definitely, so that the whole mass suffers conversion in
a very short time : this is known as an explosion.

The lowest temperature at which this oceurs, which may
conveniently be called the temperature of inflammation,
varies considerably according to the circumstances of the
reaction, since it depends on the rate at which heat can be
withdrawn from the gas. The case that has been the most
studied is the combination of oxygen and hydrogen ; the
limit at which explosion replaces slow combination has
been set at various temperatures from 500° to 845" by
various observers.

Explosions are not, however, commonly produced by
heating the entire explosive mixture to a high temperature.
If a small portion of an explosive mixture be heated, say
by an electric spark, to a temperature sufficient to effect the
explosion, the reaction may be propagated to all parts of
the mass, This will be the case if the heat generated by
the reaction raises the temperature of the mixture to some
point above the temperature of inflammation, for then the
reaction—ecomplete, and practically instantaneous—taking
place in any small portion will heat a neighbouring portion
sufficiently to explode that, and the reaction will be com-
municated from point to point of the mixture. We have
here to do with a process essentially different from any
hitherto considered, for the systems so far considered have
been uniform in character throughout the volume they
occupy. In the present case we have no °‘velocity of
reaction” in the ordinary sense to consider, for in an ex-
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plosion the velocity of reaction is immeasurably rapid ; but
there is a velocity of propagation of the disturbance to
measure, a true ‘ velocity ’ in the ordinary sense, comparable
to the velocity of propagation of a wave, and measurable in
centimetres per second. The essential condition of the
process is that by some means a high temperature should
be propagated through the mass of reacting material. This
may happen in two ways: (1) by conduction of heat ; (2) by
the heating effect of a wave of pressure ; and we accordingly
get the two forms of reaction known as ‘progressive com-
bustion * and ‘explosive wave.” The former of these occurs
in the well-known experiment of filling a tube with oxygen
and hydrogen, or oxygen and carbon monoxide, and applying
a light to the mixture. The reaction is only slightly ex-
plosive, and is propagated with a velocity of a few metres
per second ; the process depends on the thermal conductivity
of the gas, each layer being heated by direct contact with
the exploded layer immediately behind it. The explosive
wave, on the other hand, can be set up in the same mixture
by a powerful local pressure, such as that due to the
explosion of a small charge of mercuric fulminate ; a wave
of compression, strictly analogous to a sound wave, is set
up in the gas, and the compression of each layer in turn is
sufficient to raise it momentarily to a temperature above
that necessary for inflammation. Such a wave is propagated
with a velocity comparable to that of sound, indeed greater,
on account of the high temperature of the gas, and has been
found experimentally to vary from 1,000 to nearly 3,000
metres per second. It differs, too, from ordinary progressive
combustion in the very high pressure produced, for com-
bination takes place in layers of gas already highly compressed
by the wave, and the sudden high temperature may increase
the local pressure already existing tenfold: to this is due
the shattering effect of the wave,

When explosion, i e. sudden combustion, takes place in
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a gas, it is possible to caleculate the ‘temperature of com-
bustion,’ i. e. the temperature to which the gas is earried by
the heat liberated in the reaction. Of the two data required
for this, the heat of reaction may be measured by ordinary
means at low temperatures; the specific heat of the gases,
on the other hand, varies so considerably with temperature
that measurements made under ordinary conditions are of
no value for the ealeulation. Mallard and Le Chatelier', and
Berthelot and Vieille®, have overcome this difficulty by
measuring the pressure generated in exploding mixtures of
various compositions, and so deducing the temperature
which the gas reaches; making an allowance for heat
radiated during the process, it is then possible to estimate
roughly the specific heat of the gases concerned. Thus
Mallard and Le Chatelier find for the molecular specific heat
at constant volume of H,, N,, O,, and CO up to 2,000% the
value 54 0-00062 {, where ¢ is the temperature (Cent.) ; for
CO, the value is 6-:3+0.00564¢ — 0.00000108 #;, and for
H,O0 5:91+40:00376¢f — 0-000000155¢. With these num-
bers the temperature of combustion of mixtures considerably
diluted with non-combustible gases may be found. Now
when the temperature of combustion is so lowered that it
no longer exceeds the temperature of inflammation, progres-
sive combustion will, obviously, not occur in the gas:
Bunsen, for example, found that an explosive mixture of
oxygen and hydrogen, when diluted with 9:35 times its
volume of oxygen, would explode, but with 10-47 it would
not. Taking the mean of these numbers as the limit, the
temperature of combustion, and therefore also of inflamma-
tion, may be reckoned as 740°,

! Comptes rendus, vols, 91, 93, 95.
* 1. c. vols. 95, 98.
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§ 14. False Equilibrium,

So far we have regarded the velocity of any reaction as
increasing in a continuous manner with rise of temperature,
the relation between the two quantities being expressible

by a formula logk = a+bT

or a slight modification of this. If that is true, we may
draw the important inference that a reaction which takes
place at any temperature will also take place at any other,
higher or lower, the velocity merely being altered. Tt is in
fact found that numerous reactions which occur rapidly at
high temperatures can be produced at lower temperatures,
and it is not possible to set a limit at which the reaction
begins. Thus a mixture of oxygen and hydrogen, which at
a high temperature—say 700° to 800°—explodes, combines
quietly, but with easily measurable velocity, at 448° ; it takes
place, too, to the extent of a few per cent. when the mixture
is heated for 65 days to 300°, but could not be detected at
100° on heating for 218 days continuously .

The frue equilibrium between oxygen, hydrogen, and
steam 1s that existing at very high temperatures, when the
reversible reaction °H,+0,>2H,0

takes place freely, and a continual interchange of atoms
ensures that the proportions of the different gases are such
as are required for complete stability (or such as give the
greatest value to the entropy; see chap. iii). In contra-
distinetion to this we have at low temperatures a state of
‘apparent’ or ‘false’ equilibrium in a mixture of oxygen
and hydrogen ; for such a mixture can be preserved un-
changed for (apparently) any length of time: yet it is not
in truly stable equilibrium (its entropy is not the greatest
possible), and a trifling occasion, such as an electric spark,
will suffice at any time to convert the mixture ; it remains

1 V. Meyer and W. Raum, Ber. 28. 28o4.
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in apparent equilibrium on account of a difficulty in passing
from the less to the more stable arrangement of atoms,
comparable to friction in ordinary dynamical systems.

Usually, of the two partial reactions which go to produce
equilibrium, one becomes appreciable at a lower temperature
than the other. This is most clearly brought out by the
researches of Hoitsema ' on the reaction

C0,+H, == CO + H,0.

At ordinary temperatures there is apparent equilibrium,
both in a mixture of carbon dioxide and hydrogen and in
a mixture of carbon monoxide and steam ; either mixture
may be kept for years without change. The reaction from
right to left is the first to appear on rise of temperature: if a
mixture of CO and H,0 be passed through a tube maintained
at about 600° the issuing gas contains enough CO, to render
lime-water milky. On the other hand, no action between CO,
and H, could be detected at 900°. Between 600° and 9007,
then, & (velocity of the reaction «<—) has a finite value, while
k (velocity of the reaction —) is infinitesimal, so that the
reaction constant X = —:7 = 0, and equilibrium is only
reached when the whole system is converted into CO,
and H,. At higher temperatures % also comes to have
a measurable value: we have then reached the true state
of equilibrium expressed by the chemical equation. The
actual proportions of the gases in equilibrium will depend
on the temperature, and some information on this point
may be derived from explosions of substances containing
carbon, hydrogen, and oxygen: the result of such an
explosion is always to produce H, and CO as well as H,0
and CO, in varying quantities. By an analysis of the
results Hoitsema concludes that A = 4 somewhat above
2000% and increases to a maximum of 6-25 at 2670°. So far,

L Ostw, 25. 686.
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then, the system CO+H,O has been gaining on the other
till the concentration of these gases amounts to v/ A = 2.5
times that of the CO, and H,. In other words, at 2670°
some 72 per cent. of the mixed gas consists of monoxide
and steam. Beyond that temperature, however, the reaction
<— again increases faster than the reaction —, so that K
falls off, and the proportion of monoxide and steam becomes
smaller.,

But although in many cases a reaction is gradually
brought into play by rise of temperature, in accordance
with the explanations given above, and no discontinuity
occurs, it is not always so. E g. the oxidation of phos-
phorus has been much studied, with the result of showing
that there is a sharp limit of temperature bounding the
regions of oxidation and of apparent equilibrium., The
limit depends on the pressure of the oxygen: thus with
oxygen at atmospheric pressure (760 mm.) oxidation occurs
above 19-2° with fair rapidity, and is accompanied by phos-
phorescence ; below that temperature it suddenly ceases.
If the pressure of the gas be 355 mm. the same pheno-
menon is observed at 1.4 (Joubert). This case can evidently
not be brought under the general rules as to the influence
of temperature on velocity of reaction, since they give no
suggestion of possible discontinuity. Ewan' has followed
out this subject quantitatively from a different point of view:
a thin layer of phosphorus was spread (by melting) over the
inside of a glass globe, in which also a little water was
placed. The globe was then evacuated and oxygen allowed
to enter; as the phosphorus oxidized, the pressure of the
gas fell, so that by observations of a pressure gauge attached
to the apparatus the velocity of reaction could be calculated.
This was found to be closely proportional to the pressure
(and therefore concentration) of the oxygen from 0 to
520 mm, (at 20°) ; above this pressure, however, the rate of

1 Oshw, 18. 321, or Phil. Mag. (5) 38. 512.

PR T P —




CHEMICAL DYNAMICS OF HOMOGENEOUS SYSTEMS 203

reaction rapidly falls, till at about 700 mm. it ceases
altogether, in accordance with Joubert’s observations.

§ 15. Influence of the Medium on Veloecity of
Reaction,

The velocity of a reaction is usually influenced very con-
siderably by the solvent in which it is carried out. The
solvent in fact usually exercises an influence on the state of
equilibrium also ; this we shall have to consider in detail in
the following chapter: but apart from any effect of that
kind, the velocities of the same reaction in different solvents
differ to an extraordinary extent. Thus the combination of
ethyl iodide with triethylamine at 100° was measured by
Menschutkin' with some twenty solvents. In hexane the
velocity was 0-00018, in benzyl aleohol 0-133, or about 600
times greater. Little systematic information has so far been
obtained, except that the velocity appears to be greatest in
media which possess the highest dielectric constants; thus
water (diel. const. = 75), formic acid (62), methyl aleohol
(32:5) appear to be the most energetic solvents: but such
a rule is only a very rough approximation to the truth, for
e.g. the velocity is greater in benzyl than in methyl aleohol,
though the former has a dielectric constant of 10.6 only,
and the order of effectiveness of solvents is not the same for
all reactions.

' Dshie. 8. 41.
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CHAPTER V

CHEMICAL DYNAMICS OF HETEROGENEOUS SYSTEMS

§ 1. The Phase Rule.

Forrowine out the definition of homogeneity given at the
beginning of the last chapter, we may regard as hetero-
geneous a system in which parts are distinguishable by their
external characters, state of aggregation, density, refractive
index, and so on, without regard to chemical composition. If
the physical properties change continuously, e. g. in a system
formed by salt solution and water diffusing into one another,
the system cannot be in equilibrium : such cases we shall
not have to consider. But if the change be discontinuous,
e. g. from solid salt to solution, from solution to the vapour
above it, equilibrium may exist. In this case each part of
the heterogeneous system is called a phase.

Gases can form only one phase, since they are all in-
definitely miseible one with another. Tiquids may form
one or more, according as they mix completely or not.
Solids in general do not form homogeneous mixtures, so
that each solid oceurring in the chemical system will con-
stitute a separate phase ; exceptions to this rule oceur in the
case known as solid solution, i.e. when two isomorphous
crystalline solids are capable of crystallizing together in
variable proportions, so that one may be looked upon as
dissolved in the other.

To characterize a heterogeneous system we require to
know also the number of its chemical components ; this
word is, however, to be taken in a somewhat special sense.
A component may be either an element or a compound,
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but if the latter it must not suffer decomposition in passing
into any of the phases of the system ; further, the number of
components is to be the least possible, and though there
may be several ways of choosing the components of a given
system, the number of them will be definite. We are led,
as is admirably shown by Ostwald (Lehrbuch 2, ii. 477), to
conclude that the number of components may be determined
by chemical analysis, independently of any theories as to the
constitution of the substances concerned. It is only neces-
sary to analyze the various phases, and find what 1s the least
number of component substances by means of which the
observed analytical compositions can he made up. E.g.
in a system containing ice, water, and steam, elementary
analysis shows the same composition in each of the three
phases: it is not necessary to inquire into the molecular
weight of the water, &ec.; there is clearly only one com-
ponent. Again, NO, and N,O, form a system which, accord-
ing to temperature and pressure, will contain more of the
one or the other substance, but there is only one component
in the sense of the present chapter, for elementary analysis
always yields the same result, 14 of N to 32 of O. A system
containing magnesium sulphate solution, together with
vapour of water and any of the solid hydrates of the
sulphate, has two components; for the composition of each
of the phases can be stated by the quantity of Mg SO, and of
H,O present, it is not necessary to push the analysis further.
A system containing the chlorides and nitrates of potassium
and sodium in aqueous solution has four components, viz,
H,O and three of the salts; for the total amount of K, Na,
Cl, and NO, present may be regarded as made up into any
three of the four salts. E. g. suppose there is more K than
Cl present, then all the C1 may be regarded as forming KCl,
and the remaining substances will be KNO, and NaNO, ;
the composition of the solution can then be exactly stated
by the quantities of those three salts, without reference to

D e e
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the compound NaCl. This, it must be noted, implies nothing
as to the actual arrangement of the elements to form
molecules : nothing, indeed, beyond the required information
as to the analytical eomposition of the various phases.

The number of phases and components is related to the
number of degrees of freedom of the system. A homogeneous
substance, or phase, is capable of varying (1) in pressure ;
(2) in temperature ; (3) in composition. Each of the former
affords one degree of freedom, the latter one or more; if
there is'but one component there can of course be no change
in composition, if there are two components one degree of
freedom arises in the variable ratio of the second component
to the first, if three components then each of the other two
may vary in its proportion to the first, and there are two
degrees of freedom, and so on; the freedom of the system
is to be reckoned by the number of independent variations
it can suffer without the disappearance of any of its phases.
Now this relation, first stated by Gibbs', holds between
the number of phases P, components n, and degrees of
freedom F— e s
This is known as the phase rule. Expressed in words, it
states that the number of degrees of freedom of a chemical
system is equal to the number of components, increased by
two, and diminished by the number of phases. In illustration
of the meaning, consider first a system with one component
only, then the number of degrees of freedom is 3—2. If
all the substance is in one phase it possesses two degrees
of freedom, i.e. is capable of two independent variations
(within certain limits); since in this case no change of com-
position is possible, the variations must be in temperature and
pressure. Accordingly a single substance such as water, if
it oceurs exclusively in one phase— solid, liquid, or gaseous—
may suffer independently changes of pressure and temperature

1 Trams. Connecticut Acad. 3. 108 (1874).
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(within certain limits, beyond which conversion into another
phase takes place). A mixture of NO, and N,O, similarly,
when all in a single phase (gas), possesses two degrees of
freedom, for though the percentage of NO, present varies,
it only does so as a function of the pressure and temperature ;
an independent change in the percentage unaccompanied by
change of pressure and temperature is not possible. If
two phases occur, say water and steam, there remains only
one degree of freedom. This is shown by the well-known
phenomenon of saturation pressure; to each temperature
there corresponds one pressure only at which water and
steam are in equilibrium, and if the pressure be increased
the phase steam disappears, if it be decreased the phase
water disappears. Henece, if a variation be made in the
temperature of a mixture of water and steam, the pressure
must vary in a defined manner in order to retain both
phases ; the pressure variation is not an independent one,
and there is only one degree of freedom. In order to obtain
the three phases, ice, water, and steam, in equilibrium
together, a definite condition of pressure and temperature
must hold, so that the system is capable of no variation.
‘We shall have to return later to this condition—the triple
point. More than three phases cannot exist in a system
with one component ; of water, it is true, only three phases
are known, but some substances possess more, e. g. sulphur,
which is known as vapour, liquid, rhombic ecrystals, and
monosymmetric erystals: these four forms can under no
circumstances exist in equilibrium together.

Next consider a system with two components, say NaCl
and H,0O, for which consequently the degrees of freedom
number 4 —F. In one phase both components are known
to exist, viz. that of solution. If then salt solution occurs
by itself it is capable of three independent variations, in
pressure, temperature, and concentration ; if a second phase
appears the variability is restricted in some direction. Thus
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in presence of solid NaCl the concentration of the solution
must be that corresponding to saturation (under the pre-
vailing conditions of pressure and temperature); or if vapour
and solution are present together the pressure can only be
the saturation pressure (for a solution of the given con-
cenfration and temperature). If three phases oceur, say
salt, solution, and vapour, there still remains one degree
of freedom, for the temperature may be changed, and yet
the system be in equilibrium, provided the corresponding
changes in pressure and concentration are allowed to take
place ; otherwise one phase will disappear, i.e. either all the
vapour will be condensed, or all the salt dissolved, or all
the solution broken up into salt and vapour. To get four
phases in equilibrium, ice, salt, solution, and vapour, certain
conditions of temperature pressure and concentration must
be satisfied, and the system is not capable of variation. If
the system consists of more than two components, similar
relations may be found between the number of phases and
the degrees of freedom.

Such systems may be conveniently called invariant,
univariant, divariant, &e., according as they possess no, one,
two, &e., degrees of freedom.

It must be understood that changes in the quantity of
each phase present do not come under the head of the
‘variations ’ to which the phase rule refers, for such changes
in no case affect the equilibrium. E. g. ice and water may
exist in equilibrium under certain conditions of temperature
and pressure, whether the amount of ice be large or small
compared with that of water; we need therefore pay no
attention at all to the total mass of any phase so long as
it does not vanish altogether,
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§ 2. Transition Point,

From the preceding illustrations it will be apparent that
a system containing two phases may be looked upon as the
limiting state between two systems, each containing one
of the phases only. The transition from one to the other
takes place there, under definite conditions of temperature
and pressure: on the one side of these conditions, the phase
A is more stable than B; on the other side B is more
stable than A4 ; only under the given conditions do the two
phases possess the same degree of stability, so that neither
of them tends to conversion into the other. Hence the
transition state between two phases may be defined as that
in which the relative stability of the phases is reversed. Similar
relations hold between systems containing a larger number
of phases ; one with three phases is the limit between two
systems with two phases each. Thus the conditions of
temperature and pressure under which the phases A, B,
and C coexist constitute the transition between the systems
AB and AC, under which therefore the relative stability
of B and € in presence of 4 is reversed. DBut also it may
be looked upon as the limit between the systems AC and
BC or between AB and BC; hence it is necessarily the
state in which the transition states between A4 and B,
A and C, B and C become identical.

These relations may most conveniently be expressed by
diagrams. A system with one component only possesses
at most two degrees of freedom, and so may be represented

i completely by a plane diagram, the two co-ordinates of
which are usually chosen to represent pressure and tem-
perature. Such a diagram has already been given partly
for the three phases, solid, liquid, and vapour, between
which the well-known physical transitions take place (Fig.
5, p. 40). That diagram may be completed by drawing the
line pE, which represents the boundary between solid and
P
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liquid as shown in Fig. 24 ; e slopes very slightly to the
right upwards in the case of benzene, since by raising the
pressure to five atmospheres the melting point is raised
about 0-143°. The reversal of stability is shown in Fig. 5
by the crossing of the lines AB and cp ; the dotted curve ap
shows the condition of equilibrium between undercooled
liquid and vapour. The liquid here is less stable than the
solid, for, possessing a higher vapour pressure than the solid,
if both were placed in contact with their vapour the liquid
would distil over and condense as solid. To the right of o
the solid would possess a
B higher vaponur pressure than
the liquid, and so would
become the unstable phase ;
actually it is so unstable as
to be unobtainable.

Confining our attention
to the stable phases we see
that Fig. 24 consists of three
c areas, EDC representing solid
T  benzene only, Epe liquid
only, BpCc vapour only;
three lines, pE representing equilibrium between solid and
liquid, o liquid and vapour, n¢ vapour and solid ; and one
point, D representing equilibrium between all three phases.
The latter is called the transition point of the system, and in

this (or any system of one component) is a triple point.

A practical distinetion of considerable importance may be
drawn between systems that contain a gaseous phase and
those that do not: the latter are called condensed systems,
The reason for the distinetion lies in the small influence
of pressure on solids and liquids: their compressibility is
usually many thousand times less than that of gases at
atmospheric pressure; e, g. the elasticity of water is about
20,000 atmospheres, while that of air is one atmosphere

liguid

vapour

Fie. 24.
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(p. 8). Accordingly the changes of concentration produced
in condensed systems by variations of pressure within
ordinary limits may usually be ignored. One consequence
of this is that the transition state under atmospheric pressure
may practically be regarded as a transition point, and 1is
often so spoken of. Thus in the example already given the
transition from solid to liquid benzene occurs under atmo-
spheric pressure at 5.61°, while the true transition point
(triple point) is at 5-58” and 36-06 mm. pressure. Methods
of observation will be described below for finding the
transition point of condensed systems, and mostly with this
modified meaning.

The problems involved in the study of heterogeneous
equilibrium are thus practically two: (1) in condensed
systems, to determine the various tramsition temperatures,
and so mark out the diagram of the system into regions
showing the stability of the various phases; (2) in un-
condensed systems, in addition to finding the transition
temperatures of the solid and liquid phases, to determine
the transition states for the uncondensed phases (gas and
dilute solution) together with the econditions which hold
within each of those phases. With regard to the later
point, it is found that Guldberg and Waage’s law may be
applied to each phase of variable composition, as if it
constituted a homogeneous system in itself ; with, however,
a certain assumption as to the behaviour of the condensed
phases in equilibrium with it.

§ 3. Delimitation of a System with one Component,
Sulphur.

The relations between the various phases of sulphur have
been very completely worked out by Reicher' and others,
and are shown graphically in Fig. 25. There are four

' Van 't Hoff, Studien iiber Chemische Dynamik, 1896, p. 185.
P 2
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phases to consider—vapour, liquid, and two solid erystalline
forms, the rhombiec and monosymmetric. In addition to
these, one or more forms of amorphous solid sulphur are
obtained by rapid cooling, but they do not appear to be
stable under any circumstances at low temperatures, so that
they need not be taken into account. In the diagram
(which is not drawn to scale) ABc represents the vapour
pressure curve of rhombic sulphur, cer that of the liquid;
the two cut in ¢ (114.5%), which accordingly is the melting
point of the rhombic form under its own vapour pressure (a

small fraction of the atmosphere only), and therefore a triple
; point. BDE is the vapour

2 pressure curve of mono-
symmetric sulphur,which
melts at 120°% the point
of intersection with cer
being E, another triple

fiquid point. Buf, it will be

noted, BDE crosses ABc at

F B, so that a tfransition

: point exists there, the

..... rhombic form being the

more stable at tempera-

tures below B, the mono-
symmetric above : this is
also a triple point if the
transition take place under the pressure of the sulphur
vapour only. All three transitions, B, ¢, E, however, are
most eonveniently determined at atmospherie pressure, and
as the systems are ‘condensed’ the error made in doing
so is extremely small. Thus B was found by Reicher
by the dilatometric method (vid. inf.) as 95.6° and it rises
by about ;% degree per atmosphere. There is, however,

a characteristic difference between the transifion at B and

the fusions at ¢ and & ; in fusion, although the liquid phase

rhombic

Yapour

F1e. 25.
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can be obtained below the melting point, the solid cannot
be obtained above that point. The reason doubtless lies in
the difficulty of arrangement in formation of a crystal,
which makes the transition a slow one, while the conversion
into liquid, requiring no new arrangement of the molecules,
can take place as rapidly as heat can be supplied to bring
it about. Transition between two solid phases is much
more opposed by frictional resistance, so that it is easily
possible to preserve rhombic sulphur above 95-6° and mono-
symmetric below that temperature for a considerable time.
Were this not the case the point ¢ could not be determined,
for both phases there are unstable, the point lying entirely
within the region of monosymmetric sulphur ; the rhombic
and liquid forms can be kept in equilibrium there long
enough to determine the melting point, but eventually both
would be converted into monosymmetric crystals. The
triple points B, ¢, E, represent three of the four possible
combinations of the four phases taken three at a time ; there
remains one, viz. rhombie, monosymmetric, and liquid.
This point @ corresponds to the pressure at which the
melting point of the monosymmetric form, shown by the
line g, coincides with the transition point of the rhombic
form shown by Be. Such a point exists because the
transition point is raised by pressure more rapidly than the
melting point, and has been estimated to lie at 131° and 400
atmospheres ' ; at higher pressures rhombic sulphur melts
directly, it and the liquid phase being in stable equilibrium
as shown by the line eu. The regions of the diagram are
therefore :—

Four areas  aBeH rhombie crystals.
BGE monosymmetric erystals.
HGEF ligquid.
FEBA Yapour,

Six lines AB rhombie erystals and vapour,
BG ! and monosymmetrie crystals.
GH 1 erystals and liquid.

' Bakhuis Roozeboom, Ostw. 2. 47s.
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monosymmetrie erystals and vapour.
B vy and liquid.

liquid and vapour.

rhombiec and monosymmetrie erystals and vapour.
T 1 1" liquid.

monosymmetrie erystals, liquid, and vapour.

Three points

HawfdE"

All the above are in stable equilibrium. In addition there
are the unstable systems (represented by dotted lines), of
which Be, Go, Ec, are merely prolongations of am, HG, FE,
respectively, but the point ¢ is new and corresponds to

¢ rhombie erystals, liquid, and vapour.

§ 4. Delimitation of a System with two Components.

A system with two components has, as we have seen,
three possible degrees of freedom—temperature, pressure,
and concentration ; so that for its graphical representation
it needs, strictly, a figure in space of three dimensions. The
‘singular’ conditions under which two or more phases
oceur would then be shown by the figure in question : the
conditions for the existence of two phases by surfaces, for
three phases by lines arising by the intersection of two of
the surfaces, and finally the transition points in which four
phases are in equilibrium by the points of the figure where
three surfaces intersect. Since, however, it is impracti-
cable to work with solid models, we are reduced to making
use of diagrams which are sections or traces of the model ;
thus we may have diagrams in which (p, ') or (p, C') or
(T, C)are chosen as axes, and any two of these will between
them suffice to exhibit the relations of the various phases,
The first and last of these form perhaps the most useful
pair to choose. The concentration may be expressed in
various ways (see p. 26), but most conveniently by the
number of grams of one component in 100 grams of mixture
(or else by the number of mols. in 100 mols. of mixture, 1. e,
the molecular percentage). The figures below will serve as
examples of this mode of representation.
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We may divide the cases to be considered, for practical
purposes, into two groups: (1) when one component is
practically non-volatile as compared to the other; (2) when
the volatilities of the two are comparable in magnitude.
The reason for the distinetion will be clear from the
following considerations: since solids do not in general
mix at all, there will be phases of variable composition
only in the fluid state, viz. one gaseous phase and usually
one, sometimes more, liquid. If, however, one of the com-
ponents has no appreciable volatility, the gaseous phase will
consist of the other component only, and the phases of
variable composition will be liquid only, and usually one
in number if any: this makes both the experimental treat-
ment and the graphical representation considerably easier.
We shall illustrate both ecases by means of a definite
example, treated in some detail. The systems that have
been studied include in the first group the dissociation of
caleium carbonate, of compounds of ammonia with salts’,
e.g. AgCl.3NH, and 2 AgCl.3NH; or ZnCl,.6 NH,,
ZnCl,. 4 NH,, Zn(Cl, 2 NH, and the formation and solution
of hydrated salts; in the second group the dissociation of
NH,S, NH,CN, PH,Br, NH,CO,NH, * (in these cases no
liquid phase arises, so that here again there is only one
phase of wvariable composition); further, the equilibrium
between CO, and H,0, SO, and H,0, NH, and H,0, and
others in which each component is obtained in both liquid
and gaseous state,

§ 5. Salt Hydrates.

The formation and dissociation of hydrated salts con-
stitute the most important group of cases in which only
one of the components is volatile, and a large mass of data
exists, with regard to the solubility, and vapour pressure,

' Isambert, C. R. 66. 1259 (1868).
* Ibid. 82, 919 ; 94. 958 ; 96, 340, 643 ; 97. 1212.
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and the transition points between various hydrates of the
same salt. As a typical instance we may consider sodium
sulphate, which in the form of Glauber’s salt has long been
known to show certain remarkable phenomena in solution.
Sodium sulphate is known to exist in three erystalline forms,
as anhydrous Na,50,, and as the hydrates Na,SO,. 7 H,0
and Na,SO,. 10 H,O (Glauber’s salt) : we have therefore in
all six phases to deal with, viz. in addition to those three,
ice, solution, and vapour; of these, however, one, Na,SO,.
7 H,0O, appears to be throughout unstable, being slowly
converted into a mixture of decahydrate and anhydride.

At ordinary temperatures the decahydrate separates from
solution when the latter is saturated; it is true that the
solution very easily becomes supersaturated, but in the
presence of a crystal of the salt the exact condition of
saturation may easily be obtained. @ The concentration
of the saturated solution increases with rise of temperature
till above 30°. If, however, the anhydride be mixed with
water it is possible to obtain a solution containing more
Na, SO, than is in equilibrium with the decahydrate; this
may therefore be regarded as another saturated solution,
and it may be kept indefinitely so long as no crystal of
decahydrate comes into contact with it; it is, however,
essentially unstable, since the concentration of the salt is
more than enough to cause the hydrate to crystallize out,
if only the opportunity for it be given. The concentration
of this solution saturated with regard to the anhydride
decreases with rise of temperature, so that eventually it
becomes less than that of the other saturated solution.
Loewel’s' experiments give the following wvalues (gms.
Na, SO, in 100 gms. of solution):—

Temp Safurated for Sammfm':i JSor
} decalydrate. anfiydride.

31.84° 28.57 33:50

32:73" 33:67 3320

1 Ann. Chim. Phys. (3) 498. 50.

e
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From these numbers it follows that 32-65° is the tempera-
ture at which the solubilities of the two salts are equal, and
at which consequently both ean exist in equilibrium with
the solution (under one atmosphere pressure); it is the
temperature at whiech the relative stability of the an-
hydride and hydrate is reversed, in other words the
transition point, in the modified sense applicable to con-
densed systems, for the reaction

Na,S0, . 10H,0 = Na,S0, + 10H,0.

At the transition point not only the solubilities, but as
in the former examples, the vapeur pressure, must be the
same for the two systems, i.e. the vapour pressure of
the hydrated salt must become equal to that of the saturated
solution of anhydride. This has been tested directly by
a differential pressure gauge with the following results : —

Temp. 29° 30-83° 31.79° 32.09° 32357 32.5° 326 3305
Press. diff. =23.8 10.8 56 3.6 1.6 23 o 0
The difference of pressure is expressed in mm. of oil, and
is taken between the slightly effloresced salt (system Na,SO, .
10 H,0 and Na, SO,) and the slightly moistened salt (system
Na, SO, .10 H,O and solution). Below the transition point
the solution has the greater pressure ; abeove 32-6° it was not
found possible to preserve the hydrate from decomposition
(cf. the existence of undercooled water but not of super-
heated ice) ; but the point of equality of pressure is found
to agree with that of equal solubility.,

These relations are shown in Fig. 26 ; the two parts of
the diagram may be regarded as projeetions of the surface
which represents the relations between temperature, pressure,
and composition for sodium sulphate. The lower part
shows the concentration (per cent. by weight) as a funetion
of the temperature. a,B,c, is the saturation curve for the
decahydrate, o, B, &, that for the anhydrous salt; s,, the inter-
section, is therefore the transition point (under atmospheric
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pressure). The upper part of the figure shows the corre-
sponding vapour pressures, also as a function of the tem-
perature. A,B,C, is the curve for saturated solution of the
decahydrate, o, B, 5, for saturated solution of the anhydrous
salt, while rB, represents the vapour pressure of the crystal-
line decahydrate itself. It must be noted that while the

P
100 '
% : T
i ,-'cr
Dol
B, E;
A5

Do
L2
-

Fia. =6.

form with the smaller concentration of Na,SO, in the liquid
phase is the more stable, the saturated solution of that form
possesses the greater vapour pressure ; hence while the con-
centration curve for the stable states, A, B &,, shows a sharp
bend downwards at the transition point, the curve showing
the vapour pressure of the saturated solution for the stable
states, a,B,E,, shows a sharp bend upwards there. This
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result is general, as it depends on the necessary conditions
of stability.

The heptahydrate shows similar relations to the anhydride,
but as the vapour pressure of its solution is always less (and
its solubility greater) than that of the decahydrate, it is
throughout unstable, and liable to decompose into deca-
hydrate and anhydride ; its transition point is 24-2°

The exact definition of the transition point for the deca-
hydrate is the point at which the four phases, decahydrate,
anhydride, solution, and vapour, are in equilibrium ; the
point is therefore perfectly definite in pressure and tempera-
ture. Moreover the variation of the transition temperature
with pressure is extremely small: for this reason it has
been suggested by Richards' as a new ‘fixed point’ in
thermometry, and he gives as a preliminary result 32.379°
(on the hydrogen scale) as the transition temperature under
atmospheric pressure. The vapour pressure is 30-82 mm, ;
the true transition point (quadruple point) will accordingly
lie slightly below 32:379° if Na,SO,.10 H,0 expands on
melting, above it if it contracts,

The system possesses another quadruple point, viz. that at
which ice and decahydrate are in equilibrium with solution
and vapour. When a salt solution is cooled it either (1)
reaches saturation and then deposits crystals of salt, or (2)
freezes, with deposition of pure ice. The latter case really
means that the mixture of salt and water has become
saturated with respect to the latter substance ; and the one
or the other case of saturation will occur according to the
composition of the original solution. In the first event,
the fractional amount of water in the mixture will increase
as the temperature falls, in the second event that amount
will decrease; so that both cases tend towards a limiting
composition at which ice and salt crystallize out together,
This 1s shown on the diagram by the lines B A, separation

1 Ostw. 28. 6go.
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of salt from the saturated solution, and 6,a,, separation of
ice; A, is the point at which the whole solution freezes
together, and is accordingly the lowest temperature at which
the liquid phase can exist (under atmospheric pressure); it
is called the cryohydric point. There is really a cryohydric
line, since pressure produces a certain change in the
temperature of transition, but like other effects of pressure
on condensed systems it is very slight. The quadruple
point is the cryohydriec point under the saturation pressure
of the system,

The meaning of a eryohydrate may be further illustrated
by a case in which the two components do not differ much
in melting point: thus, for mixtures of naphthalene and
paratoluidine the following results have been obtained :—

7o Naphthalene 100 8o 50 34 31 =20 =25 =20 o
Melting point 79-3° 68.2° 50.3° 38.1° 20.1° 34.6° 353° 366" 38.0°

It will be observed that addition of either substance to
the other lowers its freezing point, and that the lowest
temperature (cryohydric point) is 29.1° obtained by a mix-
ture of 31 parts naphthalene to 69 paratoluidine.

Many salts possess more than one hydrate which is stable
over a certain range of temperature and pressure. Copper
sulphate is an instanee of this that has been well worked
out. Besides the anhydrous salt, erystalline hydrates con-
taining one, three, and five molecules of water are known.
Each of these phases as well as the solution has a distinct
vapour-pressure curve. If a crystal of CuSO,.5H,0 be
taken and gradually deprived of water, at first the system
will consist of the pentahydrate together with CuSO,. 3 H,O0.
Of these two the pentahydrate has the higher vapour pressure
(the vapour pressure normally increases with increasing
water content), so that as long as any of the pentahydrate
remains the vapour pressure is that of the pentahydrate.
When the water present falls below three molecules to
one of CuS0,, the pressure suddenly drops to that of the
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trihydrate, remaining constant again till the stage Cu SO, .
H,0 is reached. With complete disappearance of the
trihydrate the pressure again drops, and becomes constant
for the system CuSO,.H,0 + CuSO,. This was shown
by Pareau® by placing CuSO,.5H,0 under an air-pump
and gradually reducing the pressure ; he found (at 50%) :—

Composition CuS0Q,. 44H,0 31H,0 =24H,0 11H,0 $H,0
Pressure 46.3 471 29.9 29.7 4+4 ININ.

The last number, saturation pressure of the monohydrate,
is about 'y that of water at the same temperature, and
serves as a measure of the drying power of the anhydrous
salt ; i.e. anhydrous copper sulphate will withdraw water
from an atmosphere in which the pressure of the vapour is
more than ;% that due to water itself, until it is completely
converted into CuSO,. H,0; after that it loses its efficacy
and will only absorb water when the air contains more
than enough to saturate the trihydrate, or about } the
saturation pressure of pure water,

The same principles are very well brought out by an
experiment of Andreae® on strontium chloride, which
forms two hydrates with six and two molecules of water
respectively. These hydrates, slightly dessicated, were
placed in two flasks connected with one another, but closed
against the outside air. The salts were found, before the
experiment, to have the composition SrCl,5-8 H,O and
Sr Cl, 1.65 H,O respectively, so that the former was a mix-
ture of hexhydrate and dihydrate, the latter of dihydrate
and anhydride. Under these circumstances the anhydride
withdraws water from the hexhydrate till it is all converted
into SrCl, 2 H,0, when equilibrium is reached, for it eould
only absorb more water by itself becoming converted into
the hexhydrate. Accordingly, in 19 days the second flask
was found to have absorbed 0-038 gm. of water from the
first, and its contents to have reached the composition

1 Wied. 1. 39 (1877).  Ostw. 7. 241.
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SrCl,. 2.01 H,O. In 200 days more, no further change
oceurred,

The first instance studied of equilibrium of a binary
system in which only one component is volatile was the
dissociation of Ca CO, on heating. Sinece Ca O is not vola-
tile, there is a definite curve of saturation pressure of carbon
dioxide answering to the equation CaCO, —~ (Ca 0+CO,.
This has been determined by Le Chatelier® as follows :—

Temp. 547° 610° 625° 740° 1745° B10® B12° 865°
Press. 27 46 56 255 28g 678 763 1333 mm.

§ 6. Observation of Transition Points in
Condensed Systems.

Since the transition point is the limit of stability between
two systems, it follows that (1) the properties of the two
systems must become identical at that point ; (2) on passing
the transition point, one of the systems must (if sufficient
time be allowed) completely replace the other. On these
facts are based various methods of observing the transition
temperature, the chief of which may be summarized as
follows :—

(1) By identity of properties.

(@) The vapour pressures become identical (see examples
above),

(b) The solubilities become identical (see examples above).

(¢) The electromotive force between the solutions and
a metal become identical (see chap. vii).

(2) By transition, ,

(d) Heat is always absorbed in passing from the system
stable at low temperature to that stable at high temperature.
Hence observations by a thermometric method.

(¢) The system usually expands or contracts on transition ;
hence the dilatometric method.

U Compt. rend. 102, 1243.
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(/) The transition can sometimes be detected by change
of erystalline form.

(a) Small differences of vapour pressure may conveniently
be measured by a gauge such as is shown in the accompany-
ing figure (Fig. 27). In the bulbs d and e are placed the
salts or solutions to be compared, or if the absolute vapour
pressure be desired, strong sulphuric acid 5
may be placed in one of the bulbs. The
gauge is half filled with a non-volatile
oil, and is then laid sideways, so that the
oil may flow into the bulbs a, b, and the
whole evacuated and sealed up. It is
again placed vwertically, and the milli- <
metre scale ¢ attached to it: the whole
may then be immersed in a water bath,
and raised to any desired temperature.

(b) Measurements of solubility may be
made in two ways: (1) by saturating the
solution at a constant temperature, filtering
and analyzing the solution; (2) by weigh-
ing out quantities of solvent and dissolved
body, and raising the temperature of the
mixture gradually till ecomplete solution
oceurs,

(¢) See chap. vii.

(d) When a system is gradually heated
or cooled past a transition point, its tem-
perature will remain for some time con-
stant, and give an accurate measure of
the transition temperature. This fact is familiarly known
and used in the transition ice — water, in which the tem-
perature remains constantly 0° so long as both phases are
still present. The same is true of any similar change, e.g. in
the case of sodium sulphate mentioned above. The constant
temperature is the more easily maintained, the more con-

A T R L
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siderable is the latent heat of transition, for if the latent
heat be very small, local overheating or undercooling is apt
to occur, The experiment may conveniently be made in a
Beckmann freezing-point apparatus (p. 45), and the following
points must be attended to ; (1) the materials must be pure ;
(2) the mixture suffering transition must be half fluid, so
that it can be well stirred to prewvent local differences of
temperature ; (3) the bath should not be much above or
below the transition temperature, The

Ei method of rising temperature usually gives
' the best results, as it avoids the possibility
of undercooling, which so easily occurs in
salt solutions, so the ‘bath’ may advan-
tageously be a thermostat kept about half
a degree above the temperature of transition.
(¢) The thermometric method is inapplie-
able to a transition between two solid forms
on account of the extreme slowness of the
change. The dilatometric method has been
successfully applied by Reicher to the tran-
| sition between rhombic and monosymmetrie
sulphur, and may be used whenever there
is an appreciable change of volume accom-
panying the conversion. The dilatometer
oD consists of a bulb B (Fig. 28) about 12 x 1
cem., ending in a short tube ¢ through

which it is filled, and the capillary A. After the substance
(e. g. sulphur) has been introduced, ¢ is sealed, the apparatus
evacuated, and a liquid (paraffin) introduced, which serves as
indicator in the eapillary ; the liquid maybe one having a slight
solvent action on the body to be studied, in order to hasten
the conversion, if it be very slow, as in the case of sulphur ;
the filling is accomplished by the tube ap connected to an
air-pump, and containing some paraffin, The dilatometer
is then sealed up and placed in a thermostat, in order to

B&;’-—. B I e
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observe whether expansion or contraction takes place. Thus
in one of Reicher’s experiments on sulphur, at a temperature
95.1° the paraffin indicator expanded through a length of
about 10 mm. in an hour, at 96-1° it contracted 19 mm. in the
same time, while at 95-6° no change could be detected: the
transition point is therefore 95.6°,

(f) Lehmann observed that when fused ammonium nitrate
is allowed to solidify it forms isotropic erystals of the
regular system, but at 120° these become doubly refracting.
On further cooling to 87° needleshaped rhombic crystals
appear, similar to those obtained from hot alcoholic solution ;
these, again, change into a fourth modification on taking out
into the air., If the fourth modification be heated it passes,
at 36° 87° and 120° through the same changes in the
reverse order. Many similar cases have been noticed.

§ 7. Simple and Mutual Solubility.

Before dealing with the general case of a system with two
components, in which more than one phase of wvariable
composition may occur, it is necessary to consider the
phenomena of mixtures in the liquid state.

Many, perhaps most, pairs of liquids mix in all propor-
tions, so that the mixture never constitutes more than one
phase. This case is in many respects comparable with the
mixture of gases, but whilst for gases the properties of the
mixture never vary much from the mean between those
of the pure substances, in liquids the departure may be
considerable, Certain physical properties, such as specific
volume, refractivity, have already been considered (chap. ii),
and we have seen that it is possible to calculate their values
for a mixture from those of the components approximately.
The approximation is a good one when the liquids are
without chemical influence on one another (e.g. benzene and
toluene), but is much less good when something comparable

Q
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to chemical combination takes place (e. g. sulphuric acid and
water). Similar variations in the vapour pressure of the
mixture are observed: if two liquids A4, B have vapour pres-
sures such as are represented by the heights of A, B in Fig. 29,
the pressure of a mixture may lie between the two, and
nearly on the straight line between A and B (carbon tetra-
chloride and benzene, curve 1), or it may show a maximum
for a certain percentage composition (propyl alcohol and
water!, curve II), or a minimum (formie acid and water,
curve IIT).

Again, many liquids mix in certain limited propor-
tions only : thus water dissolves,
at ordinary temperatures, 3 or
4 per cent, of aniline, and ani-
line about as much of water.

B If the two substances be mixed
in more equal proportions they
will separate into two liguid

Il layers, one consisting of water

saturated with aniline, the other
of aniline saturated with water.

On rise of temperature the solu-

bility of each substance in the
other will usually increase till

a point is reached, the critical

point of mixture, at which the two layers come to have the
same composition, and the whole mixture becomes homo-
geneous, This only happens for aniline and water under
pressure, since the critical temperature is above 100°; in other
cases the complete mixture is more easily brought about by
heat. E.g. phenol and water form a homogeneous mixture
in all proportions at 68° or any higher temperature ; below
that point the mixture separates into two layers. Mixtures
forming two layers usually possess a vapour pressure greater
l Wiad., 14. 34, 219.

P IV
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than that of either component, but less than the sum of the
two. This is shown by line IV in the figure, of which the
curved parts represent the pressure of homogeneous mix-
tures of varying composition, while the horizontal line
indicates that when both layers are present the vapour
pressure has a fixed value corresponding to the fixed com-
position of each layer, and the same for both,

If the solubility of each substance in the other be reduced
we approach the limiting case of complete immiseibility,
which is practically realized by such pairs of liquids as
water and benzene. The vapour pressure of any such
mixture is sensibly equal to the sum of the pressures of
the components,

When a liquid mixture is cooled sufficiently, one of the
components crystallizes out; we have then the following
cases to consider :—

If the liquids are misecible in all proportions, as with
naphthalene and paratoluidine (p. 220), the mutual solubility
becomes merely restricted in range: firstly (from 79-3° to
38.9%), to mixtures containing less than a certain percentage
of naphthalene ; secondly (from 38.9° to 29.1°), to mixtures
in which the percentage of each component is restricted
within certain limits. During the part of the range 79-3" to
38.9° the mixtures may be regarded as solutions of naphtha-
lene (proportion limited by the phenomenon of saturation)
in paratoluidine (which may be added in indefinite quantity
without solidifying); we thus get the case of one-sided or
simple solubility, in which the solvent and dissolved body
play distinguishable parts. Ordinary salt solutions belong
to this group ; the temperature of the solution lying below
the melting point of one component (the salt), but above
that of the other (ice). Usually the melting point of the
salt lies above the boiling point of water, but that makes no
essential difference, for the boiling point is arbitrary and
can be raised or lowered by alteration of pressure. Thus

Q 2
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the melting point of AgNO, is 198°; its range of simple
solubility therefore extends from 0° to that temperature
(at which water remains liquid if the pressure be about

Fia. 30.

15 atmos.). Above 198° water and silver nitrate are liquids
| miscible in all proportions.

If the liquids are incompletely miscible the case is more
complex : it may be studied with the aid of Fig. 30, which

e —— TP



CHEMICAL DYNAMICS OF HETEROGENEOUS SYSTEMS 229

shows the behaviour of phenol and water'. The curve mcn
bounds the area of incomplete mixture, ¢ being the eritical
point, above which complete miscibility occurs. On cooling
from this temperature (68°) two phases appear, solution of
phenol in water and solution of water in phenol, till at 40°
separation of phenol begins (point o) ; below that point two
mixtures still exist, one (shown to the left of cm) containing
any proportion of phenol from zero to that required to
saturate (about 10 per cent. at 40°), the other limited in both
senses, to the left by cn, formation of the other liquid
phase, and to the right by ox, separation of solid phenol ;
consequently no simple solution of water in phenol can well
be spoken of in this range of temperature. On cooling
further to + 1.5° the second liquid phase disappears by
solidification, and we are left with only the solution of
phenol in water (to the left of ms), from which at 0° ice
begins to separate; below 0° miscibility exists only for
proportions limited in both senses, till at s we reach the
eryohydrie point ( - 1.0%), at which the composition of the
liquid reaches a definite value (4-83 per cent. phenol), and
then the mixture solidifies as a whole.

y 8. General Case of System of two Components.

The general case, in which there is more than one phase
of variable composition, was first made clear by the remark-
able researches of Roozeboom® on gaseous hydrates, from
which we may take as typical the behaviour of mixtures of
50, and H,0O. Five phases are known, viz. gaseous mixture,
two liquid phases (one of which may be regarded as a solution
of SO, in water, the other as a solution of water in liquefied
S0,), the solid hydrate SO, . 7H,0, and ice. Only four phases
can exist in equilibrium together, and two points are known
in each of which four phases do exist (quadruple points).

! Lehfeldt, Phil. Mag. (5) 47. 294.
* Roozeboom, Ostw, 2. 449.
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The relations are shown in Fig, 31, in which B and v are the
quadruple points. We may consider first the system in the
neighbourhood of 1 ; at that point, at temperature 12.1° and
pressure 1770 mm. of mercury, the phases vapour (), solu-
tion of SO, in water (L,), of water in liquid S0, (L,), and
solid hydrate (S) coexist. If heat be supplied to the

system, while the pressure is kept constant, reaction will
take place in the sense

S+V=0L+L,,

1. e. the hydrate will liquefy, and as the liquefaction is
accompanied by expansion
some of the vapour will
disappear; this process
will go on until either the
solid or gaseous phase dis-
appears, and it will depend
on the quantity of the
components which disap-
pears first. If the former,
the system will proceed
along the line LE, which
represents equilibrium be-
tween V, L,, and L,; if]
Fre. 1. however, it is the vapour

that disappears, rx will

represent the subsequent behaviour of the system, which
then consists of L, L,, and S. LEis analogous to an ordinary
vapour-pressure curve, and, sloping slightly upwards to the
right, represents the increase with temperature of the vapour
pressure of the liquid when two layers are present. Lx is
analogous to the curve showing the relation between pressure
and the melting point of a solid ; it is, in fact, the melting-
point curve for the hydrate, which breaks up into two liquid
layers, and, like a melting-point curve, rises nearly vertically,

—
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as pressure has little influence on a condensed system. Simi-
larly, if heat be withdrawn from the system at L the above-
mentioned reaction will take place in the reverse sense
till either I, or L, disappears (according to the quantities
present), and we get the curve rp (for V, L,, S) or 1B (for
V, L,, S§). Thus on passing the quadruple point any one of
the four phases may disappear, but on the other hand, each
of them (according to the quantities present)is capable of
existing both above and below that temperature ; the point
is, however, a transition point for the pairs §, V, which can
only exist below 12.1% and L,, L,, which can only exist
above 12.1°, In other cases a quadruple point may be the
point at which one phase necessarily breaks up into three
others, so that it is the transition point for that single
phase.

The four curves ending in L divide the field into six areas
(which partially overlap) corresponding to the six possible
groups of two phases. It will be seen from the diagram
that under some conditions of temperature and pressure
(area ELB) the system must consist of a certain pair of
phases ; in another part (areas xLe and pis) it will resolve
itself, for the same temperature and pressure, into two
phases in either of two ways, according to the quantities of
the components, while in another part (area xrp) it will
resolve itself in any one of three ways.

Summarizing the results expressed by the diagram, we
have :—

Siz areas showing the conditions of temperature and
pressure under which can exist each pair of phases, viz, : —

within BLE, vapour and solution of SO, in H,O ;

above pLE, vapour and solution of H,O in SO, ;

within pre, vapour and solid hydrate ;

within xLE, the two solutions ;

to the left of xup, solution of SO, in H O and solid
hydrate ;
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within xrp, solution of H,0 in SO, and solid hydrate,
Four lines showing the conditions for simultaneous exis-
tence of three phases, viz, :—
LE, vapour and the two solutions ;
LX, the two solutions and solid hydrates ;
LD, vapour, solution of H,O in SO,, and solid hydrate;
LB, vapour, solution of 80, in H, 0, and solid hydrate.
One point showing the conditions for simultaneous exis-
tence of four phases, viz. :—
L, vapour, the two solutions, and solid hydrate.
Following the curve L we come to another quadruple
point B (— 2:6° and 211 mm.) at which the phases vapour,
solution of sulphur dioxide in water, solid hydrate, and ice
are in equilibrium, and the field round it may be divided
into lines and areas in a very similar way.

§ 9. Law of Mass Action in Heterogeneous Systems.

It has already been mentioned that the law of mass action
is applicable to the fluid phases of a heterogeneous system,
but with a certain modification, or rather extension. In
each of the * dilute * phases, i.e. gas or solution, equilibrium
holds between the constituents in the manner expressed by
Guldberg and Waage’s law ; each phase may in fact be
regarded for the purpose as a homogeneous system, but the
concentration of certain constituents is regulated by the
presence of the same substances in liquid or solid form. If
a volatile solid or liquid is present it possesses a con-
centration (or effective mass) in the gaseous phase which
corresponds to its vapour pressure, and if a soluble solid
(or gas) is present it possesses a concentration in the liquid
phase which is limited in the same manner by its solubility.

Not only is this the case, however, for substances with an
appreciable volatility or solubility, but it appears that all sub-
stances may be treated as if they possessed some volatility and
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solubility, however small. So that when a reaction between
solids and a gas (or a liquid) is in question, it is really the
equilibrium between the vapour (or solution) of the solid
‘though perhaps in immeasurably small quantity) and the
gas (or liquid) that has to be considered. It results from
this that in the equation for the law of mass action the
factors representing any substance present in the solid
state must be given a value which depends only on the
temperature (not on the total amount present), viz. the
concentration of the saturated vapour (or solution) of the sub-
stance in question. This mode of treatment has received
experimental justification in many cases, and will become
intelligible by considering some examples.

The reaction  NH,SH =~ NH,+H,S
is reversible, and takes place on sublimation of the solid
ammonium sulphydrate. If we regard the solid as volatilizing
unchanged and then dissociating in the gaseous state, we
are led to the equation for the gaseous phase,

CxHy . CHys
C'xm,sH

— CONE&W,,

but since the sulphydrate vapour is in presence of solid
it must possess a constant concentration, so that we may
transfer it to the other side of the equation and write

Cxug. C s = const,

If no free ammonia or sulphuretted hydrogen is present to
start with, the concentrations of the two gases are necessarily
equal, and the eoncentration of each (and so its pressure) is
fixed for any given temperature. Hence, although two
gases are formed, the dissociation will produce a definite
saturation pressure like a simple volatilization. Thus
Isambert ' found the pressure to be 13-2 em. at 4:2°, 77-2 em.
at 32.6°. If free ammonia or sulphuretted hydrogen be
present in excess, the product of the partial pressures must

' Comptes rendus, 92, g1g.
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be constantly equal to one quarter of the square of the total
pressure in the former case. For instance, at 17-3° the dis-
sociation pressure was 30-0 em. ; that of each constituent
consequently 150, and the product pyp, . pu.s = 225. But
when sulphuretted hydrogen sufficient to produce 11.1 em.
pressure in the apparatus was added, the partial pressure
of the II,S rose to 21.4, while that of ammonia fell to 10-3 ;
the produect 10-3 x 21-4 = 220, which may be regarded as
1dentical with the preceding 225 ; and similarly in many
other experiments.
The dissociation of ammonium carbamate

NH,CO,NH, = 2NH, +CO,
leads to the equation

3
{?NHE. 013:::2 = eonst.y

since the carbamate itself is present in the gaseous phase
with constant (and very small) concentration. If p be the
dissoclation pressure, the substance yields, when there is no
2
2 o
that of NH, is ?P » so that the constant in the equation
(concentration being again represented by pressure) is 5% p’
Experiments by Horstmann' and Isambert * fully confirm
this econclusion,
Again, the reaction

3Fe+4H,0 = Fe,0, +4H,

(oceurring in a system of three components) will yield the
equation i

¢

excess of either gas, the partial pressure of CO, ==, while

4
o CHED = const.,

if we put the concentrations of the Fe and Fe,O, in the
gaseous phase constant, or in other words, if we ignore

! Liebig's Annalen, 187. 48 (1877).
* Comptes rendus, 93. 731.
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the presence of the solids. On taking the fourth root of the
equation we get Cu,—=Cu,0 = constant, i. e. the reaction
will proceed in one sense or the other till a certain pro-
portion holds between the concentration of the hydrogen
and the steam. This was the conclusion arrived at by
Deville': he maintained the system at 440°, but to secure
a definite pressure of water vapour kept the apparatus in
communication with a retort containing water at 0° in one
experiment, at 11.5° in another. The pressure of H O was
therefore the saturation pressure at these temperatures, viz.
4.6 and 10-1 mm, respectively, while that of the hydrogen
was found manometrically to be 25-8 and 57.9 in the two
experiments ; but Cg, =— Cm,o in the first case 1s 25.8 = 4.6
= 5.6, in the second is 57-9 =+ 10-1 = 5-7—a very close
agreement, considering the experimental difficulties to be
overcome.

When a solid plays a part in a reaction taking place in
solution we must, consistently with the above theory,
attribute to it a definite concentration in the solution which
depends only on the temperature (and to a minute extent on
the pressure), and it is well known that even so-called
insoluble salts, such as silver chloride or barium sulphate,
do dissolve in water to an appreciable extent. But it should
especially be noticed that the equilibrium that holds between
the solid and solution refers only to the presence in solution
of material of the same composition as the solid. If dis-
sociation occurs, in particular electrolytic dissociation, the
solution must be regarded, so long as solid salt is present, as
saturated by the undissociated salt it contains, without regard
to the amount of dissociated substance (ions) present, an
amount which may be influenced by other bodies in the
solution. We must therefore distinguish between the
apparent solubility measured by the total amount of salt
taken up by unit volume of the solution, and the real

' Liebig's Ann, 167. 71 (1871).
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solubility measured by the amount of salt which exists un-
changed in unit volume of solution : the latter is independent
of the presence of other bodies.

It follows that when two salts with a common ion are
mixed, the apparent solubility of each will be affected, since
their degree of dissociation is affected (p. 165'. This has
been followed out experimentally with sufficient exactness
to serve as a confirmation of the theory of electrolytic dis-
sociation, and has indeed been used as a means of measuring
the degree of dissociation. The extent of mutual influence
can be calculated, in the case of weak electrolytes, by means
of Ostwald’s law of dissociation, especially when the solubility
is small. E. g. the solubility* (gram-molecule per c.c.) of
a-hromisocinnamic aeid in presence of oxanilic acid is shown
in the following table :—

Come. of So'ubility of a-bromisccinnamic acid.
oxanilic acid. obs, calc.
o 17:6 x 10" —
27.2x 10~ ¢ 140 13.6 x 10"
52-4 12.9 12.0

The dissociation constants are 14.4 x10™° (a-bromiso-
cinnamie) and 11-8 x 10~ ° (oxanilic acid). Hence to calculate
the degree of dissociation y of the former acid we have

(17.6 x 10~ °y)?

17-6 x 10 ° (1 —7)
whence y = 0-584, The undissociated salt accordingly has
the concentration 17.6 x 107° (1—0.584)= 7-32 x 107" ; this
is the true solubility of the acid. If then C be the total
concentration of the a-bromisocinnamic acid, and C” that
of the oxanilie, while ¢” of the latter is dissociated, the
solution will contain

— 14.4x 107",

7-32 x 10— " undissociated a-bromisocinnamic acid,
C—7.32x 107" a-bromisocinnamice ions,

¢'—¢" undissociated oxanilic acid,

(844 oxanilie ions,

O+ 0" —q-32x 10—" hydrogen ions.
! Noyes, Ostw. 8. 245.
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The law of mass action then gives the equations
(C—7-32% 1078 (C+ 0" —7-32 x107°)
— 14.4% 10~ °x 7-:32x 107%,
C” (C+0"—7-32x107%) = 11.8 x 107> (C'—C”).
Since the amount of €’ of oxanilic acid added is known,

these equations serve to caleulate the unknowns ; the values
of (' thus found are given in the above table.

§ 10, Henry’s Law. Law of Partition.

It was found long ago by Henry that the solubility of
gases in liquids is regulated by the condition that at any
given temperature the concentration of the gas in solution
is proportional to its concentration in the gaseous state.
The measurements of solubility made by Bunsen and others
have usually been expressed by an ‘absorption coefficient,’
which means the volume of gas (reduced to 0° and 760 mm.)
absorbed by one volume of solvent under 760 mm. pressure.
If, however, the solvent is at ¢ degrees, it is more convenient
to multiply the absorption coefficient by (14 0-00366 £) in
order to express the volume of the gas at #°; the number
so obtained is the constant required to express Henry’s law
in modern terminology, i.e. the concentration (gram-mole-
cules per c.c.) of gas in solution which is in equilibrium
with the concentration unity in the gaseous phase, a constant
that may be called the coefficient of solubility. Here, however,
as with solids, it is necessary to distinguish between the
apparent and real solubility, for the gas may undergo
a change on dissolving. This is particularly noticeable
when the gas forms an acid or base, which suffers electrolytic
dissociation simply, as in the examples

HCl = H*+Cl, H,5 = H* L HS
or with previous hydration as
S0,+H,0 = H,S0,, H,S0,= H*+HSO0,,

NH,+H,0 = NH,0H,  NH,0H = NH", + OH".
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In either case the total or apparent solubility is not
strictly proportional to the pressure, but when the electro-
lytes formed are weak, much the greater part of the gas
absorbed remains undissociated unless the solution is very
dilute. Consequently for pressures over a certain range
Henry’s law, as applied to the total solubility, appears to be
true ; for high pressures some departure from it is noticeable,
since the solutions can no longer be regarded as dilute ; for
very low pressures the apparent solubility becomes greater,
since while the true solubility remains the same, the
amount absorbed and dissociated bears a larger and larger
ratio to that existing unchanged in solution as the solution
becomes more dilute. The experiments of Sims' on SO,
and NH, bear out this theoretical conclusion ; for the former
gas at 20° the observed coefficient of solubility remains
practically constant from 1,900 mm. pressure down to about
300 mm,, below which it begins to increase rapidly; for
ammonia at 20° the coefficient increases slowly and nearly
linearly from 2,000 mm. pressure down to about 500 mm.,
and then rises more and more rapidly.

It should be remarked that Henry’s law (as applied to
the real solubility) is in harmony with the views on dilute
solutions deduced from thermodynamic reasoning, and that
it is therefore strictly and universally true, so far as the gas
solution formed may be regarded as sufficiently dilute *.

From Henry’s law may be deduced a rule as to the
partition or distribution of a dissolved substance between
two solvents ; for if we admit that all substances are volatile,
though possibly only to a minute extent, it follows that the
concentration in any solution must be such as to produce
equilibrium with the gaseous phase ; but we may suppose
the solutions of the same substance in two different solvents

! Liebig's 4nn. 118, 345 (1861).
2 Van't Hoff, Ostw. 1. 488 ; Rayleigh, Nafure, 55. 253 ; Donnan, L. c.

57. 53.
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to be placed side by side in contact with the vapour rising
from them ; then the two solutions can only be in equilibrium
with one another if each is in equilibrium with the vapour ;
but since the concentration of the dissolved body in each
liquid phase is proportional to that in the gaseous phase,
the concentrations in the liquid phases must be proportional
to one another. This is essentially the law of partition
arrived at independently by Aulich' and by Nernst®: it
may be stated as follows :—

‘At a given temperature and for a given substance a ratio
holds between the eoncentrations in the gaseous and the
various liquid phases of a system which is independent of the
total amount of the substance in question, and of the presence
of other substances whether chemically related to it or not.’

One or two remarks are necessary, however, to avoid
misunderstanding this statement. In the first place it must
(like Henry’s law, of which it is merely a completion)
be taken to apply only to dilute phases, i. e. it is strictly
true only when the concentration is indefinitely small, the
divergence from it increasing as that condition is departed
from. When the substance in question is a solid at the
temperature considered, inerease of concentration eventually
leads to the well-known phenomenon of saturation, followed
by deposition of the solid ; and it is clear that when that
happens for the vapour the solution must be saturated too,
since equilibrium with the solid is the condition of saturation,
When a third fluid phase separates out (e.g. ether from
aqueous solution when the concentration reaches a certain
point) the same phenomenon occurs, but in the case of
solutions of completely miscible substances (e.g. aleohol in
water) no such limit exists, and the vapour and solution
gradually reach concentrations to which the law of partitidu
does not apply. On the other hand, the validity of the law
is not limited by mere mechanical pressure, since that can

! Ostw. 8. 105. 1 ].e.8. 110,
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be obtained by means of a neutral gas without altering the
equilibrium between the vapour and solution. Further, in
the statement of the law, ‘substance’ must be taken to
mean a definite kind of molecule only, not including the
products of polymerization or dissociation ; this is equivalent
to the limitation previously expressed by the term °real
solubility.” Nernst gives experimental results that illustrate
this point: sueccinic acid dissolved in a mixture of ether and
water was found to have these concentrations (per cent.): —

Aqueous solution €y 0-24 0.70 1.21
Ethereal solution Ca 0046  0.13 0.22
Ratio Ca=+Cs 5.2 5.2 54

In this case the condition of the acid is the same in the two
solutions (apart from a very small fraction electrolytically
dissociated in water). But benzoic acid dissolved in
benzene and in water does not show the same molecular
welght as determined by the freezing-point method, the
aqueous solution being normal, but that in benzene con-
sisting mainly of double molecules ; accordingly the (total
or apparent) concentrations in the two liquids are not in

a constant ratio, as shown by the following numbers : —

Aqueous solution €y 0:150 0 195 o 289
Benzene solution Cs 2.42 4-12 g-70
Ratio Ca—=+Cs 0062 0048  o0.030
Ratio Ca—+ 4/ Cs 0.0305 00304 ©0.0293

In the more concentrated benzene solutions, the number
of associated molecules bears a larger ratio to the number of
unassociated, and as it is the latter which is proportional to
the number in aqueous solution, the total amount of benzoie
acid in benzene solution must bear a larger ratio to that
in aqueous when the concentration is large than when it
is small. We may draw a quantitative coneclusion on this
point if we assume that the amount of unassociated benzoic
acid in benzene is quite small compared with the whole
amount. Calling the former quantity C, and reserving the
symbol €y for the latter, we have that
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(1) € = C 4 (law of partition);

(2) €« (Cp — C) (law of mass action), but as €' is small
this is practically €%« Cp.

Accordingly €. should be very nearly proportional to

v/ O p, a conclusion borne out by the preceding table,

§ 11. Relation between Reaction Constants and
Coefficients of Solubility.

The example just mentioned, on the solubility of benzoic
acid in benzene and water, may serve as an instance of the
connexion that exists between the equilibrium conditions
for a reaction (in that case an association) taking place in
two solvents and the coefficients of solubility of the reagents.
Stated more generally, we see that there is (1) an equation
between the concentrations in any one phase, the form of
which is given by the law of mass aection, and the constant
of which may be determined by experiment ; (2) an equation
—obtained by measurements of solubility—for each sub-
stance, showing the relation between its concentration in
the given phase and another. Hence the condition of
equilibrium in the second phase, as expressed by the
reaction constant, can be caleulated without further experi-
ment,

Taking the equation to Guldberg and Waage’s law in
the logarithmic form (p. 145), and using suffixes to dis-
tinguish the concentrations in two phases, say gaseous and
liquid, we have

2 (vlog C)) = log K, Z(vlogC,) =log K, ;
but ¢, = AC, for each substance, where A is the coefficient
of solubility of that substance ; hence
2 (vlog C,+vlogA) = log K,),
and by subtraction

= (vlogA) = log (}E—f),

R
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an equation that may be regarded as determining X, if A, is
known, or vice versa.

Further, the equations to the reaction may be given in
a very simple form by a change in the unit of concentration,
provided that the concentration of the saturated solution or
vapour does not exceed the limit of what may be regarded
as a dilute phase. If solution and vapour are in contact,
and one of them be saturated with a certain constituent,
the other phase must be saturated with it too; hence the
coefficient of solubility may be regarded as the ratio between
the saturation concentration in the liquid to that in the
vapour, Calling these concentrations S, S. respectively,

0L 55 G
SR w0

&

=)

We see then that in any case the concentration in the
liquid phase bears to the saturation concentration in that
phase the same ratio as the corresponding quantities do
in the gaseous phase. If the saturation concentration be
taken as the unit in each phase, we may put

C:_ Cr
Ses

£

= U,.

where C may conveniently be called the reduced con-
centration, a quantity that is the same for all the phases.
Now since

S (vlogC) =log K, and Z (vlog C;) = log X,
it follows that
2 (vlog C) = log i,— 3 (vlog §;) = log K —2(vlog§,) =K,

the reduced reaction constant.
Accordingly the equation

Z(wlogC)=K

expresses the condition of equilibrium equally in the gaseous







CHAPTER VI

APPLICATION OF THERMODYNAMICS TO CHEMICAL
EQUILIBRIUM

§ 1. Heat of Reaction.

We saw in chap. iii the exceptional place, amongst
physical properties, occupied by the quantities of heat in-
volved in the passage of a substance from one physical state
to another, or in the transformation of a chemical system.
We have now to consider in detail those quantities of heat,
and their relation to the physical or chemieal equilibrium
concerned.

The name ‘heat of reaction’ may conveniently be used
in the most general sense to mean the heat evolved in
any change, physical or chemical, by that amount of the
reagents (in grams) which is expressed by the equation.
The heat of reaction may then be written at the end
of the right-hand member of the equation. It may be
a positive or negative quantity according to eircumstances ;
e. g. we may write

H,0 (solid) = H,0 (liquid) —1,440
to state that the conversion of 1 gram-molecule of water
from the solid to the liquid form is accompanied by
absorption of 1,440 calories,

The evolution or absorption of heat in a reaction is the
sum of two quantities: (1) the change of internal energy
of the reacting system; (2) the heat required to perform
external work if the system expands, or produced at the
expense of external work if the system contracts. The
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second of these quantities is negligibly small in condensed
systems, but may be considerable when the reaction in-
volves gases. It is usually more convenient to deal
(theoretically) with the change in internal energy only,
and as that is clearly the amount of heat involved if the
reaction take place without either expansion or contraction,
it may be described as the heat of reaction at constant volume.
Experimentally it is usually the heat of reaction under
constant pressure that is measured ; from it the other can
easily be calculated, and in what follows the heat of reaction
will always be taken to mean that at constant volume
(change of internal energy), unless the contrary is stated.

Since one mol, of any gas under pressure p, and absolute
temperature 7, occupies the volume ji—f: the amount of
work done when it is generated is measured by that volume
multiplied by p, i.e. by RI'; while the disappearance of
a mol. of gas implies that an amount BT of work is done
on the system, and the corresponding amount of heat
generated in it. [ has the constant value 1.9845 calories
nearly ; RT at 19°C. (average atmospheric temperature)
= 580 calories.

As an example, we may take the volatilization of water
under one atmosphere pressure: this is accompanied by an
absorption of 18 x 536 = 9,648 calories (per mol.); but as
a mol. of gas is evolved in the change, and the tempera-
ture of volatilization is 373%, the external work done is
1-98 x 373 = 739 calories. Hence of the total heat absorption,
only the difference 9,648 —739 = 8,909 goes to increase the
internal energy of the water, and we may write

H,0 (liquid) = H,0 (vapour) — 8,909.

This quantity is sometimes called the internal latent heat
of evaporation.

It is obvious that any heat of reaction will vary according
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to the state of aggregation of the reagents before and after:
it is therefore necessary to specify the state of each when
there is any ambiguity. As an instance of a purely chemical
change we may take the formation of water from its
elements. When hydrogen is burnt and the water formed
condensed at atmospheric temperature, 34,180 calories are
evolved per gram of hydrogen: we may therefore write
2H, (gas) + O, (gas) = 2H,0 (liquid) + 136,720 —3 x 580

= 2H,0 (liquid) 134,980 ;
for since three mols. of gas disappear in the reaction, 3 x 580
calories of the observed production of heat are due to external
work done by the atmosphere in compressing the system,
and only the remainder is due to the loss of internal energy
of the reagents.

Since the internal energy of a body is always the same
when it is under the same conditions (physical state,
temperature, and pressure), the change in internal energy
corresponding to any reaction is independent of the method
by which the reaction is carried out. Hence if the reaction
is impossible to carry out directly, or if it takes place too
slowly for calgrimetric observation, we may take the
reagents through any set of changes that lead from the
initial to the final state, and add together the changes
(4+ve or —¢) in the internal energy of the system ac-
companying each. The total will be identical with the
change of internal energy that would result from performing
the reaction directly, The commonest use of this prineiple
is in determining heats of formation. Thus, suppose it is
required to know the heat of formation of benzene, 1.e. the
thermal value of the reaction

6C (solid) + 3H, (gas) = C H,,

the product being in the form of vapour at 18° It is
impossible to synthesize benzene directly from its elements ;
but it may be burnt to CO,.and H,0, and the heat of
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combustion compared with that of the elements. Now
the heat of ecombustion at constant pressure of solid carbon
(per 12 gms.) is 96,960 calories, and no change of volume
occurs, so that the heat of combustion at constant volume,
or change of internal energy, is the same ; that of hydrogen
is, we have seen, 134,980 for 2H,0. Hence
6C (solid)+ 3 H, (gas)+ 73 O, (gas)

= 6CO, (gas)+ 3H,O (gas) + 786,840.
On the other hand, a mol. of benzene vapour burnt under
atmospheric pressure gives out 799,350 calories, but the
number of molecules of gas is decreased from 8 to 6 in
the combustion (the water being condensed), hence the
change of internal energy is 799,350 —2} x 580 = 797,900.
Accordingly the benzene contains 797,900 — 786,840 = 11,060
calories more internal energy than its constituent elements ;
or otherwise expressed, its heat of formation is —11,060.
An abbreviated mode of expression for this is

[C:; Hy] = — 11,060,

the comma being used to separate the components (ele-
mentary or not) out of which the formation takes place.
Such a reaction is called endothermic: one in which the heat
of reaction is positive, evothermic.

Heat of reaction is not in general the same at different
temperatures, for the internal energy of the substances on
each side of the equation is inereased on rise of temperature,
and unless the rate of rise is the same on both sides, the
difference of energy between the two sides will increase
or decrease. If g be the heat of reaction at #°, s the thermal
capacity of the substances on the left hand of the equation,
and § that of the substance on the right hand (all at con-
stant volume), then at temperature £+ 1 the heat of reaction
hecomes qg+s—s.

E. g. the thermal capacity of 32 grams of oxygen and 4 of
hydrogen is 15.58 cal., while that of 36 grams of liquid
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water is 36 cal. Hence the heat of combustion of oxygen
and hydrogen falls off by 20.42 cal. per degree. Even
this is less than ¢y of the actual heat of reaction, and
in many cases the temperature variation is much less,
so that g may usually be treated as constani. It would
be strictly so if the thermal capacities of the two systems
were the same, and therefore if the specific heat were
a strictly additive property; for as the two systems on
opposite sides of the equation consist of the same atoms, they
would in that case possess the same total capacity for heat.

The specific heats of gases are nearly additive, hence
we are able to conclude that the heats of reaction between
gases are nearly constant, and to make a useful simplification
in the expression for the reaction constant between gases
(p. 144), the term 2y Ky (subsumed under 2jr) becoming
zero. To what degree of approximation this is true may
be judged from the following table, calculated from
Regnault and Wiedemann’s experiments on the gases under
constant pressure : the numbers refer to the temperature 07,
Maolee sp. ht. af

des. constant volume (Ky).
0, 5 02
N, 4.88
H, 491
CcoO 4-86
G{jg 5-45
Nﬂo 5-74
NH, 6-57

The values of Iy for the last three gases; caleulated on
the additive hypothesis, are CO, = 4-86+} x 5:02 = 7-37
instead of 6.45, N,0 = 4.88+1} x5-02 = 7-39 instead of
6.74, NH, = } x 4-88 + % x 4.91 = 9-80 instead of 6:57. Such
divergences are sufficient to produce a marked effect when
very large ranges of temperature are considered, as is
seen from Hoitsema’s observations on the reaction

C0,+H, =~ CO+H,0
(p. 201) - the reaction constant increases up to 2670° and
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then decreases. This implies that the heat of reaction is
negative below that temperature, but positive above it
(p. 151" ; but over small ranges of temperature the additive
law may be regarded as correct.

The additive rule is also approximately true for solid
compounds of elements that obey Dulong and Petit's law.
The atomic heat of most solid elements being about 6-4,
the molecular heat of compounds of those elements con-
taining » atoms should be 6.4 x n ; and accordingly a number
of diatomic oxides, sulphides, chlorides, and iodides, have
molecular heats lying between 11 and 14.5, triatomic com-
pounds of the types Ag,S. Cu,0, CaCl, have molecular
heats between 15-9 and 19-0, and so on with more complex
compounds,

§ 2. Thermochemical Methods.

The ecalorimetric methods employed to study heat of
reaction are two, principally : the method of mixture, and
that of Bunsen’s calorimeter,

The method of mivture is a modification of the process
usually adopted for finding specific heats, viz. that of im-
mersing a hot body in a mass of cold water and observing
the rise of temperature that ensues. In the corresponding
chemical problem it is necessary to carry out a reaction
within a mass of water, and observe the rise of temperature
when all the heat generated in the reaction has become
diffused throughout the water. This method has the advan-
tage of giving results directly in terms of the calorie as
usually defined (p. 9), so that they may immediately be
reduced to dynamical measure by means of Rowland’s and
others’ measurements of the dynamical equivalent of heat.
On the other hand are the disadvantages well known to
affect the measurement of specifiec heats by the same
method, chiefly (1) the difficulty of exact thermometry, the
rise of temperature of the water being always small; (2)
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the correction for thermal capacity of the calorimeter,
thermometer, &c.; (3) the correction for radiation. The
way in which these difficulties are met in practice will be
seen best from a description of the actual forms of apparatus
used for reactions of various types'.

=R
\

\ N
W

FiG. gz.

To measure the heal of combustion of a liquid, Thomsen
used the apparatus shown in Fig. 32. A water calorimeter
A, protected merely by a metal covering d, contains the

I The following descriptions and results are taken from J. Thomsen,
Thermochemische Untersuchungen (4 vols.), Leipzig, 1882-86, and Berthelot,
Thermochimie (2 vols.), Paris, 1898. A valuable summary of rgsults is
given in Ostwald's Lehrbuch (2nd edit.), vol. 2, part 1, Leipzig, 1803.
Reference may also be made to the numerous measurements of Stoh-
mann, J. f. prakt. Chem. vol, 31 and onwards.

&
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combustion chamber a of 200 c.c. capacity, and the delivery
tube ¢ in which the products of combustion are cooled, the
tube being 180 ecm. long and half a centimetre wide. The
whole is made of platinum and is provided with a conical
tube b, into which fits the india-rubber
stopper of the burner (Fig. 33). The
latter consists of a glass vessel a con-
taining liquid to be burnt, a wick by h
which the wvapour is led into the
neck b, which is surrounded by an
electrical heater d. By means of the
latter heat is supplied for the evapora- Ll e
tion, and the flow of vapour can be li
exactly controlled to give the most
convenient flame. If necessary a cur-
rent of air can be led in through g to
evaporate the liquid more easily, or
a current of hydrogen to make it
burn better. The vapour is burnt at
the top of the thin platinum tube &
in an atmosphere of oxygen supplied
through . A pair of silver wires ;‘. —
hanging from the burner down the AN
tube b serve to keep the vapour warm
and avoid condensation; while the
tube is thermally isolated by being
fitted with a cork into the outer tube
k. The burner is lighted and placed
in a glass chamber of the same shape
as that of the calorimeter, and then
regulated so that the flame is of a
reasonable size and free from soot. It is then placed in the
calorimeter and the experiment carried out. The products of
combustion are drawn away by an aspirator through calcium
chloride tubes and potash bulbs, so that they may be estimated

==
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in the usual manner of organic analysis, and the weight of
liquid burnt may be calculated. Gases may be burnt in the
same apparatus, being led in through g.

An entirely different apparatus, which has received the
name of calorimetric bomb, has been worked out by Berthelot
and his assistants. They found that
the combustion of most organic sub-
stances is more complete and certain
when carried out in oxygen at a
moderately high pressure: they then
conceived the notion of ecarrying it
out rapidly and in a closed vessel
entirely immersed in the calorimeter.
The wvessel or ‘bomb’ is a cylinder
of steel (Fig. 34) with a lid that screws
on air-tight; it is lined internally
with platinum so that the substances
used do not in any case come into
contact with the steel. The substance
to be burnt is weighed out and placed
in a little platinum capsule, the lid
screwed on, and the bomb, which
holds about } litre, filled with oxygen
at 25 atmos. pressure throughthe tubes
provided with a serew tap. The whole
is then placed in the calorimeter and
ignition produced by a current of
electricity which incandesces a wire
in contact with the substance. The
details of the method of ignition can
be modified to suit various cases, A method that is frequently
available is to lead the current through an iron wire lying
in contact with the organic substance; the wire is burnt,
and sets fire to the substance ; it is easy to allow for the
heat of combustion of the iron. The combustion is very

F1G. 34.
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rapid, and four or five minutes suffice to allow the heat
to diffuse into the calorimeter, so that the correction for
radiation is minimized, and all errors due to uncertainty
as to the temperature of the reagents vanish. Experiment
shows that the combustion is complete to 1 in 1000. On
the other hand, the thermal capacity of the bomb is con-
siderable, being equal to that of 300-400 gms. of water.

For reactions between liguids much simpler apparatus
suffices, e.g. a pattern described by Nernst' (Fig. 35', con-
sisting of a beaker of about 1 litre capacity, isolated and
supported by corks inside a larger beaker.
The latter has a wooden lid which carries a
wide test-tube in which the reaction is car-
ried out, a finely graduated thermometer
(conveniently that of a Beckmann freezing-
point apparatus), and a simple platinum
wire stirrer. The thermal capacity of
the calorimeter is somewhat uncertain,
from its being made of badly conducting
material, but is in any case small com-
pared with that of the water it contains ;
the radiation correction is negligible be-
cause the rise of temperature occurring
is only a degree or two, and the reaction is usually very rapid.

When possible it is advantageous to make the reacting
liquids themselves serve as calorimetric substance; e.g.
this 1s commonly done in measuring heats of neutralization.
A previous knowledge of the thermal capacity of the mixture
is of course required; it is then only necessary to observe
the temperatures before and after mixing. It is desirable
that the two liquids should be as nearly as possible at the
same temperature beforehand ; this is satisfactorily accom-
plished in an apparatus designed by Pickering® It con-

Fic. 35.

1 Ostw. 2. 23. * Phil. Mag. (5) 29. 247.
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sists of a platinum vessel of the shape of an oval eylinder
14 x 8 x 10 ems. deep, divided into two equal parts by a
partition of platinum free to rotate round a central pivot
and made water-tight by a packing of sheet india-rubber,
The liquids to be mixed are put in the two compartments,
with a thermometer in each, the whole being enclosed in
a water-jacket and provided with stirrers in the usual way.
‘When the temperature of the two solutions is as nearly as
possible the same, the partition is rotated so as to mix the
two liquids, and the rise of temperature noted ; that multi-
plied by the thermal capacity gives immediately the quantity
of heat evolved. It is not necessary to use such expensive
and special apparatus, however, as the method has been
carried out very successfully by means of a pair of ordinary
glass vessels, as e.g. by Berthelot (loc. cit.).

In the case of salt solutions the ealculation is simplified
by the somewhat remarkable empirical rule that the thermal
capacity of the solution is approximately equal to that of the
water it contains, alone. Thus Na NO, dissolved in 200
mols. of H,0 has the specific heat 0-975; this multiplied
by the formula weight 85 + 3,600 gives 3,593 as the thermal
capacity of that amount of solution expressed by the formula,
while the 200 mols. of water alone would have a capacity
3,600, the difference being — 7. For 100 H,O the difference
is —9, 50H,0 +4, 25H,0 +11.7, while for other salts
the difference is sometimes positive, sometimes negative,

For details of exact thermometry we must refer to
treatises on physies, and especially to Guillaume, Traite
pratique de la Thermométrie (Paris, 1889). It may be pointed
out that, to make use of the table of values of the calorie
given on p. 9, it is necessary to reduce the thermometer
readings to the standard hydrogen scale. The correction
for thermal ecapacity of the calorimeter, &e., is usually
estimated from the weight of each substance, platinum of
calorimeter, glass and mercury of thermometer, &e., that
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shares the rise in temperature, and its known specific heat.
The radiation correction is usually the most uncertain point
of the experiment; it may be found approximately as
follows : —

Let ¢, ¢, be the temperatures of the calorimeter before
and after the reaction, ¢, that of the surroundings (water-

t,+1,)

r‘
jacket, if there is one), then 2 -

may be taken as the

- - (2,41,
average temperature during the experiment, and — o —1t,

the excess over surroundings (this quantity should be made
as small as possible). Leave the calorimeter to itself, only
stirring occasionally, for a time equal to the interval between
the observations ¢, and ¢ , suppose the temperature has at
the end of that time fallen by radiation to ¢;,. During this

Atn)

second period the average temperature excess 1s t

2 &
and since, by Newton’s law of cooling, the radiation is
proportional to the excess of temperature, we shall have
btfe_, hth

9 W STans S

(=

T s

where 7 is the fall of temperature due to radiation during
the experiment. Hence, instead of the observed rise of
temperature ¢, —¢,, we must take the corrected value

ig'_lil +T-

The Bunsen calorimeter possesses the important advantage
of being constantly at one temperature, so that no thermo-
metry is involved in its use, and no radiation correction has
to be made when the instrument is in proper working order.
Actually it is impossible to surround the working part of
the apparatus completely with ice at strictly the same
temperature as itself, so that there is usually a slight move-
ment of the mercury column when the instrument is not
in use ; but the correction for this may be made very small,

B s
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especially if an air-jacket be interposed between the working
part and the ice bath, as suggested by Boys. The calori-
meter may be employed in the original manner by observing
the movement of a thread of mercury in a calibrated eapillary
tube ; this has the advantage of showing the changes pro-
gressively ; otherwise it is hetter to determine the con-
traction of the ice by causing the end of the capillary to
dip in a beaker of mercury, and weighing the amount
drawn in during an experiment. The Bunsen calorimeter
is appropriate for measuring very small quantities of heat.
It has, however, been objected to it that the unit in which
the heat is measured is not known with sufficient aceuracy.
If v be the specific volume of ice, " that of water, [ the
latent heat of fusion, then when one ecalorie is imparted
to the instrument, the mixture of ice and water contracts

by ﬂ—f c.c.,, and if d be the density of mercury, the
=i
l
be calculated by observations on the density and latent
heat, or may be directly observed by pouring a known
weight of warm water into the apparatus. Bunsen found
0-01541 as the weight of mercury per calorie, while the
results of other observers have differed by as much as
w4y from this. This is greater than the uncertainty existing
in the value of the dynamical equivalent of heat, so that
the ice calorimeter cannot be regarded as being so accurate
as the water calorimeter. It should, however, be possible to
obtain the constant of the Bunsen calorimeter directly in
dynamical measure by generating a measured quantity of
energy electrically in it, and observing the weight of
mercury drawn in. Dieterici’s’ experiments conducted in
that manner give the constant as 0.01533 grams of mercury

per therm. (4.2 x 107 ergs).

weight drawn in will be d,  This quantity may

! Wied. 33. 417 (1888).
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§ 3. Classification of Results.

If we accept the view stated in the preceding chapter,
that chemical reaction, even when apparently between
different phases, really takes place in a single (fluid) phase
between the obviously gaseous (or liquid) constituents and
traces of the remaining constituents in the form of vapour
(or solution), it follows logically that the thermal changes
involved may be classified into (1) latent heat accompanying
change of state ; (2) heat due to the reaction oceurring within
a single phase. In the case of an apparently heterogeneous
reaction, e.g. solution of a metal in acid, the evolution of
heat might be analyzed into those two parts. We cannot
always perform the analysis, but it will help to make the
subject intelligible to bear the distinetion in mind.

We have then in consequence of change of state :

(@) Heat of evaporation of a liquid.

(b) Heat of sublimation of a solid.

These quantities, so far as is known, are the same whether
the evaporation occurs in a vacuum or in presence of other
gases or vapours. On the other hand, a considerable amount
of external work is done in evaporation, so that in deter-
mining the change of internal energy (or internal latent
heat, as it is sometimes called) the corresponding correction
must be made (examples p. 245).

(¢) Heat of fusion of a solid.

(d) Heat of solution of a solid.

(e) Heat of solution of a gas.

By analogy with evaporation these may be taken to mean
the heat evolved when one gram-molecule of solid or gas
combines with so much solvent as to produce a saturated
solution ; but the various cases will be treated in detail
below. :

(f) Heat of transition from one solid phase to another,

E.g. transition from rhombic to monosymmetric sulphur.

8
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Further, the heat developed in dissolving a liquid in
another which is imperfectly miscible with it, in mixing
two completely miscible liquids, and in diluting a selution
of a solid or gas, constitute intermediate cases between
mere change of state and chemical reaction.

As the thermal phenomena involved in solution are
somewhat complex and liable to misunderstanding, we shall
treat them in more detail, dealing first with simple solution,
and then with complete mixture. If a mol. of the solid B
(salt or other substance) be dissolved in # mols. of a solvent
A (e.g. water), we may express the evolution of heat by

[:E.:’-i, B] — q,
and deseribe the quantity as the heat of solution of B. In
order to effect the solution a certain minimum amount a of

water at least must be used, since the solid is only soluble
to a limited extent. The heat of solution in a mols. of

water or [ad, B]=gq,

has been called the infegral heat of solution ; in other words
it is the heat of formation of 1+a mols. of the saturated
solution. When more solvent than this is used, the value
of ¢ will be somewhat different (greater or less in particular
cases), but as the quantity of solvent is increased indefinitely
the evolution of heat tends towards a finite limiting value
which is called the heat of dilute solution, and may be

written [0d, Bl=gq,.
These relations are shown in Fig. Z6.

If to a solution already containing # mols. of water to 1 of
salt #° more of water be added, the evolution of heat is

I:JEIA +B, Cﬂ’fi] = Quryar—Qxs
and is represented by the difference in height of the ordi-
nates corresponding to # and #+2". For unit addition of

water this becomes equal to the tangent of the angle of slope
“of the curve, and may be called the heat of dilution.
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d : : :
| That is, [z4 + B, ded | +dz = Eﬂ% This quantity varies

from a finite value (%—i) » the heat of dilution of the saturated
solution, to (—-dq-) = 0 for the dilute solution. |

da’ .

Thus e.g. Thomsen found that a solution of the composi-

q

Fra. 36.

tion Cu Cl, +10 H,O (nearly saturated) gave, on mixing with
further quantities of water, the following liberation of heat
(at 18°):

Added H,O . 10 20 40 go 190 -
Heat evolved 1606 2430 3308 4052 4510 = ¢.

These numbers are well represented by the expression

x” x 5023 ;
x +21.24°

hence we may conclude that on infinite dilution we should
get an evolution of 5,023 cal. The heat of solution of the
dry salt in 600 mols. H,O = 11,080, and the preceding
formula indicates that 174 calories would be obtained
by diluting the solution in 600 H,0 infinitely further.
Hence we get ¢ = 11,0804 174 = 11,254 and q,, = 11,254
—5,023 = 6,231. The value of a (a little less than 10) and
of g, were not determined.

It is sometimes convenient to express the heat involved in

8 2




260 PHYSICAL CHEMISTRY

adding a variable quantity of salt (B) to a fixed quantity of
solvent (4), i.e. [4, ¥B]=¢,
where y is the number of mols. of salt for one of solvent ;

q" 1s shown graphically by Fig. 37. The value of » must
lie between 0 and a fixed value b corresponding to saturation,

and elearly for the same solution y:%- The limiting

value ¢ is the heat of formation of 1 +# mols, of saturated
solution. Hence the heat of formation (per mol.) of saturated

Z l?’h Ga .
solution = — . T ik 2
@z0 s to a solution already con
taining ¥ mols. of salt " more are added, the evolution of
heatls [4+yB, 4 B]= ¢ysv—1s,

and is represented by the difference in height of the
ordinates corresponding to y and y+#"; for unit addition
of salt this becomes equal
a4 to the tangent of the angle
of slope of the curve. The
: slope of the curve is by
"E"""""b"'“'"“"'? no means always similar
to that shown in the figure;
in many cases the curve
while starting upwards
bends over to a horizontal
direction, or even down-
wards before coming to an
end. The slope at the
end expresses the limifing heat of solution, i.e. the heat of
solution of the last mol, of salt that goes to form an indefinite
quantity of the saturated solution ; this quantity has been
frequently used in thermodynamiec reasoning on solutions.

Fic. 37.

d
[That is, [4 +y B, dy B]|+—dy = ?3% is the heat of solution

in a solution already containing » mols. of salt, and on
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,

a3 ) , the limiting heat of
dy 7y

Sﬂfut%'an, a quantity which may differ even in sign from

reaching saturation this becomes (

( ) the initial heat of solution. The relation between

these quantities and the preceding is easily found, for

1 St g
Y= and ¢ —m,hence

or at saturation

(% (da,) = ¢,, Or in words],

the integral heat of solution=Ilimiting heat of solution +a
times the heat of dilution of the saturated solution; a
being the number of mols. of solvent saturated by one mol.
of dissolved body.

We may take, as an example of this, Thomsen’s measure-
ments on sodium nitrate. The quantity of salt expressed
by the formula Na,N,O, takes a=10-9 mols. H,O to dissolve
it at 18"; the measurements of the heat of dilution, how-
ever, extend only from 12 to 400 mols., and may be repre-

sented by z—12
¢=—5868—4,700 x ———g-r"

heat being absorbed both on solution and dilution. As-
suming this formula to be correct over the whole range of
solubility, we have

Heat of dilute solution ¢, = —10,568;
Integral heat of solution ¢, = — 5,738
il
Heat of dilution of the saturated solution ( ﬁ ) = —=I20.2;

Limiting heat of solution ¢,—a (z—i) = —4417.

¥
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In the complete mizture of two liquids the curves corre-
sponding to those in Fig. 36, 37, both extend from 0 to «
in the horizontal direction, and become reciproeal to one

another. The heat of formation
2 of anymixture may becalculated
from either of them, but it is
more convenient to draw a curve
in which the heat of formation
(€) (i. e. of 1 mol. of solution)
is itself taken as ordinate,
and accordingly the molecular
fractional composition (z) as
0 77— abscissa, so that the curve is
Fre. 8. finite in length, extending only
from £=0 to #=1. It has the
general shape shown in Fig. 38. The relation between this
curve and the preceding ones is given by

Dimacg e ot e
s R
g T gl
I?'_:7L:+1_g,r-[-l

The best-known instance of the evolution of heat on
mixing two liquids is that of sulphuric acid and water.
The observations' are fairly represented by J. Thomsen’s

formula
17860x

[ELO BRSO = = e

From this we may obtain by the preceding equations the
heat of formation of mixtures expressed in terms of their
molecular fractional composition g,

O T uisa e

' J. Thomsen, L c.; Pickering, J.C.S. 57. 112.
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This equation gives the following values, which, it will
be seen, correspond with the general character of Fig. 38 :—

Mol. fraction of water (z) 0.2 04 -6 0.8
Heat of formation (@) 1740 2000 3250 2460

§ 4. Application of the Second Law of Thermodynamics.

We saw in chap. iii that the second law of thermo-
dynamics leads to certain relations between the changes in
the state of equilibrium of any system with temperature
and the quantities of heat involved in those changes. In
particular two such relations are needed for the study of

chemical systems, viz. :—
(1) When in a heterogeneous system matter passes from

one phase to another, if ¢ be the latent heat of transition,
Av the increase of volume accompanying the process (at
constant temperature), then
() % dp P
T
the right-hand side of the equation expressing the rate of
increase of pressure of the system per 1° rise of temperature

(at constant volume).

(2) When in a homogeneous system which is dilute, so
that the law of mass action is applicable to it, a reaction
occurs involving an absorption of heat, ¢, and K be the
reaction constant,

() d, log K
- = —RT =R
i o

d, log K

the differential coefficient expressing the rate of

o7
increase of the logarithm of the reaction constant per 1° rise
of temperature (at constant volume).

These relations have been successfully applied to a large
number of actual cases, some of which we proceed to
consider,
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(@) System of one component : heat of transition in condensed
equilibrium.

The fusion of ice is accompanied by an absorption of
1,440 cals. (per mol.). The temperature of fusion is 273°;
the specific volume of ice is 1-0909, that of water 1.0001,
so that the increase of volume (per mol.)=18 (1.0001—
1.0909)= —1.6344 c.c. We have then

dp 1,440 x 42,000,000
—_— = — - —_— 135‘ IGH J i N &
a7 273 x 1.6344 s 0adymesier; for

= — 136 atmos.

The quantity of heat is converted into ergs, so that the
result may be expressed in the C.G.S. system. We see
that a fall of temperature of 1° is caused by a rise of
pressure of 136 atmospheres. W. Thomson found experi-
mentally 130 atmos.— very close agreement, considering the
small change of temperature to be measured.

In the transformation of rhombic into monosymmetric
sulphur at 95.5° an absorption of 2-52 calories per gram
occurs; the volume increases by 0-0126 ¢ e. per gram, so

that dp _ 2:52x 42,000,000
d7T (273 +495-5) x 0-0126

Experiments by Reicher gave 21 atmos. (see p. 225\

= 22.8 »x 10%

(b) System of one component : heat of evaporation.

Evaporation of water at 100°. Regarding ¢ as the
quantity to be determined, we may take from Regnault’s
observations
_f% — 27.25 mm. of Hg = 36,330 dynes/sq. em,

The specifie volume of water is 1, that of saturated steam
about 1,654. Hence the latent heat (per gram) is
36,330 x 373 x (1,654 —1) = 2.24 x 10" ergs = 533-3 calories,
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in very close agreement with the results of direct measure-
ment.

Experimental determination of the density of a saturated
vapour is difficult, but in many cases we may obtain
sufficiently accurate data by assuming that the vapour behaves
as a perfect gas, and neglecting the volume of the liquid or
solid by comparison with it. We then have for Av simply
the volume of a mol. of vapour according to the gaseous
laws, i.e. = R7/p. Substituting this value in the general
equation, we find

RT® dp e @108 P
Y — e e ———
. p dT d?

In the case of water vapour at 100°, the volume reckoned
according to the gaseous laws is 1,701 c.c.,, so that the
equation just given yields a value of ), that is three per
cent. too high ; but for low pressures the approximation is
much better. The equation, moreover, has the important
advantage that it can be integrated directly on the assump-
tion that Q is constant, yielding

Pie L@l 8
S e )
where p, is the vapour pressure corresponding to T, p, that
corresponding to 7,. Heats of reaction, as we have seen,
usually vary but little with temperature, so that the
assumption is justified ; this and other similar expressions
may therefore commonly be used to calculate a heat of
reaction from two observations a few degrees apart in tem-
perature. The latent heat of evaporation actually diminishes
on rise of temperature, tending towards zero at the critical
temperature. The equation just given was employed above

in calculating the raising of the boiling point by solution
(p- 32).
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(¢) System of more than one component : heat of transition in
condensed equilibrium,

Heat is always absorbed at the transition point in passing
from the system stable at lower to that stable at higher
temperature. Hence, as in the case of fusion, a system that
expands on transition will suffer transition at a higher
temperature the higher the pressure; one that contracts, at
a lower temperature. The formula connecting the change
of temperature with the expansion or contraction is iden-
tical with that for systems of one component. A quali-
tative confirmation is given by Spring and van 't Hoff"
for the transition

Cu Ca (C,H,0,),. 6H,0
<= Cu (C,H,0,),. H,0 +Ca (C,H,0,),. H,0+4 H,0,

which takes place at about 77° under atmospheric pressure
and is accompanied by a contraction, the second system
oceupying a smaller volume than the first. The transition
point should aceordingly be lowered by pressure, and indeed
was found to be about 40° under 6,000 atmospheres.

(d) More than one component : vapour pressure of dilute
Suystems.

It will be sufficient to consider a system of two com-
ponents, the behaviour of the more complex being very
similar., Further, we shall confine our attention to the
case in which only one component is sensibly volatile,
i. e. the familiar case of salt solutions and the like. If
three phases exist — salt, saturated solution, and vapour-—
there is, as we have seen, a vapour-pressure curve similar
to that of a simple liquid, the pressure being a function of
the temperature only. The rate of change of the pressure

L Bull, de ' Acad. Roy. de Belgiqus, 40. 344.
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constitutes the term if’}*} in the thermodynamic relation,

since, if the system be heated at constant volume, the
vapour will remain saturated so long as none of the three
phases disappears; it should be noted that the concentra-
tion of the solution does not remain constant during the
Q

X A
have to suppose a small increase of volume to be made
while the temperature remains constant; this will involve
evaporation of some of the water, and, since the solution
remains saturated, precipitation of a corresponding amount
of salt. For one mol. of salt, @ mols. of water are evapo-
rated, and the increase of wvolume may be reckoned
according to the gaseous laws. In order to calculate the
absorption of heat we may suppose the process to be divided
into two parts: (1) decomposition of 1+a mols. of saturated
solution ; (2) evaporation of the a mols. of pure water
separated. (1) is accompanied by an absorption of heat
identical with the evolution on forming saturated solution
. ; hence, if X be the molecular latent heat for pure water,
the heat of evaporation out of the solution is the sum of
these two quantities, or

we

process. In evaluating the left-hand member

T

e i dp
A+ E — —‘?}— H .
q. is usually negative, e, g. for Na,N,0, at 18°= —5,738,
whilst a=10-9. Thus, while A=10,692 for water, the corre-
sponding quantity for the solution is 10,692 —5,738=+-10-9=
10,166 ; hence the vapour pressure of the solution rises
more slowly with temperature than that of pure water ;
for solutions of CuCl, the reverse is true, since that salt
dissolves with evolution of heat (p. 259).

The relation just found illustrates the point mentioned
on p, 218, that at a transition point the curve of vapour
pressure of the saturated solution shows a sharp bend
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upwards ; for, since the transition is always accompanied
by absorption of heat, A + ¢,/a must have a larger value
above the transition point than below, and the same is conse-
dp
=

The same equation is applicable to the vapour pressures
of solid hydrates, e. g. the reaction

CuSO0,.5H 0 = CuS0,. 3H,0+2H,0 (gas)

takes place in a system of three phases, so that there is
a definite saturation pressure for each temperature. The
thermal value of the reaction is, according to J. Thomsen,
—2x 10,692 cals. for the evaporation of two mols. of water,
— 6,820 cals. for the separation of liquid water from the salt,
giving 14,102 per mol. as the latent heat. The vapour
pressure, according to Frowein ', is

quently true of

2.993 mm. at 13:95°,
5056 4, 4y 20:46%
8074 ,, , 26-30%

Using the thermodynamic equation in the integral form,

P Q@ /1 1

i Em T

we get from the observations at 13-:95° and 26.30° Q=13,912
per mol. of H,O against the calorimetric value 14,102.

If the same reasoning be applied to a system in two
phases, viz. unsaturated solution and vapour, it is necessary
to introduce some new condition, since the vapour pressure
depends now on two independently variable quantities—
the temperature and concentration. We shall obtain the
most useful results if we set the concentration constant :
the rate of change of the vapour pressure is then that

log,

X
?ﬁ . Sinee when evaporation takes place no
salt separates out, the heat of evaporation will be the sum

expressed by

1 Ostw. 1. I.
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of the heat of evaporation of pure water A and the heat of

dilution :ﬁr so that
d dg _ RT® d,p
Nofeict = Avs Sl
dar p ok
Now when the solution is already very dilute no heat is
evolved on diluting it further, so that E_g =10 JiSvhe
equation be then compared with that for the pure solvent,
s R d‘?.
p dl’

we see that the fractional rate of change of the pressure

dp
pd T’
holds between the pressures of the solvent and solution at
any temperature will hold at any other temperature (Babo’s
law). This result is included in Raoult’s law of the lowering
of vapour pressure (p. 31), in the proof of which it is not
merely shown that the relative lowering is constant, but
the amount of it was found to be equal to the ratio of the
number of molecules of dissolved substance to those of
solvent.

must bhe the same for both, so that whatever ratio

(e) More than one component : osmotic pressure of dilute
systems.

In accordance with the analogy between dilute solutions
and gases, the same thermodynamie relation may be applied
to a solution, osmotic pressure taking the place of gas
pressure. WWe may imagine a system consisting of solid
and solution in contact on one side of a semipermeable
piston, pure solvent on the other; and the whole in an
enclosure of constant volume., There will then be a pressure
on the piston tending to move it so as to allow the solvent
to flow through into the solution. Calling the osmotic
pressure P and yolume of the solution ¥V, and introducing
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the gaseous laws in the thermodynamic relation, the latter

becomes dlog P
_ pma 2
O=El

where ) is the heat absorbed when one molecule of solid
goes into solution.

Under these circumstances the solution does work to the
extent RT owing to its increase of volume, whereas if
a molecule of solid be dissolved in a ecalorimeter no work
is done, and therefore the absorption of heat is less by RT.
But it is the heat absorbed when one molecule is dissolved
(to saturation) in a calorimeter that we have designated
4., S0 that in the experiment with the semi-permeable
piston the absorption must be

¢+ RT = RT?

d log P
al
Instead of the osmotic pressure it is more convenient to

work with the concentration of the solid in solution C.
Since P = RTC and R is a constant, we have

_ omad(logCalog®) . dlogC o
q.+ BT = RY T = R ‘_d"ff’_J“I”*
or simply
g= EO2" Eﬁg,

so that the integral heat of solution as ordinarily measured
is proportional to the fractional rate of change of the
concentration. In its integrated form this equation becomes

e,
Iﬂg"c fﬂ T T)

on the usual assumption that the wvariation of g, with
temperature may be neglected. This result was arrived
at by van’t Hoff', who gives the following table of ex-
perimental verification. Only solutions of (practically) non-

1 Kongl. Svenska. Akad. Handl., 1886, p. 38.
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electrolytes are referred to, in order to avoid the complication
due to electrolytic dissociation.

Cy. T). Cy. Ty g (cale.). g (0bs.).
Suececinic acid . 2.88 0° 422 8.5° 6goo 6700
Benzoic acid . o.aB2g 4.5 2.I03T 7§ 6700 6500
Salicylic acid . o-16 12.5 =244 81 gooo 8500
Boricaeid . . 1.047 o 292 I2 5200 5600
Phenol S 7-12 1 10.2 45 1200 2100
Mercuric chlnnﬁe 6-57 1o 1184 50 2700 3000

If the dissolved substance be an electrolyte, the relations
of concentration and evolution of heat are complicated by
the fact that as the concentration changes, the degree of dis-
sociation does so too. We shall not consider this case in
general, but when the dissociation is so great that it may
practically be regarded as complete for all strengths of
solution that occur, the treatment again becomes simple.
This state of things holds for nearly insoluble salts such as
Ba SO, and AgCl. We have then, if : be the number of
ions formed from a molecule of the salt, that the osmotic
pressure P = RT'.C, where C is taken as before to mean
the concentration expressed in terms of the ordinary formula
for the salt. We have, therefore, only to introduce ¢ into
the thermodynamic relution, which becomes

& (:r ilg)

In this equation the concentrations, referring to saturated
solution, may be measured by means of the electric con-
ductivity, since the partial conduectivities of the ions are
already known. ¢,, the heat of solution of the salt (in-
cluding its heat of dissociation), is the same as the heat of
precipitation with reversed sign ; for if we mix two neutral
salts, say Ba Cl, and Na, SO,, in dilute solution, the reaction,
bearing in mind the dissociation, is

Ba*+2Cl'+2Na' +S0,” = 2Na'+ 2Cl' + Ba SO,,
or simply Ba* +80,” = BaSO,.

I-::rgE
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The heat of precipitation is thus numerically equal to ¢,
and may be measured calorimetrically, The following
results have been obtained :—

Sait. Temp. V. a (eade.). g, (obs.).
Ba S0, 18.4° 50055 s
i 37:7° 37282 R0 55683
AgCl 13.8° 102710
” 26.5° ss120 15992 15850
I"is the dilution in litres per gm. mol., so that (' = % .

(f) Homogeneous equilibrium.

In this case the thermodynamic equation takes, we have
seen, the form of a relation hetween the heat of reaction
and the temperature variation of the reaction constant,
Viz. : — -

NRILY S

This equation, in obtaining which the gaseous laws are
assumed to hold, is very similar in form to the corresponding
equation with regard to change of state when the same
assumption is made.

Like the other, this equation may be integrated on the
assumption that @ is constant, and gives

JA8 A

Q=F- _T log - ﬁ

As an example of the apphmtmn to gases, we may take
the dissociation of N,0,. The degree of dissociation has
been found under atmospheric pressure as y = 0-1996 at
26.7°, and y=0.9267 at 111.3°. The reaction constant at
these temperatures may be calculated, since

i :wherew—f?f’(l-l_ﬂ
(1—y)v P

is the volume containing 92 grams of the peroxide, these
constituting 14 y molecules. If the values of K K, so
found be introduced into the equation, we get @ = 12,900.
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On the other hand, the calorimetric measurements of
Berthelot and Ogier allow of calculating @ ; they found
that between 27° and 150° the absorption of heat by 92
grams of the gas was 12,620 calories. Of this amount it
may be reckoned ' that a part is spent in actual increase of
temperature energy; the molecular specific heat of the
peroxide at high temperatures is 16-86 (per 92 grams): we
may therefore set this part as 16.86 (150—27)= 2,074.
Next, a part is absorbed in doing external work. Now the
degree of dissociation is about 0-2015 at the low temperature,
1-0 at the high, i.e. the dissociation is then complete ; hence
the work done = 0.7985 x RT = 577 calories. The re-
mainder of the observed absorption of heat serves for the
dissociation of 0.7985 of the gas, whence it follows that
the total heat of dissociation is 12,500,

The formation of ethyl acetate according to the equation

CH,COOH +CH,CH,0H — CH,COOCH, CH, + H,0

offers an instance of the application of the thermodynamie
equation to liquids, It is found that the heat of combustion
of ethyl acetate is almost identical with the sum of the
heats of ecombustion of the aleohol and acid, so that the
reaction expressed by the equation is practically unac-
companied by liberation of heat, or ) = 0. In accordance
with this it has been found that the reaction constant is
very nearly the same at 220° as at atmospheric temperature ;
both the partial reactions are, of course, accelerated by
heat, but each to the same extent, so that the state of
equilibrium is unaffected,

The specially important case of neutralization has been
successfully treated from the thermodynamie point of view.
A typical reaction between a strong acid and strong base
may be expressed in terms of the electrolytic dissociation

thEUrF as o +'CF"|‘ Na: —I—G]_"If — Hﬂ’+01!+H30:

' Van 't Hoff, Studies in Chemical Dynamics, 1896, p. 154,
T
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o Hiply H' + OH’ = H,0,

being nothing more than the formation of water from its
ions. The evolution of heat on neutralizing any strong
base with any strong acid should therefore be the same,
and has in fact been found by J. Thomsen to be about
13,680 calories at 25°. It should, however, be possible to
calculate this from the dissociation constant of water,
according to the equation

Q_.:’f 52 K,

T]gf{

2
The value of A, from measurements of conductivity,
is at

TS = O 27 TR s R A 42> 50°
K = o122 0.152 0.314 o064 1.188 =2.16r 3.725 6:150 x 10—

whence we find from the observations at

o and 50 Qs; = 13,810;
2: and 42: Q2 = 13,850,
10” and 34 @u2 = 13,970,
18° and 26° Que = 13,460,

a remarkably accurate confirmation of the theory.

A further instance of the use of the thermodynamic
relation is in the electrolytie dissociation of weak acids
(or bases), The dissociation constants of some acids have
been measured (by the method of electric conduectivity) over
a range of temperature ; hence the heat of dissociation may
be calculated by the usual equation. E.g. we have

K at 10°. at 40°. Q (cale.).
Acetic acid . 179 x 10~? 18.7 x 107° + 257
Propionic acid 13-8 141 + 126
Butyrie acid . 16.6 162 — 144

) here is the heat absorbed when a molecule of acid is
dissociated (without doing external work) into its ions, at
the mean temperature considered, viz. 25°

This quantity may be determined calorimetrically by
means of the heat of neutralization of the acid by a strong
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base, If e.g. acetic acid be mixed with soda, the reaction
is essentially
¢,H,0,+0H’ = C,;H,0,/+ H,0,

since the soda beforehand, and sodium acetate after, may be
looked upon as completely dissociated, while the acid is so
hardly at all. The reaction may then be treated as the sum
of two: (a) dissociation of C,H,0, into its ions; (b) com-
bination of H and OH to form water. The thermal value
of the latter is, we have seen, 13,680 cals.; that of the
former may accordingly be found by difference from the
observed heat of neutralization as follows : —

Heat of neutralization, 0.
Acetic acid . 13,400 + 280
Propionie acid 13,480 + 200
Butyric acid . 13,800 — 120

Since () is here found as the difference between two much
larger quantities it is much exposed to experimental errors,
and the agreement with the values calculated from the
dissociation constant must be regarded as very good.



CHAPTER VII

ELECTRO-CHEMISTRY

§ 1. Origin of Electromotive Force.

Ix the production of an electric current, two factors
have to be taken into account—the electromotive force,
and the resistance of the circuit round which the current
is to flow. Of these, electromotive force (e.m.f. or potential
difference) plays the part of a ‘moving force’ or tendency
to make current flow; and the current actually produced
is given by the ratio of the e.m.f to the resistance
opposing it (Ohm’s law). So far we have paid attention
only to one of these factors—resistance, or its reciprocal,
conduectance—and that merely for the light it throws on
the dissociation of electrolytes. There is, however, a more
intimate and essential relation between electrical and
chemical phenomena, for the passage of an electric current
is, in electrolytes, associated with chemical reaction, and
the strength of current may be taken as measure of the
velocity of reaction. Accordingly we have in the action
of a galvanic cell a case in which wvelocity of reaction
may be referred to the two causes, ‘moving forece’ or
affinity, and resistance to be overcome. The velocity of
a reaction may always be looked upon as due to two such
factors, but in cases other than electrical it is not so easy
to see in what way the moving force and the resistance
may be defined; hence study of the electrical phenomenon
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leads to more definite views as to the nature of what
may be described as the affinity causing a chemieal change.
The recent development of electro-chemistry consists chiefly
in a study of the causes of electromotive force in galvanic
cells : and that development we shall proceed to consider.
Electromotive force occurs at the surface of contact of
dissimilar conducting wmaterials, either (1) between two
metals, (2) between two solutions, (3) between a metal
and a solution. Of these three the first is always very
small, and will not be considered in this book, since it is
not associated with chemical change; the second is small
in amount; it usually oceurs in galvanie cells, but may
in most cases be ignored by comparison with the third
cause of e, m.f, which is much the largest. A galvanic
cell is a combination of two such junctions of metal and
solution ; it, as a whole, possesses an e. m. f. which is the
sum of those produced at the two surfaces of contact (with
their appropriate signs): if the two metals are identical,
and also the two solutions, we have a eombination in which
the two e. m.f.’s exactly neutralize one another (being in
opposite senses) and which is therefore devoid of external
electromotive force: this is the °electrolytic cell’ referred
to in chap. i, e. g. a pair of copper electrodes dipping in
copper sulphate solution. A working galvanic cell may
be made by choosing either (1) two dissimilar metals, or
(2) two dissimilar solutions, or both. Again, the dissimi-
larity causing e. m. f. may be either (a) in chemical nature,
or (b) in econcentration. Thus the primitive volta cell
consists of plates of Zn and Ag dipping in dilute H, SO, :
here the liquid round the anode is identical with that round
the cathode, and the electromotive force is due to the
dissimilarity in chemiecal action between the two metals:
this therefore belongs to the class of chemical cells. But
a cell may be made by the combination Zn, concentrated
Zn 80, solution, dilute Zn SO, solution, Zn. Here the
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metals are identical, and the electromotive force is due
to the tendency towards equalization of concentration
between the two solutions; such concentration cells are not
used for practical production of current, but study of them

has done much to elucidate the mechanism of electrieal
action.

§ 2. Measurement of Electromotive Force.

To measure the e. m. f. of a cell, the arrangement known
as the potentiometer or * Poggendorff’s compensation method’
is adopted. The apparatus is shown in Fig. 39, and consists

of the following parts :
A 1s a source of cur-
rent ; it is essential
; that this should have
an electromotive force

|a\‘ 7 higher than that of the
|_/ s cell to be measured,
c and which remains

perfectly constant
during the measure-
ments. These con-
ditions are satisfied by using two (or sometimes one) storage
cells: if these are not to be had, two or three Daniells will
serve. [lrm is a wire through which the current from
A flows: its total resistance must remain constant. This
may be accomplished by using a pair of resistance boxes
for lz and xm, taking care that when the resistance of the
one is increased by taking out plugs, that of the other is
decreased by the same amount; but usually lem consists
of a uniform fine wire one or two metres long stretched
over a scale, similar to that used for measuring electrolyte
resistances (p. 63). 2 is a sliding contact-maker, putting
any part of the wire lrm in connexion with B, the cell

Fia. 39.
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to be measured, and ¢, a cell of known e. m. f. ¢ is usually
a Clark cell whose e.m.f. is given by the expression
1-434—0-001 (£—15°) volts, where ¢ is the temperature.
A, B, and ¢ must be arranged so that their like poles are
all connected to the same point I. x is a switeh by means
of which either B or ¢ may be connected to the current
indicator c. The latter is not required to measure current,
but, as in Wheatstone’s bridge, only to indicate when the
condition of balance is arrived at, and no current flows
through ¢. As a current indicator it is customary in some
laboratories to use a simple form of the Lippmann capillary
electrometer (see below, and for practical details see Ostwald,
Handbook of Physico-chemical Measuremenis); a mirror
galvanometer is, however, perfectly satisfactory and perhaps
easier to work with., The whole apparatus may conveniently
take the form of a ‘Crompton potentiometer,” in which the
wire lrm and the key are arranged together on a board,
provided with appropriate binding serews for a, B, ¢, and ¢;
the length of the wire lvm being made alterable, so that
when a pair of aceumulators is used for A, their electro-
motive force may be reduced to one volt per metre of wire,
by a simple adjustment before the measurements begin ;
the e.m. f. of the experimental cell may then be read off
the scale in decimals of a volt.

To use the apparatus, x is first switched over so as to put
the Clark into circuit, and the sliding contact-maker moved
till ¢ indicates that no current is flowing through the branch
[ ¢ ¢a; when this is the case the e, m.f. of ¢ is just balanced
by that existing in the wire between ! and z. (In the
Crompton pattern the contact-maker is put at 1-434 metres
or a neighbouring point, according to the temperature of
the Clark cell, and the total length of the potentiometer
wire adjusted till no current flows through .) The switch
i1s then put over to B, and the contact-maker moved till
balance is again obtained at some point 7. Since the wire
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lem 1s uniform, the e. m.f. between two points of it is
i proportional to the distance between them ; hence we have

IZ'i e.m. f. of 8 length /2
e.m, f. of ¢ length I

§ 3. Electromotive Force at a Single Contact.

Measurements of electromotive force are necessarily made
on complete galvanic cells with two metallic terminals,
but to study the relations between e.m.f. and chemiecal
action it is necessary to be able to separate the parts of
the e.m.f. due to each metallic eontact. This has only
been accomplished of late years, and until it was done
no considerable progress in electro-chemistry could take
place; in order to measure the e.m.f. at one electrode
it is necessary to connect the solution with the galvano-
meter by another electrode which does not introduce an
electromotive force, or else to employ a second electrode
whose e. m. f. is known. Two ways of solving the problem
have been discovered, viz. (1) by Lippmann’s capillary
electrometer, (2) by dropping electrodes,

‘When mercury and an electrolyte—say, dilute H,SO,—
are in contact in a capillary tube, the level of the mereury
is depressed below the level it would occupy in a large
vessel communicating, on account of surface tension. There
is, however, a difference of potential between the metal
and solution, the metal being positively electrified: we may
look upon the layers of metal and of acid next the surface
of separation as constituting the plates of a condenser, the
metal having a positive charge, the electrolyte a negative
| one. If now a negative charge be imparted to the metal
di by means of a battery, its potential may be reduced to

that of the acid, or even below it. It is found that the
. surface tension is reduced by electrification, consequently
when a negative charge is imparted to the mercury. the
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effect will be, first, to inecrease the surface tension, until
when metal and acid are at the same potential the surface
tension is a maximum : if the charge be further increased,
a difference of potential will again be set up—mnow in the
opposite sense—and the surface tension will fall. The
experiment can be realized by placing mercury in a dish,
covering it with dilute acid, and arranging the end of
a capillary tube, also connected with a vessel of mercury
to dip in the acid; by suitably adjusting the pressure of
mercury in the tube, the surface of contact with the acid
may be brought to any desired point of the capillary. If
now the mercury in the dish be connected with the positive
end of a battery, that in the tube with the negative end,
a change of level in the capillary occurs; and by adjusting
the e. m. f. applied, the greatest value of the surface tension
may be reached : the acid and mereury have then the same
potential. Since, however, the surface tension, regarded as
a funection of the potential applied, is a maximum, a small
change in the potential will make hardly any difference
to the surface tension, so that the method, though practi-
cable, is not very exact. (Cf. problem of finding the eritical
volume, p. 89.)

The method of the dropping electrode is not exposed to
the same objection. A dropping electrode was first used
by Lord Kelvin to determine the potential of the air: he
allowed water to fall in drops from a funnel made of
conducting material ; any charge produced in the water
by contact with air is carried off by the drops, leaving
the mass of water in the funnel at-the same potential as
the air surrounding it. It was pointed out by Helmholtz
that the same principle might be applied to obtain a mass
of metal (mercury) at the same potential as an electrolyte.
When a fine stream of mercury comes in contact with an
electrolyte, the surface of contact tends to become charged—
the Hg positively, the solution negatively : but the charge
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takes an appreciable time to accumulate, since it is neces-
sarily accompanied by a movement of charged ions from
the solution. If the stream breaks up into drops they
will carry away with them whatever positive electricity
1s produced on them, leaving the mass of the mercury
uncharged. Ostwald' realized this condition after many
attempts, though still in an imperfect manner, by using
a very high pressure of mercury, and as fine drops as
possible. Paschen®, however, showed that the experiment
became successful if the mercury was allowed as little time
as possible to get charged by contact with the acid; for
this reason he raised the vessel of acid until its surface
touched the stream of mercury only just above the point
at which it broke up imto drops. A Hg-pressure of about
200 ems. was used, the metal flowing out through an
opening (in a glass tube) of 4% to 7% mm. TUnder these
circumstances the mercury forms a stream of 2 to 10 mm.
length before breaking up into drops. If then the level
of acid be adjusted correctly, and an electrode of metal M
be dipped into the acid, the e. m. f. between M and the Hg
of the funnel depends on the contacts Hg: electrolyte, and
electrolyte: M. The former, however, produces no e. m. f.
in the dropping electrode, so that the measurement gives
directly the value of electrolyte: M. It is not, however,
necessary to use the troublesome dropping electrode each
time it is desired to measure a single e, m. f. ; for if the
e.m. f. of any single contact be determined as described
above, that contact may be combined with the one to be
studied, so as to form a cell; we may then measure the
e. m. f. of this eell and deduct the part due to the known
contact. For this purpose a calomel electrode may advan-
tageously be used, consisting of
Hg : Hg,Cl, : normal KCI;

! Ostw. 1. 583-610 (1887).
! Wied. 41. 42-70 (1890).
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the e.m.f. is —0:560 volt, the mercury being positive to
the solution. It is commonly constructed as shown in
Fig. 40. Pure mercury is poured into the bottom of a small
glass jar, just covered with a little calomel, and the jar
filled up completely with normal KCI solution ; a rubber
stopper is inserted, carrying two tubes: that on the left
has a platinum wire sealed through the end, to make contact
with the merecury: the other is bent at right angles and
leads through a rubber tube to a short hook-shaped glass

& S

F1e. 40.

tube, the whole being filled with the normal KCI solution.
If it be desired to measure the e. m.f. at the surface of
a metal and electrolyte, these are arranged in any convenient
manner, say by immersing a wire of the metal in a beaker
of the electrolyte, and the hook-shaped tube dipped into
the beaker, care being taken that no air-bubble occurs in
the tube. The e.m.f. of the cell so constructed is taken,
and that of the normal electrode deducted. E.g. the
combination

Cu : § normal Cu S0, : normal electrode

gives an e.m. f. —0-025, the copper being positive to the
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mercury. Neglecting the potential difference at the contact
of the two electrolytes, the Cu SO, may be taken as at the
potential +0.560., The difference between this and —0-025
= 0:585 is the e.m.f. of the combination Cu:3norm.
Cu S0,, the copper being positive. This may conveniently

ReWaitien Cu : 1 norm. Cu SO, = —0-585,
the negative sign being taken to mean a step down in
potential in passing from the first to the second of the

substances mentioned.
Again, the combination

Zn : { norm. Zn SO, : normal electrode = + 1-080,

i. e. the mercury of the normal electrode is 1-08 volts positive
to the zinc. Hence

Zn : § norm. Zn SO, = + 0-520,

there being a step up in potential in passing from zine to
zine suiphate.

§ 4. Electromotive Force of Reversible Electrodes.

The most important distinction to note in the behaviour
of various electrodes, is between polaricable and non-polar-
izable. Considering first the behaviour of an electrode with
respect to the kation only, it is usually non-polarizable if the
solution contains an appreciable quantity of the metal which
forms the electrode; e.g. a copper plate immersed in
Cu SO, solution is non-polarizable, because it is reversible
with respect to the kation — Cu. If current flow through
it from solution to metal, copper is deposited on the plate ;
if the current be reversed, copper is dissolved off the plate
and goes into solution again; and if the same quantity of
electricity has passed in each sense, then, in accordance
with Faraday’s law (p. 56), the original condition is exactly
restored. The e. m. £ of the contact is, in such a case,
the same whichever way the current flows, and if the
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concentration of the solution be kept constant, is strictly
constant too. On the other hand, if a platinum plate be
immersed in dilute sulphuric acid, the solution does not
contain platinum (at least not in measurable quantity), and
when a current is passed from solution to metal the first
effect is to liberate hydrogen on the plate ; this dissolves to
a certain extent in the platinum, and alters its electrical
properties, making its potential much less positive to the
solution, When, however, the current is reversed, oxygen
instead of hydrogen is liberated on the plate, and the metal
is made more positive towards the solution than in its
original state. The e. m. f. of the contact is therefore
different, according to the direction in which the current
flows, The alteration in properties of the electrode, due to
the passage of electricity, is known as polarization. As the
quantity of electricity, starting from the neutral condition,
is increased, the polarization increases in the sense which
opposes the applied e. m. f,, until a limit is reached at
which the metal is saturated with oxygen or hydrogen,
and the liberated element begins to appear as a gas; there-
after the e, m, f. is constant, but obviously some of the
applied electrical energy is spent in the evolution of gas,
which passes away from the cell, so that reversal of the
current will not restore the original conditions. Such an
electrode is therefore polarizable, and irreversible (in the
thermodynamic sense).

An electrode may also be made reversible with respect to the
anion ; but, since the materials that contain the anion in
the solid state are usually bad conductors of electricity,
they must be combined with a metal. E.g. the normal
calomel electrode already mentioned belongs to this class ;
the KCl solution serves essentially as a solution of the
anion, Cl, it being immaterial what the metal in solution is.
The electrode is essentially the solid Hg,Cl,, but it is used
in the form of a thin layer in contact with metallic mercury,
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on account of the better conductivity of the latter. Chlorine
passes reversibly between the solution and the electrode,
Hg,Cl, being formed or decomposed as the case may be.
Similar electrodes can be made with other insoluble salts,
such as AgCl, AgBr, AgI in conjunction with metallic
silver, Ag,S in a solution of KHS, and so on, and also by
saturating platinum black with oxygen.

The e. m.f of reversible metallic electrodes has been
measured by B. Neumann'. It appears to depend, in the
absence of secondary effects, only on the nature of the
metal, and the concentration of the ions of that metal in
solution, To show this, Neumann made up cells of the

pattern
T1 : TICI : normal electrode,

using some twenty different salts (organic and inorganic)
of thallium, all in centinormal solution. Since in a solution
so dilute the salt is practically completely dissociated, the
e.m. f. should be the same in all the cells, and that was
found to be the case. Nitrates, however, behave in many
cases in an anomalous manner, on account of the action of
the NO, ion on metals: and to avoid such an effect Neu-
mann added urea to the solution, when the e. m. f. became
normal,

Cells were constructed with twenty-one different metals in
solutions of their salts, made up in each case with the normal
calomel electrode; in that way the actual potential differences
for the various metals were obtained. Of the metals, how-
ever, Mg, Al, and Mn decompose water, with the consequence
that the e. m. f. of the cell fell off immediately on immersing
the electrode, so that the numbers obtained do not correctly
represent the behaviour of the metal. Again, Bi, As, Sb,
and Sn form basic salts, so that the true concentration of
the solution was not known. The other metals gave the

! Ostw, 14. 193-230 (1894).
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results shown in the following table (nitrates omitted on
account of disturbing secondary actions) :—

Sulphate. Chloride. | Acetate.
ZANeS o e | — 0-524 — 0503 i —0:522
Cadminm 0.162 0174 ' —_
Thallium. 0-114 | 0.151 —
Iron ... = 0 093 0.087 —
Cobalt. . + 0010 + 0:015 ]' + 0:004
Nickel. . 0-022 0:020 | —
Lead . . — 0.005 0-079
Hydrogen 0.238 0:249 0-150
Copper . 0:515 — 0580
Mercury . og8o | — -—
Silver . . 0974 — 0:001
Palladium — I-066 -
Platinum — ‘ 1-140 —
Gold . . = 1.35'5 —

The solutions were normal : the + sign indicates that the
metal is positive to the solution. Most of the salfs are
dissociated to the extent of about 40 per cent., so that the
concentration of the metallic ions in solution is about
1 gram ion per 2,500 c.c. This is not true, however, for
gold and platinum, as the compounds HAuCl,, H,PtCI;
are formed in solution, and the concentrations of the ions
Au--*and Pt ' are not known : the numbers for these
two metals are therefore not directly comparable with the
others,

§ 5. Concentration Cells.

The electromotive force between a metal and an electro-
Iyte depends on the concentration of the latter, and, so far
as the conception is applicable, on the concentration of the
metal too. The possibility of concentration cells was first
pointed out by Helmholtz, as a consequence of thermo-
dynamie reasoning which we shall have to consider in more
detail below. Briefly, however, it amounts to showing that
any work which the materials of the cell can perform in
consequence of differences of concentration, may be made
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available for producing an electric current. The e. m. f. of
the cell may be caleulated by equating the electric energy evolved
(volts x coulombs) against the osmotic work the materials are
capable of doing. To see how this is so, we will consider in
detail a practical case, and for simplicity one in which the
ions are univalent, viz, the cell

Ag: AgNO, (concentrated) : AgNO, (dilute) : Ag.

Let C,, C, be the concentrations of the two solutions, of
which C, is the greater; and let there be a considerable
mass of each solution, so that the transfer of a small
quantity of salt from one side to the other makes but a
trifling difference to the concentrations. Consider what
effect on the solutions is produced when unit quantity
(1 coulomb) of electricity flows through the cell from right
to left, the Ag in the dilute solution being, therefore, the
anode ; and first assume that the velocities of the anion and
kation are the same, which is nearly true for Ag* and NO,".

1 : ; -
Then = gram-atoms of silver go into solution at the anode,

where € = 96,540 (coulombs per mol.) I; gram-atoms of silver
are deposited on the cathode, and at the boundary of the two
liquids i of Ag-" travels with the current from anode vessel
to cathode vessel, the same quantity of NO,” being trans-
ferred in the opposite direction. On the whole, therefore,

1

5z mols, of silver nitrate are gained by the anode selution
€

(dilute), and the same amount lost by the cathode solution
(concentrated), so that the two solutions tend to equality.
If Z be the e. m. f. of the cell, the electrical energy produced
(volts x coulombs) is in this case numerically equal to Z.
Now the change of concentration might he accomplished
by taking out a quantity of the stronger solution containing
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.:ale mols., diluting it down to the strength of the weaker, and
then mixing it with that. In order to find how much work
could be done by the solution in this process, we must
perform it in a (thermodynamically) reversible manner with
the aid of a semi-permeable membrane. Let the quantity of
solution to be diluted be enclosed in a cylinder with a piston,
the base of the cylinder being permeable to water but not
to salt, and let the cylinder be placed in water; then the
osmotic pressure will cause water to flow into the cylinder
and the piston to rise. An amount of work ean be done
by the piston which is identical with that done by a gas in
expanding through the same range of volume ; this has
been caleulated (p. 131), and we may directly apply the
result. Assuming the salt to be completely dissociated in
solution, the o mols, become ; gram ions, and the work
done in dilution is
. RT log g—'

€ g o

In accordance with the principle quoted at the beginning
of the paragraph, this is the e. m. f. of the cell. For R
we must take the value expressed in joules (since volt x
coulomb = joule), i. e. 8:3157. If the standard temperature
of 18” (291° Abs.) be adopted for T}, we get

g 83157x291, O, _ 83157x201x2.3026
* 5 R066H0 T G 96540  8ng,

= 0:05785 log,, g'— .
2

Accordingly for a concentration cell of ratio 10: 1 the e. m. 1,
28 0-05785 wvolt (the ions being univalent and of the same
mobility, and the salt completely dissociated).

If the ions do not possess the same mobility, but z be the
transference ratio for the kation (1— for the anion), then
the anode solution will gain 1 — 2 mols, of salt, and the

o
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cathode lose the same amount (p. 71). The preceding
equation therefore becomes
2{1 —x
= —(—E—) RT log g: .

Thus Nernst' measured the e. m. f. of a cell containing
deci- and centi-normal silver nitrate solutions, and found it
to be 0-055 volt at 18°. Since in this case # = 0-52, the
calculated e. m. f, is 0-:060 ; the small difference is accounted
for by Nernst by the fact that Ag NO, is incompletely
dissociated, and therefore the decinormal solution really
contains less than ten times as many Ag idons as the
centinormal..

Another kind. of concentration cell may be made by
choosing electrodes of the same material, but in varying
concentration ; this cun be done when the eleetrode sub-
stance is in a state of solution, and two instances of it occur
in practice—(1) solutions of solid metals in mercury ; (2)
solutions of hydrogen in platinum or palladium.

When two dilute amalgams of the same metal are used
as electrodes, it is easy to caleulate the electromotive force
from the change of osmotic energy ; for the passage of one

' 1
coulomb transfers - gram equivalents of the metal from the

anode to the cathode, increasing the osmotic pressure of
the latter., We may again make use of the principle, that
the action of the cell tends to equalize the concentrations, to
find its polarity ; the anode is clearly the more concentrated.
Accordingly to restore the original conditions some of the
cathode amalgam must be separated and concentrated till of

i 1 Y
the same strength as the anode. The — equivalents to be

transferred constitute -;—E gram atoms if 7 be the valency of

the atom (since each valency carries the unit electric charge),
1 Ostw. T. 477-484 (1801).
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and if the metal is monatomic in Hg solution, the same
number of gram-molecules. Hence the osmotic work to be

done 18 R C

where €, C, are the concentrations in the anode and
cathode. This is the measure of the e. m. f. of the cell,
the mercury playing the part of an indifferent solvent,
and contributing nothing to the effect.

The following numbers, from the experiments of G. Meyer,
will serve to illustrate the point (the cell consisted of Zn
amalgam (cone.) : Zn SO, : Zn amalgam (dilute)):—

C,= 0-002280, C,= 0-0000608,

and the results obtained were—

E (calc.). E (obs.).
at 12.4° 0-0445 0.0474
60.0° 0.0519 0:0520

Cadmium and copper cells gave similar results. Two points
may be noticed with regard to this experiment: first, it
brings out clearly the prineciple, applicable to all concentra-
tion cells, that the electromotive force is proportional to the
absolute temperature (provided the solutions be dilute enough
to allow of applying the gaseous laws); second, it proves
that the metals in mercury solution are monatomic. For if
they were, say, diatomic, the quantity of metal accompanying
one coulomb would be the same as before, but it would only
produce half as much osmotic pressure in the amalgam ; and,
hence, only half as much work would be required to restore
it to the anode: the e. m.f. would therefore be half that
caleulated above. The monatomicity of metals in amalgam
is confirmed by the results of measurements of the vapour
pressure of amalgams,

Next, the concentration of the electrode material may vary
if it be a gas absorbed in a solid, particularly hydrogen in
platinum or palladium. The e. m. f. of hydrogen with

U 2
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respect to normal solutions of hydrogen salts (acids) quoted
above from Neumann’s experiments refers to hydrogen at
atmospheric pressure dissolved in platinum. Neumann
showed experimentally that the e. m. f. between H and
acid depends on the concentration of the ionic H in solu-
tion, obtaining the following numbers:—

E. E + RTTlag-r.
Hp : § HCOI —0:249 —0:255
: + H,S0; —0-239 —0.254
} H, PO, —0.205 —0:275
{ CH.COOH —0:T49 — 0 289

The degree of dissociation of the four acids, caleulated
from their conductivities, is about y = 0-80, 0-54, 0-06, and
0-0038 respectively. If, following the theory of concen-
tration cells, we calculate the e, m. f. between Hp; and
a solution containing one gram-atom of H ions per litre,
by adding 0-05785 log y to the observed values we get the
numbers given in the last column of the above table, which
are roughly constant.

On the other hand, it is to be expected that, if the
electrodes be placed in contact with hydrogen at a pressure
greater or less than the atmospheric, the e. m. f. should
differ. Hydrogen would saturate the platinum, and an
equilibrium would be set up between the gaseous H, and
the ionic H' in the liquid, in accordance with the law of
partition and the law of mass action. Experiments in
support of this view appear to be still wanting.

§ 6. Polarization,

When a current is passed through an electrolyte between
‘unalterable’ electrodes, i e. plates of platinum, gold,
carbon, or other material which conducts but does not
dissolve in the solution, the products of electrolysis de-
posited on the electrodes produce a back electromotive
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force which shows itself in two ways: (1) it diminishes the
total electromotive force in the circuit, and so diminishes
the current flowing; (2) if the electrolytic cell be rapidly
switched over from the electrolyzing circuit to another
not containing a battery, it will cause a current to flow
through the latter circuit for a short time until the small
amount of active material on the electrodes is used up.
That this fpolarization’ and its resultant electromotive
force is due to the actual presence of matter deposited on
the electrodes is shown by the behaviour of plates of
platinum black which have absorbed gases, and still better
by the experiments of Oberbeck® on polarization by solid
metals. He showed that when a platinum plate is coated
electrolytically with a metal, the electromotive force be-
tween it and a solution of that metal only gradually
assumes the value observed for the massive metal as the
thickness of the deposit grows. The thickness which
shows the same properties as the massive substance varies
somewhat from one metal to another, but averages about
one millionth of a millimette, i.e. the layer must be
a few molecules thick, according to the usual estimates of
molecular dimensions®, The observed e. m. f. increases as
the thickness of the metallic film increases (or as the con-
centration of the metal increases, it is sometimes said) until
that limit is reached.

Consequently, if an inereasing electromotive force is
applied to an electrolytic cell, at first the only effect is
to produce an amount of polarization that balances the
applied e. m. f.: there is therefore a momentary current
each time the e. m. f. applied by the battery is increased,
which stops except for a very small continuous flow due to
diffusion of dissolved gases. If the e. m. f. applied is made
greater than the maximum polarization of the cell, current

! Wied. 81. 336 (1887).
* Bee Thomson and Tait, Natural Philosophy, vol. 2, p. 495 (2nd edit.).
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then flows continuously, and either gas is evolved or metal
deposited as the case may be.

The phenomena of polarization are greatly complicated
by secondary effects, so that, despite numerous experiments
made, the progress towards understanding the subject was
not great, especially until the valuable researches of Le
Blane ',

He measured the total electromotive force required to reach
the point of decomposition for numerous electrolytes, and
also the separate electromotive forces at the two electrodes,
and showed that the maximum polarization at an electrode on
which metal is deposited agrees with the e. m. f. observed
on immersing a plate of that metal in the liquid, i. e. with
the proper reversible e. m. f. of the metal; but when gas
is the product of electrolysis, the phenomena are somewhat
more complicated because not necessarily reversible.

When platinized platinum electrodes are used in a
solution of acid or base the decomposition of water can take
place reversibly, because the electrodes have a considerable
capacity of absorption for oxygen and hydrogen. If the
electrodes where they emerge from the liquid are sur-
rounded by tubes containing oxygen and hydrogen at
atmospheric pressure, the arrangement constitutes a rever-
sible cell; when it produces a current, hydrogen ions
travel through the liquid towards the cathode, and unite
with the oxygen in solution in the platinum to form water.
Similarly at the anode water is formed by combination of
the hydroxyl ions with dissolved hydrogen; and, at the
same time, the electrodes keep saturated by absorbing
more gas from their surrounding atmospheres. When
current is run through the cell the reverse way, the pro-
ducts of electrolysis are absorbed by the electrodes and
excess of gas given off by the platinum. This cell has

! Ostw, 8, 299-330 (18g1) ; 12. 333-358 (1803).
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been studied by Smale® and found to possess an e. m. f.
of 1.07 volts at 17° and a temperature coefficient 0-00141;
these numbers constitute a further proof of reversibility, as
they satisfy Helmholtz’s equation (ef. next §) for reversible
cells, using the known value of the heat of formation of
water,

But when plain platinum or gold electrodes are used,
they dissolve so little of the gases (immeasurably small
quantities) that on electrolysis, oxygen and hydrogen are
given off in bubbles at the surface of the liquid, irrever-
sibly, and therefore at the cost of a higher electromotive
force. Le Blanc found 1.70 volts as the point of decom-
position for all acids and bases that yield oxygen and
hydrogen as products. The e. m. f. is independent both
of the nature of the electrolyte and its concentration,
because it depends essentially on the concentration of the
H* and OH  ions in solution, the e. m. f. at the cathode on
the hydrogen, that at the anode on the hydroxyl. When the
concentration of H* ions is increased, say m-fold (addition of
acid), the cathode potential difference is decreased in accord-
ance with the theory of concentration cells, the decrease

amounting to = log m ; but the concentration of the OH’

ions is necessarily decreased in the same ratio m, since by
the law of mass action the product ;. x Cpy is invariable ;
this change, however, involves an increase in the potential
difference at the anode, the amount of ‘which is also given

kT

€
in opposite senses, and exactly neulralize, leaving the total
e. m. f. of polarization invariable.

If, however, the acid radicle gives up its charge to the
electrode more readily than hydroxyl, the e. m. f. required
for decomposition is less than 1.70 volts, and depends on

L Ostw. 14. 577-621 (1804).

by the formula

log m. Hence the two changes are always
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the concentration of the acid. This was shown by Le
Blane to be the case for hydrochloric acid ; thus :—

1 normal hydrochloric acid 1.26 volts.

3 1 " iy I-34
¥ " T 1y 141
11&' 1 11 11 I1.62
'!lﬁ' 11 1 1 1'69

Such acid gives off chlorine at the anode; on further

dilution the polarization remains constant at about 1-70 and
oxygen is given off instead.

§ 7. Application of Thermodynamics.

Gibbs', Helmholtz® and others have applied the methods
of thermodynamic reasoning with suceess to the phenomena
of galvanic cells, so far as they are reversible. The usual
equations of thermodynamies require modification only in
the fact that the external work done by the working sub-
stance is now electrical, whereas formerly we considered
only work done against a fluid pressure.

If from a battery, a quantity H of electricity flows under
an electromotive force F, then the electrical work done by
the battery is, by definition of electromotive force, = EH.

We may accordingly (dealing with an infinitesimal
change) write the first law of thermodynamics as

dQ = dU +EdH

for a system in which the only external work done is the
production of an electric current. If this be combined
with the equation to the second law

d@ = 7dS,

we gef
dU = 7dS— EdH,

This, in a manner precisely similar to that adopted on

! Trans, Connecticutl Acad. 3. 501.
2 Berl. Ber, 1882, p. 22-39, 825-836.
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p. 147, may be transformed into the equation for the free
SERSE dF = —SdT —EdH,
from which we deduce

3¢S _ B
dE - 37’

a thermodynamic relation which is the precise analogue of
that on p. 146, of which so much use has been made.
Let us now consider the results of this relation with the

aid of a particular ecase, viz. the Daniell cell, as studied
by Jahn':

Cu ::CuB0,+ 100 H,0 : ZnS0,+100 H,O : Zn.

The ‘heat of reaction’ accompanying the substitution of
zine for eopper in a solution of the sulphate, measured
calorimetrically, is

g = 50,110 cals. = 209,910 joules.

This then is the loss of internal energy (—dU) by the cell
when one gram-atom of zine dissolves ; and zine being diva-
lent, this is accompanied by a flow of 2 x 96,540 coulombs.
Hence, if the electrical energy produced were equal to the
chemical energy used up, the e. ¥, f. would be given by
E % 193,080 = 209,910,

whence £=1-0872 volts. This was the reasoning adopted
by Lord Kelvin originally, and it is approximately
confirmed for the Daniell cell by experiment, since the
e. m, f. is 1.0962 volts at 0°C. It is not exact, however, even
in that case, and in others is greatly erroneous, the
assumption made above being quite unjustified. If the
electrical energy given out by the cell (FEdH) were
equal to the chemical energy used up (—dU) heat would
neither be produced nor consumed in the cell (i. e. dQ=0
in equation). Actually, however, there is a production or

! Wied. 28, 21, 491 (1886).



298 PHYSICAL CHEMISTRY

eonsumption of heat in the cell ; thus the observed e. m. f.
of the Daniell gives as the amount of electrical work done
1.0962 x 2 x 96,540=211,660 joules, Of this only 209,910
are supplied by the chemical energy of the materials, so
that 1,750 joules are supplied at the expense of the heat
energy of the cell, which accordingly falls slightly in tem-
perature by its own activity (apart from any irreversible
heating due to internal resistance, which does not enter into
the problem).

In order to maintain the temperature of the cell constant
therefore, it must be supplied with 1,750 joules of heat for
every 193,080 coulombs flowing, and its entropy accordingly
increases by 1,750-+1 (in electrical units). Hence the left-
hand side of the thermodynamie relation is

o 1750=273
e st 0-000033.

This then should be equal to the temperature coefficient
QB
o7
the temperature coefficient is 0:000034 volts per 1° so that
even the small difference between the amounts of chemical
and electrical energy is satisfactorily accounted for by the
theory.

Summarizing the above in algebraic form, we have for
the heat supplied to the cell, the difference between the
electrical work done when r¢ coulombs flow, i.e. Fre, and
the heat of reaction g (r = valency, €e = number of eoulombs
per mol.). Hence

0E a8  Ere—gq

—

DL TR N Tred

of the cell, and in fact Jahn found by experiment that

or g:rE(E—T

Mostly the temperature coefficient is negative, so that the
chemical energy is incompletely spent in producing electrical
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work ; the cell is heated in action. Another example from
Jahn’s researches will illustrate this, viz, :—

Ag:AgCl:ZnCl,+100H,0 : Zn.

QF
Ui o
work reZ = 199,890 joules, the calculated value of
g = 220,500 joules, that observed calorimetrically 218,540.

At first sight it might appear in contradiction to the
second law of thermodynamics to assume that a galvanic
cell can perform work at the expense of its own heat,
although at the same temperature as the surroundings. It
must be remembered, however, that the law merely denies
the possibility of carrying out a cyclic process in which even
temperature heat is converted into work., A configuration
of matter may be such that it is capable of doing a finite
amount of work at the expense of surrounding heat, while
changing its state (e.g. while zine dissolves); but to restore
the original conditions, if the temperature be maintained
constant, the same amount of work has to be done on the
system ; if there were an outstanding amount of work done
in the eyclic process, that process might be repeated any
number of times, and a finite system would then be the
means of converting an indefinite amount of even tempera-
ture heat into work : that is impossible.

The extreme case in which the electromotive force is not
merely the means of converting some heat as well as
chemical energy into work, but is exclusively a mechanism
for converting heat into work, ocecurs in all concentration
cells, Concentration cells possess no available chemical
energy ; the osmotiec work that might be done in equalizing
the concentrations of two solutions would be done at the
expense of the sensible heat of the solutions, and what
takes place is simply a substitution of electrical for osmotic
work, as explained on p. 288, (As with gases: so far as

Here £/ = 1.0306 = —0:000409 ; whence the electrical



300 PHYSICAL CHEMISTRY

a gas 1s perfect, it possesses no volume energy, and when
it expands merely uses up its own heat in doing external
work: see p. 129.) Hence in the thermodynamic equation q
(heat of reaction) = 0 and

0= re(8-757),
i AEL R
W T

Accordingly the e.m.f. of a concentration cell changes by
573 of its value at the freezing point per 1° or. in other
words, is proportional to the absolute temperature.

The same equétion may also be applied to the case of the
e.m.f. at one junction alone, and gives the thermal value of
the reaction that takes place there, viz. ionization. This is
important, because it is not possible to determine such
thermal values by a calorimetric method, the formation of
ions from metal being always associated with some other
change (e.g. the return of some other ion to the metallic
form), Thus Bouty has measured the e.m.f. of the com-
bination Cu:CuS0,.Aq, and its variation with tempera-
ture. The electromotive force at 17° is 0-600, and the value

YY)
of Wik +0.-C0076. Hence Ostwald ' ealculates the heat of

reaction as

193080
(0-600—290 x 0-00076) x o~ = 17,500 cals.

Since the metal is positive to the solution the heat of
lonization is negative, i.e. there is an absofption of 17,500
cals. when mefallic copper is converted into (divalent-cupric)
ions. This result may be written

Cu = Cu**—17,500.

By combining one such result with ordinary thermal or
electromotive measurements, the heats of ionization of all

1 Ostw. 11, 501 (1893).
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the metals and negative radicles may, step by step, be
obtained. Thus the thermal value of the reaction occurring
in the Daniell cell is, we have seen, about 50,100. The
reaction, however, is merely the replacement of cupric ions
by zine 1ons, or

Cu**+Zn = Cu+ Zn** + 50,100,

From the last two equations, then, by subtraction we
o Zn = Zn*+ 32,600.

This large positive number is an indication of the strong
tendency of zinec to form ions, a tendency which places it
high up in the electric ‘tension series.’
Again, when zine dissolves in dilute acid, the reaction is
Zn+2H* = H, (gas)+ Zn"" + 34,200,
the heat evolved being 34,200 calories ; by combining this
with the preceding equation we find
H,(gas) = 2H —1,600.

Further, when hydrogen and chlorine combine and dissolve
in much water to form almost completely dissociated hydro-
chloric acid, the reaction is accompanied by a large evolution

of heat, H,+Cl, = 2H'" +CI’ + 78,600,

Hence the formation of chlorine ions takes place according
to the equation Cl, = 201 480,200,

so that chlorine has an even stronger tendency to ionize
than zine, being in fact comparable with the alkaline metals.
Oxygen, too, has a strong tendency to form hydroxyl
ions, as may be seen from the following equations :—
(1) formation of water from its elements,

H,+30, = H,0+ 68,400 ;
(2) neutralization of a strong acid and base,
2H +20H’ = 2H,0 +27,000 ;
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thence by subtraction
H,+10,+H,0=2H"'+20H"+ 41,400 ;
but since H, = 2 H' — 1,600, it follows that
10,+H,0 = 20H" +43,000.

This may be looked upon as an indication of the oxidizing
power of gaseous oxygen; but it must be borne in mind
that chemical reactions do not take place strictly according
to the amounts of heat evolved in them ; those amounts
are only a rough guide, and no true measure of affinity.

§ 8. Electromotive Force and Affinity.

Rather it is the electromotive forece that is a measure of
the affinity brought into play in the reaction that gives rise
to it. For the electromotive force is a measure of the work
that a reaction is capable of performing, i.e. of the change
in the free or available energy of the reacting system. This
fact is most clearly illustrated by the behaviour of systems
possessing a transition point. Consider e.g. the reaction

ZnS0,-7TH,0 = Zn S0,-6 H,0+H,0,

both hex- and hepta-hydrate are obtainable, but only one of
them 1is stable, viz. at ordinary temperatures the hepta-
hydrate, at higher temperatures the hexhydrate. The
transition point is about 39° i.e. the point at which the
two hydrates can exist in equilibrium.

The transition takes place with a certain absorption of
heat, which scarcely varies in amount above or below the
transition temperature; but the ‘affinity’ or moving force
producing the reaction is at the transition point zero, since
there is then no tendency for the reaction to go in either
sense, and has opposite signs above and below the transition
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point. This is shown by the e.m.f, produced ; a Clark cell
has the eonstruction

Zn : Zn SO, (sat. sol.): Hg, SO, : Hg,

and may be made up either with ZnSO,.7 HO crystals
(the ordinary way), or with ZnSO,.6 H,0. At tempera-
tures below 39° the heptahydrate cell has the higher electro-
motive force, above that temperature the hexhydrate’, the
two becoming equal at the transition temperature ; so that,
as remarked in chap. v, such a cell may be used for deter-
mining the transition point. If the two cells be joined in
opposition to one another, then if the temperature is below
39° current will flow from the heptahydrate to the hex-
hydrate portion—zine will be dissolved in the former and
deposited in the latter; the quantity of Heptahydrate will
therefore increase at the expense of the hexhydrate and
water of solution. If the temperature be above 39° the
same process will occur, but in the opposite sense, so that
in either case the stable phase will gain in quantity, and the
tendency of the substance to go into the stable form is
measured by the e.m.f. of the combined cell, i. e. the
‘velocity * of the reaction is proportional to the e. m.f. (the
resistance of the cell being regarded as constant), and there-
fore to the divergence of the temperature from 39°, Thermo-
dynamically considered, in such a cell at the transition

point £ = 0, and therefore
OE

Vi
The sign in this equation indicates—as might be foreseen
from general reasoning—that below the transition point the
action of the cell is such as to produce the system formed
with evolution of heat, above the transition pmnt that
formed with absorption of heat.

For further information on transition cells we may refer

g=—rel

' E. Cohen, Ostw. 25. 300 (1898).
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to van 't Hoff-Cohen, Studies in Chemical Dynamics (English
edition, 1896, pp. 251-273).

The electrometrical method may also be applied to study
equilibrium in homogeneous systems. A case of the kind has

been very completely worked out by C. Kniipffer?, viz the
reaction

T1Cl(solid) + KSCN Aq = T1 SCN (solid) + KCl Ag ;

this belongs to the somewhat small class of cases in which

both reaction constant and electromotive force are of magni-
tudes accessible to measurement,

Chemical measurements showed that the reaction constant

for the system ol
K=— Sl b ah 39°.9,
VKSON

= 1.24 at 20°0,
— 1.74"at 0%-8.
The thallium salts, being present as solids, do not enter into
the value of K. If then a cell be constructed of the form

Tl amalgam : T1 Cl: KC1: KSCN : Tl SCN : Tl amalgam,

and the ratio between the concentrations in the two electrode
vessels be K, the system will be in equilibrium and the
e.m.f. zero. If, however, KCl (i. e. chlorine ions) be in
excess, there will be an electromotive force such that the
right-hand side is the cathode, and current will flow from
left to right, until the amount of KSCN is so far increased
and that of K Cl reduced that equilibrium is restored. If at
any time the ratio of concentration

Cka
C'kscn

the electromotive force, as was shown by van *t Hoff, is

i
E:Elﬂg——'
€ (1]

' Ostw. 26, 255 (1898).
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